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ABSTRACT OF THE DISSERTATION

Trichloroethene Removal From Waste Gases in Anaerobic Biotrickling Filters 
Through Reductive Dechlorination

by 

Sudeep Chandrakant Popat

Doctor of Philosophy, Graduate Program in Chemical and Environmental 
Engineering

University of California, Riverside, June 2010
Dr. Marc Deshusses, Co-Chairperson

Dr. Mark Matsumoto, Co-Chairperson

Trichloroethene (TCE) is a persistent soil and groundwater pollutant that 

is known to be toxic to humans. Ex situ treatment is currently considered the 

most viable option for remediation of TCE contaminated sites. Among ex situ 

techniques, soil vapor extraction (SVE) and dual-phase extraction (DPE) with air 

sparging are more attractive since they result in rapid remediation of sites. 

However, waste gas streams laden with TCE are thus generated, and these 

require treatment. While traditionally this has been done using incineration or 

adsorption onto activated carbon, in this dissertation it is proposed that 

treatment of waste gases containing TCE can be carried out in anaerobic 

biological reactors, after displacement of oxygen during SVE or DPE with 

nitrogen. These anaerobic bioreactors rely on the metabolism of novel 
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microorganisms from the Dehalococcoides genus that reductively dechlorinate 

TCE all the way to non-toxic ethene via cis-1,2,-dichloroethene (cis-DCE) and 

vinyl chloride (VC), in combination with oxidation of hydrogen.

For providing the proof of concept of anaerobic TCE waste gas treatment, 

a lab-scale anaerobic biotrickling filter inoculated with a mixed culture 

containing Dehalococcoides spp. that harbor the TceA and VcrA reductive 

dehalogenases was setup and monitored for performance. A biotrickling filter 

configuration was chosen since it gives an easy means of providing lactate as an 

indirect source of hydrogen to Dehalococcoides spp. immobilized on the bed 

packing through its fermentation. TCE elimination capacities (EC) higher than 

those reported for aerobic gas-phase bioreactors treating TCE were observed. The 

distribution of the intermediates of TCE dechlorination was significantly affected 

by the recirculating liquid pH, with near neutral pHs resulting in the maximum 

conversion of removed TCE to ethene (>60% at loadings of 3 gTCE mbed
-3 h-1). 

Because complete conversion to ethene was not observed, a detailed 

modeling study followed focusing on the determination of biokinetic constants 

for the dechlorination of TCE, cis-DCE and VC as well as any inhibition that may 

exist between these compounds. Dechlorination data from experiments with 

differential reactor operation with single compounds only were fitted to the 

model to determine biokinetic constants. Experiments with multiple compounds 

were used to determine inhibition between various compounds. It was found 

that the Michaelis-Menten constants for all compounds were higher than when 
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grown typically in suspended cultures (i.e. lower enzyme affinity). It was also 

observed that TCE competitively inhibits the dechlorination of cis-DCE, and also 

has an effect on the dechlorination of VC, suggesting that some modification to 

the process culture could alter the distribution of the intermediates. 

To test the hypothesis that addition of a strain containing a different 

reductive dehalogenase (BvcA, responsible for dechlorination of cis-DCE and 

VC) could result in better conversion of TCE to ethene, a biotrickling filter 

inoculated with the original culture used and operating at high loads (8-9 gTCE 

mbed
-3 h-1), was bioaugmented with Dehalococcoides sp. strain BAV1 that contains 

the BvcA enzyme. It was found that conversion of TCE to ethene was improved 

significantly (from <10% of removed TCE to 45%) after bioaugmentation. 

Quantitative polymerase chain reaction (qPCR) and reverse transcript qPCR 

analysis revealed that not only strain BAV1 was able to grow, but that the 

expression of bvcA genes was also very high. 

Finally, the rate-limiting step after long-term operation of the biotrickling 

filters was evaluated after it was found that there was a rapid decrease in the 

reactor efficacy following excessive biomass growth. It was found that mass 

transfer limitations as a result of decrease in specific surface area of the packing 

from excessive biomass growth existed. Depending on the gas and the liquid 

flow rates, this limitation was either at the gas or the liquid films. Mass transfer 

limitations were confirmed by omission of the recirculating liquid, which 

resulted in higher ECs, suggesting that after significant biomass build-up, careful 
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considered of possible mass transfer limitations is warranted. Overall, the 

present study provides the foundations for a possible new technique for 

remediation of TCE contaminated sites.
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PREFACE

When I joined Dr. Marc Deshusses’s group at UC Riverside, I wanted to work on 

novel applications of biofiltration. At that time, biofilters and biotrickling filters 

had been studied extensively and applied for the removal of volatile organic 

compounds and H2S in the area of air pollution control, and in order to move the 

technology forward it was essential to broaden the applications in waste gas 

treatment to treat new compounds. I was especially interested in hydrophobic 

pollutants, and thus I decided to start working on the biological removal of 

siloxanes from landfill and digester gases.

 Siloxanes are a class of organosilicon compounds that are used in personal 

care products. Due to standard disposal practices these end up in landfills and 

wastewater treatment plants. While these do not pose a risk to humans from a 

toxicological perspective, they end up in biogases generated at landfills and 

wastewater treatment plants. The elemental silicon from siloxanes combines with 

oxygen during combustion to form silicate deposits, or scaling, rendering 

machines and fuel cells that run on these inefficient. I wanted to look at the 

possibility of using biofiltration to treat biogas prior to use to remove siloxanes.

 I started with growing bacterial cultures on octamethylcyclotetrasiloxane 

(D4), which is the siloxane that tends to show up the most in biogases. It turned 

out that growth on D4 was slow, with poor biomass yields. I developed several 

lab-scale biofilters and biotrickling filters and monitored their performance for 
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D4 removal from synthetic gas streams. These showed very poor removal as 

well, and at that point of time Marc and I decided that it would not be possible to 

get a meaningful dissertation out of this project. Nonetheless, we decided to 

pursue some further experiments to look at why D4 removal was so poor. 

Through careful mass transfer experiments and modeling, I was able to figure 

out that D4 partitions into water not only poorly compared to some very well-

treated compounds in biotrickling filters, but that interphase (gas to liquid) mass 

transfer of D4 is also very slow. I determined that the loadings imposed in the 

biotrickling filters were higher than the maximum mass transfer rate of D4, and 

thus the performance was limited by mass transfer. As a remedy to this, I also 

studied novel two-liquid-phase systems where an emulsion of water and an 

organic phase in which D4 partitions well (oleyl alcohol in this case) is used. 

While short-term removal of D4 was improved, performance could not be 

sustained, suggesting that biological limitations may be important as well. 

Although we could not move the research forward, I was glad that I got to work 

on this particular project, for it helped me to fundamentally understand 

interphase mass transfer phenomena, which came in handy later in my 

dissertation project. A paper was also published in Environmental Science and 

Technology in 2008 from this research.

 While I was working on biodegradation of siloxanes, Oscar Prado visited 

our laboratory in Riverside from Spain for a short project. This project was 

targeted towards improving start-up times and performance of biotrickling filters 
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by modifying packing materials so as to improve adhesion of bacteria and 

biofilm growth. I was very interested in this concept of packing modification, 

and Marc involved me in this project so that I can contribute as well as learn 

more experimental techniques. We decided to perform three different types of 

treatment on Pall rings that change the surface hydrophilicity, and then 

understand differences in performance of systems that were packed with these 

materials. While Oscar focussed primarily on the reactor studies, I was involved 

more in the characterization of surfaces and in understanding bacterial adhesion 

using flow cell studies. While the treatments we applied did not result in major 

changes in performances compared to control untreated packing, we were able to 

estimate that under the treatment conditions, surface charge and hydrodynamics 

probably played a major role in bacterial adhesion. While the results were not 

ground-breaking, it helped me learn many new experimental techniques as well 

as look at biotrickling filters from a totally different perspective, which no one 

had ever pursued before. A paper was also published in Biotechnology and 

Bioengineering in 2009 from this research.

 Around about the time Marc was moving to Duke, he had a project 

funded by the City of Los Angeles that required determining kinetics of 

inactivation of pathogen indicators (Ascaris suum and poliovirus vaccine strain 

type 1) during thermophilic anaerobic digestion for production of Class A 

biosolids for land application. While I was working on biological removal of 

siloxanes from biogases, I developed a keen interest in anaerobic digestion as 
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well, and it was natural that Marc involved me in this project. I ran 20 L digesters 

at different temperatures that were spiked with the pathogen indicators. Samples 

were collected at regular time intervals and shipped to a commercial laboratory 

for analyses of surviving organisms. From the data, I determined first-order 

kinetic constants for the inactivation of the organisms at various temperature, 

and using the Arrhenius equation model the activation energy necessary to 

initiate inactivation. 

 Dr. Mike Aitken at University of North Carolina, Chapel Hill, had 

conducted a similar study, but our results differed from his group’s, and that 

triggered further research into the possible reasons for the discrepancy. We found 

that the sludge we were using for the experiments contained significant 

concentrations of anionic detergents and amino acids, which are both 

documented to protect viruses at high temperature. Overall, this study raised 

interesting questions on the time-temperature relationships currently enforced by 

the US EPA for thermophilic anaerobic digestion, and should stimulate further 

study in deriving sludge composition-based time-temperature relationships. A 

manuscript was submitted to Water Research in early 2010 from this research.

 In the winter of 2008, I took a course called Environmental Microbiology 

in the Department of Environmental Sciences at UC Riverside. The course was 

taught wonderfully by Dr. Brian Lanoil, and in the end played a huge part in the 

selection of my dissertation project. It was when I took this course that I became 

really interested in novel microorganisms and started thinking about how to use 
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them in biofiltration applications for compounds that we traditionally think of as 

recalcitrant. Marc and I discussed various options for a dissertation project  and 

we decided that we will move forward with development of anaerobic 

biotrickling filters for removal of trichloroethene from waste gases that are 

generated at contaminated sites by soil vapor extraction with gas sparging using 

novel microorganisms from the genus Dehalococcoides. These microorganisms 

reduce trichloroethene all the way to non-toxic ethene in combination with 

oxidation of hydrogen. I was very fascinated with these microorganisms; they 

breathe a toxic pollutant like we breather oxygen, and they eat hydrogen, like we 

eat food. Marc moved to Duke University in the summer of 2008, but we kept in 

regular touch and through studies in the laboratory both at UC Riverside and at 

Duke, I was able to understand and solve several challenges in this novel 

technique for treating trichloroethene contamination, and these are detailed in 

this dissertation.

 I am glad that I got to work on so many projects apart from my 

dissertation project. While these were not interconnected, I was able to learn and 

apply several concepts and techniques from all these into my dissertation project. 

In addition, these helped me gain expertise on various aspects of the novel 

emerging field of research referred to as Environmental Biotechnology.

Sudeep Popat

April 2010, Riverside, CA

5



CHAPTER 1

INTRODUCTION

1.1. Trichloroethene contamination

 Chlorinated ethenes were one of the most widely used category of 

solvents in industrial applications in the 20th century (Fetzner, 1998). Their 

relatively stable chemical structure made them excellent candidates for use in 

degreasing operations, dry cleaning and as an ingredient in adhesives, paint 

removers, spot removers etc. (Stringer and Johnston, 2001). Poor storage and 

handling associated with the use of these has resulted in soil and groundwater 

contamination throughout the United States as well as elsewhere in the world 

(Petura, 1981; Moran et al., 2007). Trichloroethene (TCE) in particular has been 

found at 852 of 1430 National Priorities List sites in the United States identified 

by the Environmental Protection Agency (EPA) as requiring immediate attention 

(ASTDR, 2003). 

 Human exposure to TCE has been documented to result in several health 

effects. TCE is known to cause damage to nerves, kidney and liver (Lee et al., 

2002). It is also classified as a likely human carcinogen, based on studies with rats 

and mice which showed development of liver, kidney or lung cancer upon 

prolonged exposure to TCE (Prout et al., 1985; Rouisse and Chakrabarti, 1986). 

Addtionally, in contaminated sediments and groundwater, TCE can be abiotically 

or biotically reduced to cis-1,2-dichloroethene (cis-DCE) and vinyl chloride (VC), 
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both of which are also known to cause several human health hazards (Kielhorn et 

al., 2000). VC especially is a known human carcinogen (Kalmaz, 1984), and is 

often detected at contaminated sites along with TCE. 

1.2. Current treatment technologies

 Following the characterization of the problem of TCE contamination, 

considerable efforts have been directed towards designing effective remediation 

strategies. The majority of these strategies, as described below, have been based 

on physical removal from contaminated sites, and chemical or biological 

destruction of TCE into benign compounds either in situ within the 

contaminated zone or ex situ after physical removal.

1.2.1. In situ treatment

 In situ treatment of TCE contaminated sites has been proposed through 

either oxidizing or reducing TCE within the contaminated zone. In particular, the 

use of hydrogen peroxide or permanganate as an additive to contaminated sites 

for oxidation of TCE has been studied extensively. These however have not 

found practical application because of the issue of secondary contamination of 

the groundwater from the chemical additives (Christ et al., 2005). 

 As an alternative, reduction of TCE by implementation of a zero-valent 

iron (ZVI) barrier crossing the flow path of contaminated plume has been 

suggested (Scherer et al., 2000). ZVI can reduce TCE all the way to non-toxic 

ethene through dichloroethenes (DCEs) and VC. Even so, ZVI-based barriers are 

often limited by mass flow of TCE and intermediates as well as any co-
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contaminants that they can treat, and are usually applicable only to low 

contamination sites (Kohn et al., 2005). 

 Aerobic and anaerobic microbial conversion of TCE to non-toxic final 

products has also been studied for possible application in in situ treatment. 

Aerobic microorganisms can degrade TCE only cometabolically, resulting in 

several challenges for large-scale application as described later in section 1.3.1 

(Wackett and Gibson, 1988). On the other hand, in the last two decades 

microbiologists have isolated bacteria that can reduce TCE anaerobically to non-

toxic ethene (Maymo-Gatell et al., 1997; He et al., 2003). These are currently being 

studied for application in in situ treatment, and are reviewed in section 1.4. 

 A major challenge in in situ bioremediation however is that it often takes a 

very long time to completely remediate a contaminated site. Also, in the case of 

TCE, addition of chemicals is often needed in order to stimulate either the 

indigenous population of bacteria or population bioaugmented into the aquifers. 

For example, aerobic microorganisms oxidizing TCE require a primary carbon 

substrate, and thus addition of significant amounts of compounds like methane, 

toluene, methanol etc. is necessary (Alvarez-Cohen and Speitel, 2001). In the case 

of anaerobic microorganisms reducing TCE, electron donor sources such as 

lactate, acetate, methanol etc. need to be added (Loffler and Edwards, 2006). 

These additives ultimately affect the groundwater quality, and thus may lead to a 

range of problems. Recently, focus has been placed on stimulation strategies for 

anaerobic biological reduction of TCE using electrodes as non-chemical sources 
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of electrons, but the process is still relatively not well understood, and thus full-

scale application is not yet possible (Aulenta et al., 2009).

1.2.2. Ex situ treatment

 Ex situ treatment or pump-and-treat methodology has been traditionally 

used in groundwater treatment, and there are many studies focusing on removal 

of TCE in a variety of ex situ systems. In this approach, groundwater is pumped 

out of contaminated aquifer, and treated physically before being returned back to 

the aquifer or discharged elsewhere. Ex situ treatment for organic compounds is 

usually carried out through adsorption on to activated carbon (LaGrega et al., 

2001). There are two primary drawbacks of this method: (i) pumping 

groundwater out of the aquifer for treatment results in high energy costs, and (ii) 

physical removal techniques require further treatment of the spent media.

 A promising ex situ treatment technique for volatile pollutants like TCE is 

soil vapor extraction (SVE) in combination with air sparging (see Figure 1.1) 

(Jellali et al., 2003). In this technique wells are drilled into the contaminated 

plume in an aquifer, through which air is sparged. In the proximity, another well 

is installed through which vacuum is applied. Contaminants volatilize into the 

air stream, and are collected downstream at the extraction well. Waste gases thus 

generated however require further treatment. In the case of TCE, incineration or 

adsorption onto activated carbon have been studied for waste gas treatment 

(Nyer and Morello, 1993). But as highlighted above, cost and the requirement for 
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secondary treatment make these techniques for treatment of SVE-generated TCE-

laden waste gases non-sustainable at the large scale.

!

Figure 1.1. Schematic representation of soil vapor extraction with air sparging (EPA, 2001).

 One challenge of SVE is that often pockets of dense non-aqueous phase 

liquids (DNAPLs) are not easily extracted, and thus there is often a resurgence of 

contamination from these pockets. Dual-phase extraction (DPE) is suggested as 

an alternative to SVE where such pockets of DNAPLs are known to exist (Jellali 

et al., 2001). In DPE, higher vacuum compared to SVE is applied at extraction 

wells, which results in extraction of both waste gases as well as contaminated 

liquids. These can then be further treated either together or individually. 

Nonetheless for these innovative ex situ techniques to be completely successful, 

there is a need to develop sustainable techniques for treatment of waste gases 
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containing TCE that are generated at contaminated sites either using SVE or 

DPE.

1.3. Biofiltration for TCE-laden waste gas treatment

 Biofiltration gained popularity in the last decade of the 20th century 

because of successful laboratory demonstrations and full-scale implementation of 

biological systems for the treatment of volatile organic compounds like toluene, 

and other reduced odorous contaminants like H2S (Devinny et al., 1998). In 2003, 

a chemical scrubber treating H2S at a wastewater treatment plant was converted 

successfully to a biotrickling filter with high performance even at extremely short 

residence times, showing for the first time that it is possible to used biofiltration 

at the large-scale successfully and comparably to chemical treatment techniques 

(Gabriel and Deshusses, 2003). In general, biofiltration is now considered a 

relatively cheaper and more environmentally-friendly option than traditional 

waste gas treatment techniques like adsorption onto activated carbon, 

incineration etc.

 The principle of biofiltration is simple (see Figure 1.2). Pollutant-

degrading microorganisms are immobilized on a packed bed through which 

contaminated gas is passed. The contaminants transfer from the gas phase to the 

biofilm, in which microorganisms convert the pollutant to non-toxic products, in 

most cases CO2, or sulfate in the case of H2S treatment. In biofilters, there is no 

external liquid phase, whereas in biotrickling filters, a mineral medium is 

trickled over the bed. Biotrickling filters have been shown to attain higher 
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volumetric performance. Part of the reason for the enhancement in comparison to 

biofilters is the ability to provide nutrients and control environments for the 

conducive growth of pollutant-degrading microorganisms (Cox and Deshusses, 

2002). For biological treatment of waste gases generated at TCE contaminated 

sites, the use of both biofilters and biotrickling filters has been studied at the lab-

scale using aerobic microorganisms.

Figure 1.2. Schematics of a typical biofilter and biotrickling filter system (Deshusses, 2005).

1.3.1. Aerobic biodegradation of TCE

 TCE was considered recalcitrant aerobically until in 1985 it was discovered 

that methanotrophs could oxidize TCE to CO2 (Wilson and Wilson, 1985). Further 

studies on methanotrophs degrading TCE suggested that the process was 

actually cometabolic and was sustained only when methane is fed to the 

microorganisms along with TCE, resulting in the expression of methane mono-

oxygenase genes (Fogel et al., 1986). Several other bacteria expressing mono-
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oxygenase genes in the presence of contaminants like methanol, toluene, propane 

etc. have since been identified to carry out cometabolic transformation of TCE. It 

has been shown that TCE is oxidized to TCE epoxide through the activity of 

mono-oxygenases. TCE epoxide then breaks down in water to dichloroacetic acid 

and one-carbon products, which are further oxidized biologically to CO2 (see 

Figure 1.3) (Fogel et al., 1986).
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Figure 1.3. Pathway of aerobic biodegradation of TCE.

 While there was initially considerable interest in the use of aerobic 

microorganisms in bioremediation of TCE either in situ or ex situ, subsequent 

research studies have identified two primary challenges. First, because of the 

need and presence of a primary substrate like methane or toluene, the 

degradation of TCE is competitively inhibited (Wackett and Gibson, 1988). TCE 

has a higher relative electron potential compared to substrates like methane and 

toluene, meaning it is an oxidized contaminant and thus a poorer electron donor 

in comparison. In addition, formation of TCE epoxide, which is very reactive, has 
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been shown to be toxic to microorganisms, with cell death observed rapidly after 

exposure possibly due to degradation of the enzymes (Newman and Wackett, 

1997). 

1.3.2. Review of aerobic TCE biofiltration studies

 A table listing the various configurations of biological reactors used in lab-

scale studies for aerobic treatment of TCE-laden waste gases and their efficacy is 

given and discussed in Chapter 2 (see Table 2.2). For the purpose of this 

introduction, a few significant studies are reviewed in detail below.

 One of the very first studies on gas-phase biological treatment of TCE was 

done in a chemostat using pure cultures of Pseudomonas cepacia G4 that were fed 

with toluene as a primary substrate (Landa et al., 1994). While steady 

performance at elimination capacities (EC*) of up to 3.1 gTCE mbed
-3 h-1 was 

observed for a duration of operation of over 100 days, high concentrations of 

TCE seemed to result in poorer removal efficiencies. Possible reason for this is 

toxicity to the microorganisms from the formation of TCE epoxide as discussed 

above, or even toxicity from TCE itself (Alvarez-Cohen and McCarty, 1991).

 Kim (1997) studied the removal of TCE in an activated carbon packed 

biofilter, and obtained a highest EC of 4.3 gTCE mbed
-3 h-1 using phenol as a 

primary substrate. Adsorption studies were done independently with spent 

media after completion of the study, and thus these may not represent true 

adsorption kinetics during continuous treatment. In the absence of studies with a 

14

* EC is defined as the mass in g of pollutant removed per m3 of bed volume per hour.



non-adsorptive packing using the same microorganisms and primary substrate, 

it is not possible to deduce if the higher efficacy of the bioreactor in comparison 

to previous studies was definitely due to biodegradation.

 Sun and Wood (1997) studied the removal of TCE in a biofilter inoculated 

with a mutant strain of B. cepacia, engineered to over-express toluene mono-

oxygenase genes. The reactor was fed with glucose as a primary substrate. An EC 

as high as  16.3 gTCE mbed
-3 h-1 was observed, but decrease in toluene mono-

oxygenase gene expression and loss of performance rapidly followed. While the 

reason for the loss of performance was not determined, it is likely that this 

occurred as a result of accumulation of TCE epoxide which is known to be toxic 

to B. cepacia.

 More recently, Kan and Deshusses (2006) studied the removal of TCE 

vapors in a novel foamed emulsion bioreactor fed with toluene as a primary 

substrate. While very large volumetric removal rates (ECs up to 28TCE g mbed
-3 h-1) 

were observed, this kind of bioreactor is a relatively complex system, and poses 

challenges in scale-up as well as maintaining stable performance. Thus, despite 

years of research in aerobic gas-phase biological treatment of TCE, the various 

challenges posed as a result of the requirement of cometabolism have not 

resulted in practical application. 

1.4. Anaerobic biological reduction of TCE and Dehalococcoides spp.

 In anaerobic environments, chlorinated solvents can be used as electron 

acceptors by microorganisms, in the presence of an energetically favorable 
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electron donor. In the early 1990s, evidence of biological reduction of chlorinated 

solvents in anaerobic environments was first observed (Distefano et al., 1991; 

Debruin et al., 1992; Holliger et al., 1993; Tandoi et al., 1994). Under 

methanogenic conditions, anaerobic microorganisms were found to use PCE or 

TCE as electron acceptors while oxidizing hydrogen (Distefano et al., 1992), 

leading to progressive formation and degradation of cis-1,2-dichloroethene (cis-

DCE) and vinyl chloride (VC), and rarely ethene (Figure 1.4). These microbes 

were found to thrive best when present in mixed cultures that also contained 

fermentors, that were responsible for breaking down complex organics to 

hydrogen. It was not until 1997 though, when Maymo-Gatell et al. isolated the 

first anaerobic microorganism able to reductively dechlorinate PCE all the way to 

ethene, that more details about the microbiology of the extraordinary process 

were investigated. This particular microorganism, called Dehalococcoides 

ethenogenes strain 195, was able to dechlorinate PCE all the way to ethene, 

although rates of VC dechlorination were extremely slow, as the final step in the 

complete dechlorination was cometabolic and required the presence of higher 

compounds. 

 Ever since the discovery of Dehalococcoides spp., attempts have been made 

to perform in situ reductive dechlorination of PCE and TCE at contaminated sites 

through biostimulation and/or bioaugmentation (Adamson et al., 2003; Aulenta 

et al., 2005; Da Silva et al., 2006; Volpe et al., 2007). Because of the slow 

dechlorination rates for cis-DCE and VC, complete remediation of sites took a 
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very long time and in some cases did not even proceed beyond cis-DCE. In 2003 

however, He et al. isolated the first microorganism able to use VC and DCEs as 

primary electron acceptors, while fortuitously reducing higher chlorinated 

compounds. This microorganism, called Dehalococcoides sp. strain BAV1, brought 

in new hope for use in situ bioremediation at contaminated sites. Several mixed 

cultures containing strains similar to both 195 and BAV1, as well as others, have 

become commercially available in the last 3-4 years for in situ bioremediation 

applications. These have been successfully employed at some sites, and have 

resulted in complete dechlorination of either PCE or TCE (ESTCP, 2005).
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Figure 1.4. Pathway of biological reductive dechlorination of TCE.

 Microbiologists have worked towards better understanding the 

metabolism of isolated Dehalococcoides strains, and this has led to greater insight 

of how these novel microorganisms couple energy generation to reduction of 

TCE. It has also been realized from these studies that for complete conversion of 

TCE to ethene, a mixed culture containing multiple Dehalococcoides strains will be 

needed, since different strains have different preferences for electron acceptors 

along the dechlorination pathway (Loffler and Edwards, 2006). Reductive 
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dehalogenases have also been identified and characterized for their role in 

individual steps along the dechlorination pathway. The trichloroethene reductase 

(TceA) from strain 195 was shown to catalyze the conversion of PCE, TCE and 

cis-DCE, but can convert VC only cometabolically in the presence of PCE or TCE 

(Magnuson et al., 2000). The vinyl chloride reductase (VcrA) from Dehalococcoides 

sp. strain VS can convert all TCE, cis-DCE and VC metabolically (Muller et al., 

2004). The putative reductive dehalogenase from strain BAV1 which was 

designated BvcA can metabolically dechlorinate cis-DCE and VC, but not TCE 

(Krajmalnik-Brown et al, 2004). A schematic diagram of the pathways of 

conversion for the three known reductive dehalogenases from Dehalococcoides 

spp. for conversion of chlorinated ethenes is shown in Figure 1.5.
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Figure 1.5. Schematic representation of the pathways of reductive dechlorination of chlorinated 

ethenes by identified reductive dehalogenases from Dehalococcoides spp. 
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1.5. Proposed remediation strategy

 While studies focusing on the use of Dehalococcoides spp. in in situ 

bioremediation have shown positive results, large-scale application at  has 

resulted in some challenges at some sites, especially incomplete conversion of 

TCE to ethene despite the presence of all the relevant reductive dehalogenases 

(Sharma and Sorenson, 2007). This may be attributed to the environmental 

conditions existing in the subsurface which may not be conducive for the growth 

of Dehalococcoides spp. In addition, in situ bioremediation is usually slower than 

ex situ treatment techniques, and thus is not a popular option at sites where 

rapid remediation is needed. In this dissertation, it is proposed that it may be 

possible to use Dehalococcoides spp. in ex situ biological reactors for treatment of 

TCE-laden waste gases generated through SVE or DPE.

 It is known that Dehalococcoides spp. are very intolerant to oxygen (Amos 

et al., 2008), and thus for any biological ex situ treatment, oxygen would need to 

be displaced. This can possibly done by using nitrogen sparging instead of air 

sparging during SVE or DPE. While traditionally nitrogen generation using 

cryogenic distillation techniques has been very expensive, significant strides 

have been made in the last few years with respect to the development of 

relatively inexpensive membrane separation and pressure swing adsorption 

techniques for nitrogen generation. It is possible to obtain >99.9% pure nitrogen 

streams using these, at comparable flow rates to cryogenic distillation 
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techniques, with only 10% of the overall cost (personal communication from Air 

Products). 

 It is conceptualized that once TCE-laden waste nitrogen streams are 

generated at contaminated sites, these can be fed to anaerobic biotrickling filters 

in which Dehalococcoides spp. are immobilized, for conversion of TCE to non-toxic 

ethene. Because Dehalococcoides spp. need hydrogen as an electron donor, a 

source of hydrogen would need to be fed to the reactors. Handling gaseous 

hydrogen is hazardous, and hydrogen being hydrophobic does not solubilize 

well in water. Instead, hydrogen can be generated within the biotrickling filters 

by feeding a fermentable substrate like lactate, which can be converted to 

hydrogen by fermentors that would coexist with Dehalococcoides spp.

1.6. Objectives of this work

The overall objective of this dissertation was to develop and assess the possibility 

of using anaerobic biotrickling filters inoculated with Dehalococcoides spp. for the 

treatment of TCE-laden waste gas streams generated at contaminated sites either 

by using SVE or DPE with nitrogen sparging. The following supporting 

objectives were set:

1. To provide proof of concept of anaerobic biotrickling filtration for treatment 

of TCE-laden waste gases through reductive dechlorination using 

microorganisms from the Dehalococcoides genus, and to identify challenges for 

large-scale application. This is presented in Chapter 2.
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2. To determine the biokinetic constants and inhibition of reductive 

dechlorination of TCE vapors in anaerobic biotrickling filters containing 

Dehalococcoides spp. through detailed modeling and fitting of experimental 

data. This is presented in Chapter 3.

3. To assess the possibility of enhancing the performance of anaerobic 

biotrickling filters for treatment of TCE vapors with respect to conversion to 

ethene, the desired end-product, by bioaugmentation with novel 

Dehalococcoides sp. strain BAV1. This is presented in Chapter 4.

4. To understand the rate-limiting step in anaerobic biotrickling filters treating 

TCE vapors after long-term operation. This is presented in Chapter 5.
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CHAPTER 2

REDUCTIVE DECHLORINATION OF TRICHLOROETHENE VAPORS

IN AN ANAEROBIC BIOTRICKLING FILTER*

2.1. Introduction

Trichloroethene (TCE) is a relatively persistent vadose zone and groundwater 

pollutant that is toxic and classified as a likely human carcinogen (Petura, 1981; 

Moran et al., 2007). In the United States, there are thousands of TCE-

contaminated sites that pose enough risk that remediation is necessary. Notably, 

an estimated 852 out of 1430 National Priorities List sites identified by the 

Environmental Protection Agency are contaminated with TCE (ASTDR, 2003). 

Techniques used for removing TCE from contaminated soil and groundwater 

include soil vapor extraction (SVE) in combination with air sparging, and dual-

phase extraction (DPE) (Jellali et al., 2003). However, these techniques result in a 

waste gas stream that needs further treatment. Several methods such as 

incineration, catalytic oxidation, and adsorption onto activated carbon are 

currently being used to control TCE vapors thus generated (Nyer and Morello, 

1993). These are expensive because of high operational and energy costs, and 

non-sustainable because of the need for further treatment or disposal of the spent 

activated carbon. Biofiltration is an attractive technology for treating volatile 
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organic compounds because it is often cost-effective and environmentally 

friendly (Devinny et al., 1999). Thus, the development of suitable biological 

methods for the treatment of TCE vapors is desirable. 

Moderate removal of TCE in lab-scale aerobic gas-phase bioreactors has 

been observed only when fed with a primary substrate such as methane, toluene, 

or phenol, leading to fortuitous degradation (i.e., cometabolism) of TCE by the 

primary substrate-specific oxygenase enzymes (Folsom et al., 1990; Landa et al., 

1994). Even so, this has not found practical application because of the frequent 

loss of performance due to the formation of toxic intermediates such as TCE 

epoxide, and competitive inhibition due to the presence of the primary substrate 

(Wackett and Gibson, 1988; Oldenhuis et al., 1991). Thus, it is necessary to exploit 

alternative microbial metabolic pathways to biologically remove TCE from waste 

gas streams.

In anaerobic environments, chlorinated solvents can be used as electron 

acceptors by microorganisms in the presence of a favorable electron donor 

(Distefano et al., 1991). Under reducing conditions, anaerobic microorganisms 

from the Dehalococcoides genus reduce tetrachloroethene (PCE) or TCE while 

oxidizing hydrogen (Distefano et al., 1992), leading to progressive formation and 

reduction of cis-1,2-dichloroethene (cis-DCE) and vinyl chloride (VC) to ethene. 

Dehalococcoides ethenogenes strain 195 was the first isolated microorganism able to 

reduce PCE all the way to ethene. However, it reduces VC only cometabolically 

in the presence of higher chlorinated ethenes and at slow rates (Maymo-Gatell et 
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al., 1997). For a long time VC was believed to be recalcitrant anaerobically, until 

He et al. (2003) isolated the first bacterium, Dehalococcoides sp. strain BAV1 that 

grew primarily on VC, reducing it to ethene. Other Dehalococcoides strains that 

reduce PCE or TCE all the way to ethene have since been isolated (He et al., 2005; 

Sung et al., 2006).

Dehalococcoides strains have been used in several in situ bioremediation 

applications through bioagumentation with mixed cultures, however with 

success in some cases (ESTCP, 2005) but failure in others (Sharma et al., 2007). 

The most notable problem associated with lack of successful treatment is 

accumulation of cis-DCE or VC, as a result of unfavorable growth conditions for 

Dehalococcoides strains. However, it should be possible to treat oxygen-free waste 

gas streams containing TCE in anaerobic bioreactors in which mixed cultures of 

Dehalococcoides strains are grown and wherein the conditions for the growth of 

these microorganisms can be easily and effectively controlled. For TCE-

contaminated site remediation, nitrogen generators could be used to displace 

oxygen, resulting in the recovery of oxygen-free TCE contaminated gas streams 

that require treatment. Traditionally, nitrogen generation has been done using 

expensive cryogenic techniques, but now with improved pressure swing 

adsorption and membrane separation techniques, the cost of large-scale nitrogen 

generators has been dramatically reduced. 

Thus the objective of this study was to provide the proof of concept for the 

removal of TCE vapors in anaerobic gas-phase bioreactors and identify any 

28



challenges. A lab-scale anaerobic biotrickling filter fed with TCE-laden nitrogen 

stream and inoculated with a commercially available mixed culture containing 

multiple Dehalococcoides strains was setup and monitored for its performance. 

The distribution of dechlorination intermediates was characterized at different 

operating conditions in the biotrickling filter, and biological reduction rate 

constants for TCE, cis-DCE and VC were determined using a batch setup.

2.2. Materials and methods

2.2.1. Culture used

The seed culture containing Dehalococcoides strains used for this study was 

commercially available SDC-9TM (Shaw Environmental, Inc., Lawrenceville, NJ). 

It contains at least two Dehalococcoides strains, a Desulfitobacterium strain, a 

Desulfovibrio strain, other fermenters, hydrogenotrophic methanogens and 

possibly homoacetogens, however, it possibly does not contain aceticlastic 

methanogens (see Appendix for further details). The seed culture used contained 

~108 Dehalococcoides spp. cells mL-1 (determined by Shaw Environmental, Inc. 

using qPCR), and was stored at 4 °C in oxygen-free vials no longer than 3 months 

before use. 

2.2.2. Biotrickling filter setup and operation

A schematic of the experimental setup is shown in Figure 2.1. The biotrickling 

filter was constructed from a clear PVC pipe 60 cm long and 10 cm in internal 

diameter (Harrington Plastics, Chino, CA). The packing material used for the bed 

was cattle bone porcelite (CBP), a porous spherical ceramic with slow-release 
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mineral nutrients incorporated (Aisin Takaoka Co., Ltd., Japan) (Sakuma et al., 

2006). The packing material had an average diameter of particles of 3 mm. The 

active bed height was 30 cm, and thus the bed volume was 2.4 L. The bed void 

volume was determined to be 42%. 
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Figure 2.1. Schematic diagram of the anaerobic biotrickling filter.

The anaerobic waste gas stream was generated by sparging compressed 

nitrogen (99.97% pure, Airgas, Riverside, CA) through a 1 L bottle of water at 

room temperature first to humidify it, and then passing it through a 500 mL 

bottle containing a 40 mL vial filled with TCE (Fisher Chemical, Fairlawn, NJ). To 
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achieve the desired concentrations (60-300 mg m-3), the vial was closed with a 

cap and a septum through which different syringe needles (sizes 15 G to 18 G) 

were inserted in the gas headspace to change TCE inlet concentrations. The inlet 

concentration was selected to be representative of a medium to low concentration 

of a possible SVE or DPE field remediation.

A constant liquid sump volume of 1 L was maintained at the bottom of the 

reactor and recirculated over the bed at the rate of 20 mL min-1 initially, and at 50 

mL min-1 after 39 days of operation. The bed was inoculated initially by adding 

100 mL of SDC-9 culture to the sump. The mineral medium used in the 

biotrickling filter was modified RAM medium (Shelton and Tiedje, 1984) (Table 

2.1) with sodium lactate (60% sodium lactate solution, Fisher Chemical, Fairlawn, 

NJ) added to a final concentration of 1.0-3.2 g L-1 as the fermentable substrate. 

During the first four days of operation, the reactor was operated in a closed loop 

in terms of the liquid to maximize the cell adhesion to the packing. Sodium 

lactate was added to the liquid on day 0 (8.2 g) and day 3 (10.4 g) of operation. 

From day 5 onwards, fresh mineral medium containing approximately ten 

times the stoichiometric requirement of lactate for complete TCE dechlorination 

was fed to the reactor at the rate of 800 mL day-1. The stoichiometric requirement 

was calculated neglecting the hydrogen that could result from the potential 

fermentation of acetate, a byproduct of lactate degradation. The decision to 

provide excess lactate was motivated by the presence of hydrogenotrophic 

methanogens and possibly homoacetogens in the culture that would compete 
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with Dehalococcoides spp. for hydrogen. Lactate fermentation leads to a higher 

hydrogen yield compared to other fermentable substrates (e.g., methanol, 

acetate, propionate, butyrate etc.), and hydrogenotrophic methanogenesis is 

especially expected even at low lactate concentrations (Freeborn et al., 2005). The 

mineral medium feed was kept at 4 °C to prevent lactate fermentation before 

feeding into the reactor. The stock mineral medium contained approximately 4 

mg L-1 dissolved oxygen; this represented a negligible oxygen supply to the 

system.

Table 2.1. Composition of modified RAM media.

Compound Concentration (g L-1)

KH2PO4 0.27-4*

K2HPO4 0.35*

NH4Cl 0.53

CaCl2!2H2O 0.075

MgCl!6H2O 0.1

FeCl2!4H2O 0.02

NaHCO3 0.2-1.2*

Trace elements** 5 (mL)

Yeast extract 1

 * Amount was varied to change pH.

 ** See Appendix for further details.
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2.2.3. Studies on the effect of pH of recirculation liquid

The effect of recirculating liquid pH on the distribution of TCE reduction 

intermediates was investigated by changing the concentration of KH2PO4, 

K2HPO4 and NaHCO3 in the mineral medium feed. These experiments were 

performed 91 days after reactor start-up. The bioreactor bed was re-inoculated 

with 50 mL of SDC-9 culture, having the same concentration of Dehalococcoides 

cells as the initial inoculum, to ensure all members of the original consortium 

were still present, and the amount of lactate added was changed to 12.5 times the 

stoichiometric requirement for complete TCE dechlorination. Each pH was 

maintained for 6-7 days and analyses performed on days 3, 4, 5 and 6 after the 

pH change were used to calculate average conversion. 

2.2.4. Batch biotrickling filter

After 180 days, the biotrickling filter was modified to operate in a closed loop 

with respect to the gas (hereafter called batch mode) to evaluate the biological 

reduction rate kinetics for TCE, cis-DCE and VC. Briefly, the gas outlet of the 

reactor was connected to the inlet port of the biotrickling filter. A 1 L Tedlar bag 

and a diaphragm pump (Air Dimensions Inc., Deerfield Beach, FL) were 

connected in the gas recycle loop to provide extra gas for sampling, and the 

means for rapid recycling of gas, respectively (see Figure 2.2). The gas was 

recirculated at a rate 3.9 L min-1 (corresponding to an empty bed residence time 

(EBRT) of 39 s). 
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Figure 2.2. Schematic diagram of the anaerobic biotrickling filter modified to operate in batch 

mode.

 At the beginning of each experiment, known amounts of each compound 

(TCE, cis-DCE and VC) were individually spiked into the inlet port. To minimize 

the amount of pollutant partitioning to the liquid phase, the sump volume was 

reduced to 50 mL. The water content of the bed was estimated to be 10-20% by 

weighing the biotrickling filter and comparing it to the weight of a clean system. 

The experiments involved monitoring the decrease of each compound with time, 

and fitting the data obtained to a first-order kinetic model. Multiple experiments 

starting with slightly different initial concentrations gave values of apparent rate 
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constants within 5% of each other. Methane formation rates were used as an 

indication of hydrogen availability. Because SDC-9 contains only 

hydrogenotrophic methanogens, methane formation rates could be used as 

indication of hydrogen availability. For all experiments reported, the rate of 

methane production did not decrease, suggesting that there was sufficient 

hydrogen produced from the residual lactate in the sump liquid and in the bed 

dynamic hold-up (data not shown). 

2.2.5. Analysis

Gas-phase concentrations of TCE, cis-DCE, VC, ethene and methane were 

quantified using an HP 5890 Series II gas chromatograph, fitted with a 30 m (0.32 

mm internal diameter) GS-Q column (Agilent Technologies, Inc., Wilmington, 

DE) and a flame ionization detector. The detection limits for TCE, cis-DCE, VC, 

ethene and methane were 2, 1, 1, 0.5 and 0.5 mg m-3, respectively. Wherever 

needed, the liquid concentrations were calculated using the Henry’s constants for 

each chlorinated compound in water reported by Gossett (1987). The values of 

Henry’s dimensionless constants at 25 °C are 0.392, 0.167 and 1.137 for TCE, cis-

DCE and VC respectively. The effect of dissolved salts or lactate on Henry’s 

constants was less than 10% (results not shown) and the above values were used 

throughout this study. Total organic carbon (TOC) content in the recirculating 

liquid was measured periodically on a TOC-5050 analyzer (Shimadzu Scientific 

Instruments, Columbia, MD). Redox potential (ORP) and dissolved oxygen (DO) 

in the recirculating liquid were measured periodically using an ORP sensor and a 
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DO sensor respectively (Vernier Software & Technology, Beaverton, OR). The pH 

of the recirculating liquid was monitored regularly using an Accumet® pH meter 

(Cole-Parmer Instrument Co., Vernon Hills, IL). Pressure drop across the 

biotrickling filter bed was measured periodically using a U-tube manometer.

2.3. Results and discussion

2.3.1. Continuous operation of the biotrickling filter

Figure 2.3 shows the performance of the anaerobic biotrickling filter removing 

TCE continuously for 180 days, while Table 2.2 lists the conditions during each 

experimental phase. There was a 13-day start-up phase for the reactor during 

which the TCE removal efficiency (RE) of the reactor gradually increased to close 

to 90% at a gas EBRT of 3 min. Typical start-up times for aerobic biotrickling 

filters are about one week, as observed with several model pollutants, for 

example toluene (Cox and Deshusses, 2002). On the basis of the doubling time 

reported for Dehalococcoides spp. in SDC-9 culture of 21.5 hours (Vainberg et al., 

2009) and the TCE specific reduction rate for the culture determined in batch 

studies of 1.3!10-12 mmolTCE cellDHC
-1 h-1 (Schaefer et al., 2009), it was estimated 

that the start-up time would last about 5 days at the loadings imposed (see 

Figure 2.4). Removal of TCE by physical absorption into the trickling liquid was 

expected to be the major mechanism of removal for the first four days based on 

gas-liquid equilibrium calculations. Indeed, higher than expected removal was 

observed the first three days. Metabolites of TCE reductive dehalogenation were 

detected from day 2 onwards indicating that some biological activity was already 
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occurring in the reactor. Still it took longer than expected to reach a steady 

removal of TCE and RE did not reach 100% as expected. Some kinetic limitations 

determined later in the study may have played a role.
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Figure 2.3. Continuous operation of the anaerobic biotrickling filter removing TCE. Different 

phases of treatment denoted by Arabic numerals are described in Table 2.2.
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Table 2.2. Operating conditions during the different experimental phases (see text for details).

Phase TCE inlet conc.
(mg m-3)

EBRT
(min)

Recirculating 
liquid pH

1 Start-up 175-250 3 7.6-7.8

2 Pseudo-steady state 170-210 3 7.7-7.8

3 Higher TCE loading 260-280 3 7.7-7.8

4 Lower TCE loading + faster 
liquid recirculation rate

70-100 3 7.8-7.9

5 Higher EBRT 70-90 4.8 7.9

6 Lactate conc. increased from 
10x stoichiometric 
requirement to 20x

80-130 4.8 8.1-8.3

7 pH controlled studies + 
lactate conc. decreased to 

12.5x stoichiometric 
requirement

90-150 4.8 6.6-8.3

8 Steady state at optimum pH 135-155 4.8 6.85

9 Batch studies Variable NA 6.8-7.0

10 Steady state at optimum pH + 
faster liquid recirculation rate

245-255 4.8 6.85-7.0
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Figure 2.4. Comparison of the theoretical TCE removal rate calculated assuming exponential 

growth of SDC-9 with the observed TCE removal rate during the start-up of the anaerobic 

biotrickling filter.

From day 14 onwards (phase 2), the biotrickling filter was operated at TCE 

inlet concentrations of 200±20 mg m-3, and a sustained RE of around 90% was 

observed. This corresponds to a TCE elimination capacity (EC) of 3-4 g mbed
-3 h-1. 

A minor increase in pressure drop was also observed for the first time during 

operation (see Table A2.1 in Appendix) as a result of biomass growth. 

Subsequently, the objective was to determine the TCE EC at high loadings to 

evaluate the maximum capacity of the biotrickling filter, and thus the TCE inlet 

concentration was increased on day 30 (phase 3). Following a brief transient 
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phase due to the failure of the lactate feed pump on day 30, the TCE RE reached a 

steady value of about 80%, with a maximum TCE elimination capacity of 4.4 g 

mbed
-3 h-1.

During phases 4-8, the reactor was subjected to lower TCE loadings 

through either decrease in inlet concentration or increase in EBRT. This was done 

to observe the distribution of intermediates, which during the earlier phases 

showed that most of the TCE removed was converted to cis-DCE (~85%) and not 

ethene, the intended end-product. Conversion to VC was low (<10% of TCE 

removed). This observation contrasts with reductive dehalogenation of TCE in 

microcosms with isolated Dehalococcoides strains, which always results in 

complete sequential conversion to ethene (Maymo-Gatell et al., 1997; He et al., 

2005; Sung et al., 2006). The main reason for the difference is probably the 

continuous loading of TCE in the present biotrickling filter vs. batch mode in 

microcosms. Although cis-DCE is less toxic than TCE (Mochida et al., 1995), it is 

still regulated (ASTDR, 1997), whereas VC has been identified as a human 

carcinogen (Lee et al., 1978). cis-DCE was found to significantly partition into the 

liquid due to its lower Henry’s constant compared to TCE and VC. It was 

hypothesized that the accumulation of cis-DCE in the liquid (up to 220 mg m-3) 

may not only be the result of slower reduction, but also the low contact time of 

the liquid with bacteria attached to the packed bed. Hence the liquid 

recirculation rate was increased 2.5 fold on day 39, but this did not significantly 

affect the distribution of metabolites. Longer gas EBRT also did not significantly 
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shift the distribution of the intermediates (results not shown) and TCE RE 

throughout these phases remained around 90%. 

Throughout the study, the ORP and DO of the recirculating liquid 

remained in the range of 90-110 mV and 0.7-0.8 mg L-1 respectively, suggesting 

slightly oxidizing conditions. The reason why completely reducing conditions 

were not observed could be because the influent medium was not sparged with 

oxygen-free gas before feeding to remove oxygen. This introduced a minute 

amount of oxygen (compared to the total BOD load), which was deemed 

negligible with respect to any effect on Dehalococcoides spp. Amos et al. studied 

the effect of oxygen in microcosms containing the BDI consortium (a different 

commercially available TCE reducing culture). They showed that VC (and not 

cis-DCE) accumulated significantly in the presence of residual oxygen (Amos et 

al., 2008). Thus, the accumulation of cis-DCE reported here is probably not linked 

to the positive ORP. Nonetheless further investigations of the effect of ORP and 

DO in TCE-removing biotrickling filters are warranted, since this can be expected 

to be an important parameter. Further, all studies on the effect of oxygen on 

Dehalococcoides strains have been done in suspended cultures, but the effect on 

Dehalococcoides in a complex biofilm needs attention.

TOC analyses of the liquid revealed that only 30-60% of the organic 

carbon fed to the biotrickling filter as lactate was used, suggesting that the lactate 

feed rate could be optimized. The organic carbon utilization rate corresponds to 

an EC of 3-7 gC mbed
-3 h-1, which is a low value compared to VOC-degrading gas-
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phase bioreactors (Cox and Deshusses, 1998; Dorado et al., 2008). Even so, it was 

feared that over time, the growth of fermentors would cause clogging problems 

in the biotrickling filter, especially considering the high density and low porosity 

of the ceramic packing compared to more open packing such as Pall rings or 

polyurethane foam cubes and high biomass yields for fermentation. Biotrickling 

filters subjected to high organic loadings have experienced clogging problems 

because of excess biomass growth (Cox and Deshusses, 1998). The low overall 

pressure drop observed throughout the study indicates that this was not the case 

here. The slow biomass accumulation was most probably due to the relatively 

low organic loading compared to biotrickling filters that experience rapid 

plugging.  

 The continuous operation of the reactor for 180 days without any 

significant loss of activity is an important finding. The production of methane 

(up to 300 mg m-3), which was observed throughout the operation of the 

biotrickling filter, did not seem to affect the rate of TCE reductive 

dehalogenation. Freeborn et al. (2005) studied the activity of Dehalococcoides 

strains in mixed cultures with respect to different sources of hydrogen, and 

found that while using lactate, significantly higher hydrogen yields and 

methanogenesis were observed, but there was no detrimental effect of the 

activity of the methanogens on the rate of dechlorination. Even so, because 

methane is a potent greenhouse gas, further research should focus on optimizing 

the electron donor source in TCE-removing biotrickling filters to minimize 
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methane production. Additionally, we did not detect volatile fatty acids (VFAs) 

in the gaseous effluent. Considering the relatively low volatility of VFAs, the 

cumulative concentration of VFAs in the recirculating liquid was estimated to be 

no more than 1 g L-1, which is not negligible in the overall lactate-carbon balance, 

but remains far below the inhibitory level of 6 g L-1 for reductive dechlorination 

reported by Vainberg et al. (2009). 

2.3.2. Steady-state performance

Figure 2.5 shows the TCE EC vs. load for the biotrickling filter at steady-state 

operation. The biotrickling filter was able to remove >90% TCE at loadings up to 

4 g mbed
-3 h-1 at EBRT of 3 min. At higher TCE loadings, breakthrough was 

observed; loadings of over 5 g mbed
-3 h-1 resulted in only about 80% removal of 

TCE. At an EBRT of 4.8 min, breakthrough was not observed at the loadings 

tested. To our knowledge, only two studies on biological gas-phase removal of 

TCE in aerobic bioreactors have reported a higher EC (Table 2.3). Sun and Wood 

(1997) observed a maximum TCE EC of 16.3 g mbed
-3 h-1 in a fixed-film biofilter 

inoculated with a pure culture of B. cepacia G4, a mutant expressing the toluene 

ortho-monooxygenase enzyme constitutively and fed with glucose as the primary 

carbon substrate. This performance however was not sustained and cell decay 

was observed within a day, probably due to inhibition by TCE epoxide. Kan and 

Deshusses (2006) observed a maximum TCE EC of 28 g mbioreactor
-3 h-1 in a foamed 

emulsion bioreactor using toluene as a primary substrate for TCE cometabolism. 
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However, the foam bioreactor is a relatively complex system, and both scale-up 

and maintaining optimum performance may be difficult. 
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Figure 2.5. Pseudo-steady state TCE elimination capacity (EC) vs. load for the anaerobic 

biotrickling filter. The EC is calculated as the mass of TCE removed hourly in the system divided 

by the volume of the bed.

Only one other study has looked at gas-phase removal of chlorinated 

solvents in bioreactors anaerobically. Schwarz et al. (1999) reported an 

elimination capacity of 4.1 g mbed
-3 h-1 for PCE after 100 days of operation of a 

biofilter packed with activated carbon, inoculated with anaerobic sludge and fed 

with simulated biogas. Sucrose was used as the fermentable substrate for 
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hydrogen production. The microbial culture was a mixed culture from anaerobic 

sludge from a facility contaminated with PCE. It is not known whether their 

bioreactor contained any Dehalococcoides strains. It is worthwhile to note that no 

biological reduction intermediates were observed, and that the final product of 

dechlorination was also not identified. Adsorption onto the activated carbon bed 

may have played a role in the control of intermediates. The adsorption of PCE 

onto the packing media was studied, while that of TCE, cis-DCE, and VC was not 

explored.

2.3.3. The effect of pH on the distribution of intermediates

It was also hypothesized that the low conversion of TCE to ethene could be due 

to hydrogen limitation. This could occur even when using excess lactate because 

of hydrogen consumption by methanogens. Other researchers have observed cis-

DCE accumulation during PCE treatment under electron donor limiting 

conditions (Sleep et al., 2005; Azizian et al., 2008). Thus, the lactate feed was 

increased to 20 times the stoichiometric requirement (Phase 6 in Figure 2.3 and 

Table 2.2). TCE conversion shifted to even more unfavorable values with 92% of 

the TCE removed accumulating as cis-DCE, and only 4% conversion to ethene. 
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Table 2.3. Comparison of maximum TCE elimination capacities and longevity of operation 

between aerobic gas-phase bioreactors and current study.

Reactor type* Primary 
substrate

Max. EC
(g mbed

-3 h-1)
# of stable 

operation days**

Ref.

BTF Peptone/
glucose

0.4 NR Shields et al., 
1994

CSTR Toluene 3.1 NR Landa et al., 
1994

Bubble column Phenol 1.45 NR Hecht et al., 1995

MBF Toluene 1.9 130 Parvatiyar et al., 
1996

ACBF Phenol 4.3 190 Kim, 1997

BFMM Glucose 16.3 80 Sun and Wood, 
1997

HFMB Methanol 3.9 NR Pressman et al., 
1997

BTF Propane 1 70 Lackey et al., 
2002

CSTR + BTF Phenol 0.7 50 Lee, 2003

BF Toluene 1.8 NR Jung and Park, 
205

FEBR Toluene 28 NR Kim and 
Deshusses, 2006

Anaerobic BTF TCE 4.4 180 This study

* ACBF activated carbon biofilter; BF biofilter; BTF biotrickling filter; BFMM biofilter with mutant 

microorganisms; CSTR continuous stirred tank reactor; FEBR foamed emulsion bioreactor; HFMB 

hollow fiber membrane bioreactor.

** NR not reported.
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 It was noted that the pH of the recirculating medium increased from 7.9 to 

8.3. Reductive dechlorination typically results in a decrease in pH through 

production of protons and chloride ions; however accompanying hydrogen-

consuming processes can drive the pH up by consumption of protons. The larger 

lactate load resulted in larger methane formation (data not shown), thus 

increasing the pH. Thereafter, the pH was controlled by adjusting the buffer 

concentration, and the distribution of the intermediates was monitored. 

 As seen in Figure 2.6, conversion of TCE to cis-DCE, VC and ethene was 

strongly dependent on the pH of the recirculating liquid. A gradual decrease in 

the conversion to cis-DCE, and an increase in the conversion to ethene was 

observed as the pH was lowered from 8.3 to 7.4. A much sharper change was 

observed at near neutral pH with the optimum conversion to ethene observed at 

pH 6.85. At pHs lower than 6.85, the TCE RE decreased to below 90% with only 

marginal improvement in the conversion to ethene. The reactor was operated for 

20 days at pH 6.85 thereafter and reached a steady state with greater than 90% 

TCE removed and conversion to ethene of ~50%.

Later in the study (phase 10), the biotrickling filter was operated for 16 

days at pHs of 6.85-6.91, a faster liquid trickling rate and a higher TCE loading 

and performance was averaged (Table 2.4). TCE conversion to ethene reached 

63-67%, conversion of the removed TCE to cis-DCE and VC decreased to less 

than 16% and 20%, respectively and the TCE elimination capacity reached 2.9 g 

mbed
-3 h-1. The lower conversion to cis-DCE is likely because of enrichment on cis-

47



DCE during several batch operation runs in the absence of TCE (see below). 

While these are high TCE removal rates, it was not possible to increase the 

conversion of TCE to ethene without significantly reducing the loading.
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Figure 2.6. Effect of recirculating liquid pH on the TCE removal efficiency (RE) and the 

distribution of intermediates of TCE biological reduction. The error bars show standard 

deviations in pseudo steady state conversions over 3-4 days.
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Table 2.4. Summary of continuous operation of the anaerobic biotrickling filter for days 220-236 

(phase 10).

EBRT 4.8 min

TCE inlet concentration 245-255 g m-3

TCE removal efficiency 90-92%

Recirculating liquid pH 6.85-6.9

Recirculating liquid ORP 82-94 mV

Recirculating liquid flow rate 68-72 mL min-1

TCE load 3.1-3.2 g mbed
-3 h-1

TCE elimination capacity 2.9 g mbed
-3 h-1

Conversion to cis-DCE 14-16%

Conversion to VC 20%

Conversion to ethene 63-67%

 The complex behavior with respect to metabolite production raises 

interesting questions about the process culture. Although pH is a fundamental 

parameter, the literature is remarkably silent on the effect of pH on the activity of 

the reductive dehalogenase (RDase) enzymes identified in Dehalococcoides 

microorganisms, and the observation of the significant impact of pH on the 

distribution of intermediates should stimulate detailed study in this direction. 

Note that SDC-9 culture also contains a Desulfitobacterium strain. Microorganisms 

from Desulfitobacterium spp. are reported to dechlorinate TCE to cis-DCE, but not 

further (Gerritse et al., 1996; Gerritse et al., 1999). The RDase PceA which has 

been documented for partial dechlorination of TCE by Desulfitobacterium 
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microorganisms, is reported to have a pH optimum of close to 7.5, and does not 

lose activity up to pHs as high as 9.0 (Suyama et al., 2002), This coupled with the 

observation that conversion beyond cis-DCE was poor at higher pHs indicates 

that these microorganisms may be the ones contributing primarily to TCE 

removal under alkaline conditions.

2.3.4. Biological reduction rates of TCE, cis-DCE and VC

The reductive dehalogenation kinetics of TCE, cis-DCE and VC were further 

investigated after the biotrickling filter was modified to operate as a batch 

reactor. This setup allowed rapidly determining reduction rates after small pulses 

of individual compounds are injected into the system. The apparent first-order 

rate constants were calculated as the slopes of the ln(C0/C) vs. time plots for 

batch reduction of each compound in the reactor (Figure 2.7). While the 

dehalogenation rates obtained using this method are apparent rates, their values 

relative to one another can be used for comparison.

First order biological reduction rates for TCE, cis-DCE and VC were 

evaluated as 2.06, 2.65 and 1.40 h-1 respectively, and this indicates that VC is the 

slowest step in the dechlorination of TCE in the biotrickling filter. Thus 

accumulation of VC rather than cis-DCE is expected during biotrickling filter 

operation. A possible explanation is that both TCE and cis-DCE are expected to 

compete for the active sites of the TceA enzyme in Dehalococcoides strains. 

However, because coupling TCE with hydrogen is more energetically favorable 

than coupling cis-DCE with hydrogen (He et al., 2002), cis-DCE reduction in the 
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presence of TCE (i.e. during continuous operation) must have been slower in 

flow through experiments compared to the batch test where there was no 

competitive inhibition. Our observation of cis-DCE accumulation during 

continuous operation of the biotrickling filter is also consistent with the report 

that TCE inhibited cis-DCE dechlorination in microcosms containing mixed 

cultures with multiple Dehalococcoides strains (Yu et al., 2005).
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Figure 2.7. Linear fits for calculation of the first-order apparent biodegradation rate coefficients 

for TCE, cis-DCE and VC using the batch biotrickling filter data. All linear fits had R2>0.9.

Overall, this study demonstrates that anaerobic gas-phase treatment of 

TCE vapors in a biotrickling filter is possible. The complex behavior of the 
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system with respect to the production of partially dechlorinated intermediates 

suggests that further process and/or culture optimization is needed to achieve 

complete conversion of TCE to ethene at a high rate. Once optimized, the process 

may provide new options for the cleanup of TCE contaminated sites.

2.4. Appendix

2.4.1. Composition of SDC-9 culture

To qualitatively determine the presence of aceticlastic methanogens, SDC-9 was 

fed acetate only (3750 !M), and incubated for 87 hours. Analysis for acetate, 

hydrogen and methane after incubation period showed that acetate consumption 

was negligible and only 0.003 moles of methane were formed per mole of acetate 

fed, which was likely to be formed from hydrogen (as explained below). Only 

trace concentrations of hydrogen were detected (~3.3 !M). This experiment 

indicated that the original culture does not contain a significant amount of 

aceticlastic methanogens.

To qualitatively determine the presence of hydrogenotrophic 

methanogens, SDC-9 was fed CO2 and hydrogen (hydrogen was the limiting 

compound at a total of 90 !moles initially in the gas phase), and incubated for 87 

hours. Analysis for acetate, hydrogen and methane after incubation period 

showed that both acetate and methane formed significantly, with 0.15 moles of 

acetate formed per mole of H2 fed, and 0.1 moles of methane formed per mole of 

H2 fed. Given the fact that acetate-fed culture showed almost no methanogenesis 

(see above), it can be reasonably concluded from the significant methane 
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formation in these microcosms that the methanogens present in the culture are 

hydrogenotrophic. Control microcosms (i.e. without CO2+hydrogen) also 

showed similar acetate formation, suggesting that acetate was possibly produced 

from other sources and not just CO2+hydrogen. Thus it was not possible deduce 

from these simple tests if the culture contains homoacetogens. 

 qPCR analysis of SDC-9 when fed chlorinated ethenes revealed that the 

culture contains genes encoding for the PceA, TceA and VcrA dehalogenases, but 

not the BvcA dehalogenase. DGGE analysis of PCE-fed SDC-9 cultures revealed 

the presence of at least two Dehalococcoides strains in the culture (Schaefer et al., 

2009). DGGE analysis of PCE- and lactate-fed SDC-9 culture revealed the 

presence of a Desulfovibrio strain. Desulfovibrio spp., although documented to 

carry out reductive dechlorination of chlorophenols in the absence of sulfate (Sun 

et al., 2000), are not known to dechlorinate PCE or TCE. However, certain 

Desulfovibrio strains (e.g. Desulfovibiro vulgaris) ferment lactate to acetate, CO2 and 

hydrogen in the absence of sulfate. Thus, the detected Desulfovibrio strain in PCE- 

and lactate-fed SDC-9 was most likely involved in lactate fermentation. DGGE 

analysis of SDC-9 fed with 1,1,1-trichloroethane has shown the presence of a 

Desulfitobacterium strain. Desulfitobacterium spp. are reported to partially 

dechlorinate PCE and TCE to cis-DCE (Gerritse et al., 1996; Gerritse et al., 1999). 

However, no Desulfitobacterium strain was detected in PCE-grown cultures. Thus 

this strain could contribute to dechlorinating PCE and TCE at certain conditions. 

No Dehalobacter strain has been found in SDC-9 in any growth conditions.
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2.4.2. Preparation of trace elements solution

1. Bidest. H2O: 3 L

2. HCl conc.: 33.8 mL

3. FeCl2"4H2O: 7.5 g

4. Dissolve: H3BO3 0.3 g, MnCl2"4H2O 0.5 g, CoCl2"6H2O 0.6 g. ZnCl2 0.35 

g, NiCl2"6H2O 0.125 g, CuCl2"2H2O 0.075 g, NaMoO4"2H2O, 0.125 g. 

EDTA, Na4(H2O)4 26 g

5. Fill to 4.8 L

6. Add NaOH until the pH is 4.2

7. Fill to 5 L

2.4.3. Pressure drop

The pressure drop across the reactor bed remained under 10 mm H2O mbed
-1, 

except for phase 6 (see Figure 2.3 and Table 2.2), when more lactate was added in 

the nutrient feed. The pressure drop increased from 8.3 mm H2O mbed
-1 on day 67 

to 14.2 mm H2O mbed
-1 on day 79. This was likely due to an increased growth of 

fermentors from the additional lactate supply. A larger organic carbon (from 

lactate) elimination capacity (6-7 g mbed
-3 h-1 compared to 3-5 g mbed

-3 h-1 before) 

was noted for this phase. On day 80, the humidification chamber was removed 

from the inlet TCE line and the recirculation of the liquid sump was stopped for 6 

hours, to remove excess biomass through bed drying. The bed was then shaken 

vigorously to cast off any loose dried biomass, before resuming normal 

operation. The effect of this disruption on the TCE removal efficiency was only 
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nominal. The pressure drop across the bed decreased, and remained under 10 

mm H2O mbed
-1 for the rest of the operation.

Table A2.1. Pressure drop across the anaerobic biotrickling filter bed during continuous 

operation.

Time of operation
(day)

Pressure drop
(mm H2O mbed

-1)

5 1.8

21 6.1

36 7.6

67 8.3

79 14.2

97 8.4

114 9.6

156 9.8
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CHAPTER 3

KINETICS AND INHIBITION

OF REDUCTIVE DECHLORINATION OF TRICHLOROETHENE 

IN AN ANAEROBIC BIOTRICKLING FILTER*

3.1. Introduction

Trichloroethene (TCE) is a persistent soil and groundwater pollutant that is 

known to cause several human health hazards (Petura, 1981; Moran et al., 2007). 

Recently a novel technique to biologically remediate sites contaminated with 

TCE was described (Popat and Deshusses, 2009). This technique combines soil 

vapor extraction or dual-phase extraction and nitrogen sparging with biological 

treatment of TCE-laden waste gas stream thus generated. A lab-scale prototype 

anaerobic biotrickling filter was developed and exhibited better elimination 

capacities for TCE compared to lab-scale aerobic gas-phase bioreactors 

previously studied. The biotrickling filter was inoculated with a mixed culture 

containing Dehalococcoides spp. This culture contained both the reductive 

dehlogenases necessary for complete reduction of TCE to ethene: TceA which is 

responsible for conversion of TCE and cis-1,2-dichloroethene (cis-DCE) to vinyl 

chloride (VC), and VcrA which is responsible for conversion of TCE, cis-DCE and 

VC to ethene. Hydrogen necessary for these novel microorganisms was 

60

* A modified version of this chapter is in preparation for submission to the journal Environ. Sci. 
Technol.



generated by fermentation of lactate, which was the substrate fed through the 

recirculating liquid.

 Despite the high rates of TCE removal achieved, incomplete conversion to 

ethene was observed. The accumulation of intermediates in the exit gas stream 

despite the presence of Dehalococcoides spp. is in contrast with batch cultures 

containing these microorganisms that almost always result in complete 

conversion of TCE to ethene with only transient production of the intermediates 

(Maymo-Gatell et al., 1997; He et al., 2005; Sung et al., 2006). Preliminary batch 

studies done with the anaerobic biotrickling filter with individual compounds 

showed higher apparent rates of cis-DCE and VC reduction than during 

continuous operation (Popat and Deshusses, 2009), suggesting that competitive 

inhibition between the various compounds may exist during continuous 

operation resulting in accumulation of the intermediates in the exit gas stream.

Chung et al. (2008) observed a similar phenomenon with their 

continuously fed membrane biofilm reactor treating TCE-contaminated water. 

Despite the presence of the relevant reductive dehalogenases (BvcA in this case, 

instead of VcrA), it took over 100 days to reach appreciable conversion of TCE to 

ethene with significant accumulation of cis-DCE and VC in the outlet liquid 

stream. Azizian et al. (2008) also observed significant accumulation of cis-DCE 

and VC in the outlet stream of a continuous flow column fed with 

perchloroethene (PCE)-contaminated water. Although conversion to ethene was 

improved with increasing lactate load, competitive inhibition may have resulted 
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in the accumulation of intermediates. Even in in situ bioremediation applications, 

there are reports of incomplete dechlorination despite the presence of 

Dehalococcoides spp. Most notably, the Naval Weapons Station site in Seal Beach, 

CA, that was bioaugmented with KB-1 culture containing Dehalococcoides spp. 

showed cis-DCE persistence even after two months of bioaugmentation  

(NAVFAC, 2003). Eventually the site was completely remediated (Rahm et al., 

2006), but the persistence of cis-DCE for a significant duration may have been a 

result of direct competition as PCE and TCE were not entirely dechlorinated. 

Various researchers have evaluated the kinetics and inhibition of reductive 

dechlorination of chlorinated ethenes using batch-fed suspended cultures 

(Garant and Lynd, 1998; Haston and McCarty, 1999; Cupples et al., 2004; Yu et al., 

2005; Schaefer et al., 2009). While it is generally appreciated that models 

including competitive inhibition between the various compounds result in better 

description of the kinetics compared to non-competitive inhibition, there is no 

consensus on which compounds inhibit the dechlorination of which compounds. 

There are also no reports on the kinetics and inhibition of reductive 

dechlorination of chlorinated ethenes by cultures that are immobilized and/or 

fed higher chlorinated ethenes continuously. 

Reported here is a detailed study on the determination of kinetic constants 

and inhibition of reductive dechlorination of TCE by a Dehalococcoides spp.-

containing biofilm in an anaerobic biotrickling filter continuously treating TCE 

vapors. An advection-diffusion model that accurately describes the transfer of 
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TCE from the gas phase to the biofilm and subsequent biological reduction of 

TCE and its reductive dechlorination intermediates was developed. Experiments 

with only TCE, cis-DCE or VC in the biotrickling filter operated in a differential 

mode and with multiple compounds together were used to obtain data that were 

used for curve fitting to determine Michealis-Menten kinetic constants and 

inhibition respectively. 

3.2. Materials and methods

3.2.1. Differential biotrickling filter setup

The continuous biotrickling filter treating TCE vapors used in this study was of a 

similar setup as described by Popat and Deshusses (2009), except the bed height 

was slightly smaller (28 cm bed height and 10 cm ID) resulting in total volume of 

2.2 L, the liquid sump volume was reduced to 500 mL, and a liquid recirulation 

rate of 60 mL min-1 was used. The packing material used was cattle bone 

porcelite (CBP, Aisin Takaoka Co., Ltd., Japan), a microporous ceramic. The bed 

porosity was determined to be 42%. For experiments with differential operation, 

the reactor was operated in batch mode with respect to both the gas and the 

liquid streams (see Figure A3.1 in Appendix). The gas inlet and outlet ports of the 

reactor were connected to a 25 L gas tedlar bag (SKC Inc., Eighty Four, PA), while 

the liquid inlet line was disconnected. A diaphragm pump (Gast Manufacturing 

Inc., Benton Harbor, MI) was connected between the tedlar bag and the reactor, 

and this allowed recirculation of the gas at a high velocity. A gas flow rate of 0.94 

m3 h-1 was achieved using the diaphragm pump. Such a high gas velocity 
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allowed operating the biotrickling filter without any transport limitation from 

the gas film. While during continuous operation the reactor was operated in co-

current mode with respect to the gas and the liquid, during differential operation 

the gas entered from the bottom of the bed while the liquid was trickled from the 

top, resulting in countercurrent operation. 

Sodium lactate (3-5 g L-1, Alfa Aesar, Ward Hill, MA) was provided to the 

biotrickling filter through the recirculating liquid for each experiment. This was 

determined to be well in excess of the stoichiometric requirement for production 

of enough hydrogen necessary for complete dechlorination. Fresh liquid, having 

composition of the medium described by Popat and Deshusses (2009), was used 

for each experiment. The pH of the fresh liquid was always adjusted to between 

7.0 and 7.2. Each experiment began with cleaning the entire system by flushing 

with nitrogen gas for at least an hour, during which the outlet gas concentrations 

were measured. Once no chlorinated solvents could be detected in the outlet gas 

stream, a tedlar bag having known concentrations of TCE, cis-DCE, VC or 

mixture of any two compounds, was connected to the biotrickling filter along 

with the diaphragm pump. The experimental protocol included measuring the 

concentrations of each compound, as well as methane, in the tedlar bag at regular 

time intervals. Methane generation rates were used as an indication of hydrogen 

availability, since SDC-9 contains only hydrogenotrophic methanogens, and thus 

any methane produced is from hydrogen. The rate of methane formation 

increased over the course of all experiments, and thus it was deemed that there 

64



was no hydrogen limitation during any experiment. At the end of each 

experiment, the reactor was switched back to continuous operation with TCE 

only feed, after measuring the recirculating liquid total organic carbon (TOC) 

content, dissolved oxygen (DO) concentration, redox potential (ORP) and pH. All 

the experiments with the differential operation were carried out only after a 

steady state was reached in continuous operation (3 months after start-up). The 

TCE elimination capacity for the biotrickling filter during continuous operation 

remained around 2 g mbed
-3 h-1 during the entire study, with >50% conversion of 

the removed TCE to cis-DCE and <20% conversion to ethene. This is in the same 

range as observed in previous studies (Popat and Deshusses, 2009).

3.2.2. Analytical techniques

Gas phase concentrations of TCE, cis-DCE, VC, ethene and methane were 

determined using an HP 5890 gas chromatograph fitted with a 30 m GS-Q 

column (having internal diameter 0.32 mm, Agilent Technologies Inc., 

Wilmington, DE) and a flame ionization detector. The detection limits for the 

compounds were: 0.002 g m-3 for TCE, 0.001 g m-3 for cis-DCE and VC, and 0.0005 

g m-3 for ethene and methane. TOC content of the recirculating liquid was 

determined using a Shimadzu TOC-5050 analyzer (Shimadzu Scientific 

Instruments, Columbia, MD), while DO concentration, ORP and pH were 

determined using Vernier (Vernier Software & Technology, Beaverton, OR) 

probes. 
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The protein content of the biotrickling filter bed was determined at the 

end of the study as follows. Packing material was taken from different heights of 

the bed, and biomass was lightly scraped off into sterile deionized water. The 

solution was then flowed through a pre-weighed 0.45 #m pore filter. The filter 

was vacuum-dried for 24 hours at 60 °C, and re-weighed to determine the dry 

biomass content. Protein content was assumed to be 60% of the dry biomass 

weight. 

3.3. Model development

3.3.1. Model concept and assumptions

To accurately determine kinetic constants for reductive dechlorination of TCE, 

cis-DCE and VC, and to elucidate various inhibitions, a model that attempts to 

make an exact representation of the individual processes occurring in the 

anaerobic biotrickling filter was developed. A schematic of the model concept is 

shown in Figure 3.1. The model considers four different active phases: gas, 

liquid, biofilm, and sorption volume within the packing material. For finite 

differences, the bed is divided into a certain number of vertical segments, while 

the biofilm is divided into a certain number of horizontal segments.
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Figure 3.1. Schematic of the model structure.

 The following assumptions were made in the model developed for this 

study:

1. Throughout the height of the bed, the thickness of the biofilm is uniform. 

2. Each vertical bed segment, each horizontal biofilm segment and the tedlar 

bag gas reservoir are completely mixed.

3. The biofilm is not completely wetted. Liquid velocities used in biotrickling 

filters are low, and thus usually there are sections of biofilm that do not have 

a continuously flowing liquid film on top. In such a case, compounds of 

interest apart from transferring from gas to liquid to biofilm can also transfer 
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directly from gas to biofilm. Additionally, it was considered that there are no 

dynamic changes in wetting.

4. Because the packing material contains a large number of micropores, there is 

a certain static liquid hold-up inside the matrix that can absorb compounds 

from the biofilm. 

5. Gas flow throughout the bed height is by plug flow, as high gas velocities 

result in large Peclet numbers (>10). Thus, there is also no radial flow or axial 

dispersion.

6. All the interfaces are in equilibrium. Convective mass transfer rates between 

different phases can be expressed using mass transfer coefficients determined 

using empirical equations available in the literature. Additionally, mass 

transfer coefficients for the gas side for transfer to both liquid and biofilm are 

the same. Diffusion within the biofilm is described by Fick’s law.

7. Kinetics of reductive dechlorination of TCE and its intermediates are 

described by Michaelis-Menten enzyme kinetics. Possible competitive 

inhibition exists between the different chlorinated ethenes, but the daughter 

products do not inhibit the reductive dechlorination of the parent products. 

This assumption was based on the previous results of Yu et al. (2005) and 

Schaefer et al. (2009), however independent verification was made as 

described later. All inhibition constants are assumed to be equal to the half-

saturation constants of the same compound because each compound can bind 

to the active sites of the reductive dehalogenase enzymes. However, as 
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described later that was not the case in one specific inhibition. There is no net 

increase in biomass over the entire experimental period, as all experiments 

were done after the biotrickling filter had reached a steady state. This was 

also qualitatively confirmed by periodically weighing the reactor, which 

showed no net increase over two months (data not shown).

8. There is no biological reaction in the liquid phase. This is a reasonable 

assumption since amount of biomass present in the liquid is negligible. In 

order to independently confirm this however, selected liquid samples, from 

when the reactor was running continuously, were incubated with lactate and 

TCE, cis-DCE or VC and no reduction was observed over six hours (data not 

shown).

9. The effect of pH is neglected. Over the course of the any particular 

experiment, the pH of the recirculating liquid changed by no more than 0.2 

units. Before starting all experiments the recirculating liquid pH was always 

between 7.0 and 7.2. 

3.3.2. Model equations

The model equations described below were derived from the above model 

structure and assumptions. All equations are described as finite mass balances 

over the active phases considered. The vertical bed segments are denoted by i, 

while the horizontal biofilm segments are denoted by j.
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Gas phase:

Equation 3.1:

Liquid phase:

Equation 3.2:

!

For the mass balance over the wetted and non-wetted biofilm three individual 

equations were needed; one for the first layer of biofilm in contact with the liquid 

or gas, one for the last layer of biofilm in contact with the sorption volume, and 

one for the intermediate biofilm layers. The sum of rate of appearance and 

disappearance of any compound (TCE, cis-DCE, VC and ethene) due to 

biological reaction is denoted only by Rcmpd in the following equations.

Wetted biofilm first layer:

Equation 3.3:

! 

dCWB ,cmpd [i,1]

dt
=
kLAW

VWB
CL,cmpd [i]"CLBi,cmpd [i]( ) "

De,cmpd

Z
2

CWB ,cmpd [i,1]"CWB ,cmpd [i,2]( ) " Rcmpd !

Wetted biofilm intermediate layers:

Equation 3.4:

!
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Wetted biofilm last layer:

Equation 3.5:

Non-wetted biofilm first layer:

Equation 3.6:

! 

dCNWB ,cmpd [i,1]

dt
=
kGANW

VNWB

CG,cmpd [i]"CGBi,cmpd [i]( ) "
De,cmpd

Z
2

CNWB ,cmpd [i,1]"CNWB ,cmpd [i,2]( ) " Rcmpd

!

Non-wetted biofilm intermediate layers:

Equation 3.7:

! 

dCNWB ,cmpd [i, j]

dt
=
De,cmpd

Z
2
(CNWB ,cmpd [i, j "1]" 2CNWB ,cmpd [i, j]+ CNWB ,cmpd [i, j +1]) " Rcmpd

Non-wetted biofilm last layer:

Equation 3.8:

! 

dCNWB ,cmpd [i,N]

dt
=
De,cmpd

Z
2
(CNWB ,cmpd [i,N "1]" 2CNWB ,cmpd [i,N]+ CSV ,cmpd [i]) " Rcmpd

Sorption volume:

Equation 3.9:

The rate of biological reaction, Rcmpd, can be described using Michael-Menten 

type kinetics as follows. This rate considers both appearance and disappearance 
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of the compound (no appearance due to biological reaction in the case of TCE, 

and no disappearance due to biological reaction in the case of ethene), along with 

competitive inhibitions. The following reaction is representative of biological 

reaction in the wetted biofilm. For non-wetted biofilm the concentration terms 

should be replaced with those in non-wetted biofilm.

Equation 3.10:

!

3.3.3. Model parameters

All the model parameters fall in two broad categories: physico-chemical 

properties of the compounds, and system specific mass transfer and kinetic 

constants. The primary objective of the study was to determine the kinetic 

constants using model fitting to experimental results, and thus it was necessary 

to obtain very good estimates of the other parameters. All the determined 

parameters are listed in Table 3.1.

 Henry’s law constants for each compound were used from literature 

(Gossett, 1987). The effective diffusivities of the compounds in biofilm were 

determined by first using the Wilke-Chang correlation (Chang and Wilke, 1955) 

for determining the effective diffusivities in water, and then by correcting those 

as 29% of the value for TCE, cis-DCE and VC, and 43% of the value for ethene, as 

per Stewart (1998). The specific surface area of the biotrickling filter bed packing 
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was determined as per Ottengraf (1986). The ratio of wetted area to total area was 

determined using the empirical equation proposed by Onda et al. (1968). The 

gas- and liquid-film mass transfer coefficients were determined using empirical 

equations proposed by Kim and Deshusses (2008) for the specific packing 

material used. The dynamic hold-up of the bed was determined by stopping 

liquid recirculation, and collecting and measuring the volume of the dripping 

liquid for 30 minutes. The sorption volume was determined from the internal 

porosity of the packing determined by Sakuma et al. (2006). The biofilm 

thickness was determined gravimetrically at the end of the study for samples of 

the packing material from various heights. This was determined to be 18 #m, 

which is very small compared to aerobic biotrickling filters (Cox and Deshusses, 

2001). Anaerobic microorganisms have a much lower biomass yield (Rittmann 

and McCarty, 2001), and this could be the reason for the thinner biofilm. The 

number of vertical bed segments and horizontal biofilm segments was 

determined as five each from the sensitivity of the model to these parameters.
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Table 3.1. List of model parameters apart from kinetic constants.

Parameter Value

Henry’s law constant for TCE, HTCE 0.392 (-)

Henry’s law constant for cis-DCE, Hcis-DCE 0.167 (-)

Henry’s law constant for VC, HVC 1.137 (-)

Henry’s law constant for ethene, HETH 8.567 (-)

Effective diffusion coefficient for TCE in biofilm, De,TCE 6.47E-07 m2 h-1

Effective diffusion coefficient for cis-DCE in biofilm, De,cis-DCE 7.29E-07 m2 h-1

Effective diffusion coefficient for VC in biofilm, De,VC 8.48E-07 m2 h-1

Effective diffusion coefficient for ethene in biofilm, De,ETH 1.56E-06 m2 h-1

Specific surface area of biotrickling filter bed, a 1160 m2 m-3

Fraction of total surface area that is wetted, AW/AT 49%

Gas film mass transfer coefficient, kG 3.648 m h-1

Liquid film mass transfer coefficient, kL 0.022 m h-1

Gas volume, VG 30 L

Liquid sump volume, Vsump 0.5 L

Bed volume, Vbed 2.2 L

Bed porosity 42%

Dynamic hold-up of the bed, VDH 10%

Sorption volume of bed (internal porosity of material), VSV 50%

Biofilm thickness, Z 18 !m

Number of vertical bed segments, Nbed 5

Number of horizontal biofilm segments, Nbf 5
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3.4. Results and discussion

3.4.1. Determination of kinetic constants

To validate the assumption of no inhibition from daughter products on the 

dechlorination of parent compounds following additional experiments were 

conducted. A cis-DCE experiment was conducted with a higher concentration of 

VC together with it, and a TCE experiment was conducted with high 

concentrations concentrations of both cis-DCE and VC together with it. No effect 

of the presence of the daughter products was observed on the apparent reductive 

dechlorination rates of the parent products (see Figures A3.2 and A3.3 in 

Appendix), and thus the assumption was validated. 

 For both VC and cis-DCE only experiments, better curve fits were 

obtained for the products than the reduction of the parent compounds, and thus 

these were used for kinetic constants estimation. In the case of VC, this was 

because of the use of VC stabilized in methanol, which resulted in conjoint peaks 

on the gas chromatograph for VC and methanol. In the case of cis-DCE, no 

definite reason was found for this behavior. As control, selected experiments 

were conducted with cis-DCE and TCE in the presence of methanol, and no effect 

of the presence of methanol on reductive dechlorination rates was observed (data 

not shown). Figure 3.2 shows the comparison of the experimental data with 

model simulation for VC only experiments. One dataset was used for curve 

fitting to determine Rmax and Km for VC, while the other datasets were compared 

to the model simulations using the estimated kinetic constants. Good fit was 
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observed for the experimental data using the model, and the model simulations 

for the other experimental data sets also correlated well.
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Figure 3.2. Comparison of experimental data (symbols) and model simulations (lines) for VC-

only experiments. Legend shows initial concentrations of VC in g m-3. The dataset represented by 

rectangles was used for curve fitting, and the estimated kinetic constants were used to compare 

model simulations with the other datasets (diamonds and triangles).

 Figure 3.3 shows the comparison of experimental data with model 

simulation for cis-DCE only experiments. Because VC concentration data was 

used for curve fitting, to accurately determine kinetic constants for cis-DCE it 

was necessary to determine whether or not cis-DCE inhibited VC dechlorination. 
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While this was studied in detail later, experimental data from cis-DCE 

experiments was fitted to different models (one considering no inhibition of cis-

DCE on VC dechlorination, and the other considering competitive inhibition of 

cis-DCE on VC dechlorination), and the model that resulted in the best curve fit, 

as well as better comparison with other datasets, was selected (data shown only 

for the best fit model). This turned out to be the model based on no inhibition of 

cis-DCE on VC dechlorination. 
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Figure 3.3. Comparison of experimental data (symbols) and model simulations (lines) for cis-

DCE-only experiments. Legend shows initial concentrations of cis-DCE in g m-3. The dataset 

represented by rectangles was used for curve fitting, and the estimated kinetic constants were 

used to compare model simulations with the other datasets (diamonds and triangles).
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 This however contradicts some results obtained by others with mixed 

cultures containing Dehalococcoides spp., where researchers found competitive 

inhibition of cis-DCE on VC dechlorination (Yu et al., 2005; Schaefer et al., 2009). 

One of the reasons for this discrepancy could be that both cis-DCE and VC 

dechlorination were likely biocatalyzed in the present system by different 

enzymes (cis-DCE by the TceA enzyme and VC by the VcrA enzyme), as 

discussed in detail later, whereas that nay not have been the case in the other 

studies. The cis-DCE and ethene concentration data from cis-DCE-only 

experiments were also compared to the model simulations using the estimated 

parameters for cis-DCE and VC, and showed good correlation (see Figures A3.4 

and A3.5 in Appendix). 

 Figure 3.4 shows the comparison of the experimental data with model 

simulation for TCE only experiments. The cis-DCE concentration data from TCE-

only experiments were also compared to model simulations using the estimated 

parameters for the two compounds as well as the inhibitions elucidated later in 

the study, and showed good correlation (see Figure A3.6 in Appendix). The 

comparison of the VC and ethene concentration dataset however did not show a 

good correlation for two highest concentrations of TCE used (see Figures A3.7 

and A3.8 in Appendix), and this could likely be because of the uncertainty in the 

inhibition of TCE on VC dechlorination as found later. The comparisons in the 

Figures A3.7 and A3.8 are for the model considering no inhibition of TCE on VC 

dechlorination.
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Figure 3.4. Comparison of experimental data (symbols) and model simulations (lines) for TCE-

only experiments. Legend shows initial concentrations of TCE in g m-3. The dataset represented 

by rectangles was used for curve fitting, and the estimated kinetic constants were used to 

compare model simulations with the other datasets (diamonds and triangles).

 The Rmax values for TCE, cis-DCE and VC from the above fit were 

determined as 1381, 313 and 706 #moles mbiofilm
-3 h-1. This suggests that cis-DCE 

dechlorination is the slowest step. In addition, the Km value for cis-DCE was 

determined as 6.94 #M, while that for TCE and VC was determined as 5.27 and 

4.06 #M, suggesting the poorest enzyme affinity for cis-DCE out of the three 

compounds. From a thermodynamic perspective, this is obvious because the 
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Gibbs free energy change resulting from coupling of cis-DCE reduction to 

hydrogen oxidation is the lowest in comparison to TCE or VC reduction (He et 

al., 2002).

3.4.2. Comparison with other studies with batch-fed suspended cultures

For comparison with other studies with batch-fed suspended cultures that have 

reported Rmax and Km values for the reductive dechlorination of TCE, cis-DCE 

and VC (Table 3.2), the Rmax values determined in this study were normalized to 

the protein content of the biotrickling filter bed, which was determined to be 

2750 mg. There is an order of magnitude difference in the Rmax values between 

those determined by us and by Shaefer et al. (2009) using the same culture. One 

likely reason is the fraction of Dehalococcoides protein content. In our reactor, 

significant methanogenesis was continuously observed, because the amount of 

lactate fed during continuous operation was at least 10 times the stoichiometric 

requirement for production of enough hydrogen for the reductive dechlorination. 

This contrasts with Schaefer et al. who fed only a limited lactate amount to their 

culture system, and thus may have resulted in a smaller fraction of methanogens 

compared to the biofilm in our bioreactor. The Km values determined here are 

higher than those determined by Schaefer et al., suggesting poorer enzyme 

affinities. While all Km values determined in this study are in the same order of 

magnitude as those determined by others, the values determined here are at the 

higher end of the magnitude. This could be a result of immobilization of the 

bacteria on a support, as discussed later.
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Table 3.2. Comparison of kinetic constants estimated in this study with other studies that used 

batch-grown suspended cultures.

Culture TCE 
Km

TCE
Rmax

cis-
DCE 
Km

cis-
DCE
Rmax

VC 
Km

VC
Rmax

SDC-9, grown in gas-phase anaerobic 
biotrickling filter (this study)

5.3 10.5 6.9 2.4 4.1 5.4

SDC-9, batch grown (Schaefer et al., 2009) 3.2 139.4 2 49.9 14 145.8

PM, batch grown (Yu et al., 2005) 2.8 5.2 1.9 0.9 602 0.1

EV, batch grown (Yu et al., 2005) 1.8 5.2 1.8 0.6 62.6 0.3

VS, batch grown (Cupples et al., 2004) ND ND 3.3 3.1 2.6 ND

Uncharacterized culture, batch grown (Fennell 
and Gossett, 1998)

0.5 5 0.5 5 290 5

Uncharacterized culture, batch grown (Haston 
and McCarty, 1999)

1.4 0.1 3.3 0.03 2.6 0.02

Uncharacterized culture, batch grown (Garant 
and Lynd, 1998)

17.4 651.7 11.9 408.3 38.3 463.2

 On the other hand, the Rmax values determined here are higher than those 

determined by Yu et al. (2005) for two different dechlorinating cultures (PM and 

EV), whereas the Km values for TCE and cis-DCE are in the same order of 

magnitude. The Km values for VC for both the cultures used by them are one to 

two orders of magnitude higher than those determined by us. Higher Km values 

suggest cometabolic transformation as also shown by Fennell and Gossett (1998) 

for VC, and thus it can be expected that the PM and EV cultures contain 

reductive dehlogenases responsible for metabolic transformation of only TCE 

and cis-DCE, but not VC. The EV culture was however later documented to 
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contain both VcrA and BvcA enzymes (Azizian et al., 2008), responsible for 

metabolic transformation of VC, and thus it is unclear why the Km value for VC 

for the EV culture was also significantly higher than those reported for metabolic 

transformation of VC (Haston and McCarty, 1999; Cupples et al., 2004). 

3.4.3. Inhibitions between various compounds

To elucidate the inhibitions between various compounds, experiments were 

conducted with two compounds together, and data was compared with model 

simulations considering either competitive inhibition from the higher chlorinated 

compound or no inhibition.  First, experiments were conducted with a mixture of 

VC and cis-DCE, with one concentration of VC and three different concentrations 

of cis-DCE. The kinetic constants for cis-DCE were determined considering that 

there was no inhibition from cis-DCE on VC dechlorination, and thus if the data 

from these experiments fitted the model well, both the kinetic constants for cis-

DCE as well as the hypothesis of no inhibition of cis-DCE on VC dechlorination 

could be validated. Figure 5.5 shows the comparison of experimental data with 

model simulations considering no inhibition of cis-DCE on VC dechlorination. 

The model simulations compare well with the data, and thus it can be concluded 

that cis-DCE indeed did not inhibit the dechlorination of VC. 
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Figure 3.5. Comparison of experimental data (symbols) and model simulations (considering no 

inhibition of cis-DCE on VC, lines) for experiments with VC and cis-DCE together. Initial VC 

concentration used was 0.05 g m-3. Legend shows initial concentrations of cis-DCE in g m-3. 

 Next experiments were performed with cis-DCE and TCE together, with 

one concentration of cis-DCE and three different concentrations of TCE. Figure 

5.6 shows a comparison of the experimental data with model simulations 

considering (a) competitive inhibition of TCE on cis-DCE dechlorination and (b) 

no inhibition of TCE on cis-DCE dechlorination. From the comparison, it appears 

that the model considering competitive inhibition of TCE on cis-DCE 

dechlorination describes the observed data the best. 
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Figure 3.6. Comparison of experimental data (symbols) and model (a: competitive inhibition of 

TCE on cis-DCE, and b: no inhibition) simulations (lines) for experiments with cis-DCE and TCE 

together. Initial cis-DCE concentration used was 0.162 g m-3. Legend shows initial concentrations 

of TCE in g m-3.
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 Most studies on the kinetics and inhibition of reductive dechlorination 

using mixed cultures containing Dehalococcoides spp. have shown inhibition of 

TCE on cis-DCE dechlorination, except for the study by Schaefer et al. (2009) 

using the same culture as used in the present study. In their case, no competitive 

inhibition of TCE on cis-DCE was observed. Our finding here suggests that 

continuous feeding of TCE at high loading rates may have resulted in 

modification of the culture capability with possible reduced affinity for cis-DCE 

as well as increasing inhibition of TCE on cis-DCE dechlorination.  

 The finding that TCE inhibits cis-DCE dechlorination, but cis-DCE does 

not inhibit VC dechlorination, suggests that the transformation cis-DCE is carried 

out by a single reductive dehalogenase (viz. TceA), while that of VC is carried out 

by a separate reductive dehalogenase (viz. VcrA). While it is known that 

Dehalococcoides ethenogenes strain 195 that contains the TceA enzyme cannot 

metabolically dechlorinate VC (Maymo-Gattell et al., 1997), strains that contain 

the VcrA enzyme (viz. strain FL2 and strain VS) are able to dechlorinate cis-DCE 

metabolically (Cupples et al., 2003; He et al., 2005). However, the transformation 

rates for cis-DCE by the protein extracts of VcrA are reported to be at least an 

order of magnitude lower than those by protein extracts of TceA (Magnuson et 

al., 2000; Muller et al., 2004). The relative enzyme affinities for cis-DCE for VcrA 

are also reported to be much lower than those for TceA (Cupples et al., 2003), 

suggesting that it is likely that the enzymes in our system may not be acting on 

all compounds together, with specificity developed for different compounds over 
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the duration of continuous treatment. Holmes et al. (2006) also observed a similar 

specificity of TceA towards cis-DCE and of VcrA towards VC for a mixed culture 

containing the two reductive dehalogenases.

 Next, experiments were performed with VC and TCE together, with one 

concentration of VC and three different concentrations of TCE. Figure 5.7 shows 

a comparison of the experimental data with model simulations considering (a) 

competitive inhibition of TCE on VC dechlorination and (b) no inhibition of TCE 

on VC dechlorination. While the model considering competitive inhibition of 

TCE on VC dechlorination severely underestimates the rate of ethene generation 

from VC dechlorination, even the model considering no inhibition does not 

compare well with the experimental data, as it overestimates ethene 

concentrations. This result suggests that there is some sort of inhibition of TCE 

on VC dechlorination. Because VcrA can also dechlorinate TCE, it is unlikely that 

this inhibition could be noncompetitive. If this inhibition is competitive, the 

estimated Km value for TCE does not describe the inhibition on VC 

dechlorination. The Km value of TCE is much higher than that determined here 

may be able to describe the experimental results well, pointing to the possibility 

that VC is converted primarily by VcrA while TCE by TceA and only to some 

extent by VcrA. The affinity of TCE for VcrA is much lower than that for the 

TceA enzyme, and thus the overall Km value for TCE, which possibly reflects 

affinity primarily for the TceA enzyme, does not correlate with the competitive 

inhibition of TCE on VC.
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Figure 3.7. Comparison of experimental data (symbols) and model (a: competitive inhibition of 

TCE on VC, and b: no inhibition) simulations (lines) for experiments with VC and TCE together. 

Initial VC concentration used was 0.05 g m-3. Legend shows initial concentrations of TCE in g m-3.
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3.4.4. Relevance of present study

In this study, the kinetic constants for reductive dechlorination of TCE and its 

intermediates and various inhibitions for an immobilized culture containing 

Dehalococcoides spp. were determined. Most studies have focused on determining 

kinetic constants using suspended cultures; our results indicate that cell 

immobilization may have an effect on the kinetics. While decrease in per mg 

protein rates can be related to the smaller fraction of Dehalococcoides spp. in the 

biofilm in the current study compared to suspended cultures grown on minimal 

lactate or hydrogen supply, the decrease in enzyme affinities involves more 

complex phenomena. Usually, decrease in apparent Km values for biofilms in 

comparison to suspended cultures are explained by diffusion limitations within 

the biofilm (Hamdi, 1995), however in this study actual Km values were 

determined through curve-fitting using a model considering diffusion. Decrease 

in actual enzyme affinities in biofilms compared to suspended cultures have been 

observed before by other researchers (Yu and Pinder, 1995), but the reasons for 

this are not well understood. It is suggested that physiological changes in 

bacterial cells occurs when grown in a biofilm, and these changes are dependent 

on the environmental conditions and immobilization surface properties (Jeffrey 

and Paul, 1986). Also, the genetic regulation of cells grown in a biofilm differs 

from those that grow in planktonic cultures (Prigent-Combaret et al., 1999), 

especially in response to various stresses or requirement of micronutrients, thus 

resulting in changes in measured Km values. This should stimulate further study 
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in understanding and comparing transcriptional response of Dehalococcoides spp. 

to various environmental stresses when immobilized onto a surface to when 

grown in suspended cultures.

 It was observed that enzyme affinity for cis-DCE was lower than that for 

TCE for the continuously fed biotrickling filter, and that TCE competitively 

inhibited dechlorination of cis-DCE. The site and microcosm data from several 

studies on in situ bioremediation shows that VC generation usually commences 

only after all TCE is converted to cis-DCE or after TCE has reached extremely low 

concentrations (Major et al., 2002; Adamson et al., 2003; Rahm et al., 2006; Sleep 

et al., 2006; Himmelheber et al., 2007), confirming that when high loads of TCE 

are applied to the microorganisms, dechlorination of cis-DCE could be inhibited 

by TCE. 

No inhibition of cis-DCE on VC dechlorination was observed in this study. 

While this may not necessarily be true for all sites and cultures, there is the 

possibility as discussed earlier that both transformations are catalyzed by 

different reductive dehalogenases. From the literature survey on in situ 

bioremediation of TCE conducted above, it was also found that in most cases 

ethene production begins even if cis-DCE is still not completely dechlorinated to 

VC, validating that the inhibition of cis-DCE on VC dechlorination either does 

not exist or is very weak.

The direct implication of competitive inhibition between various 

compounds is on the time required to achieve complete dechlorination through 
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in situ bioremediation. However, the presence of TceA and VcrA should 

eventually result in complete conversion of the various chlorinated ethenes to 

ethene. The presence of BvcA along with VcrA during in situ bioremediation is 

suggested to result in functional redundancy since both dehalogenase have the 

same transformation pathways and specificity of electron acceptors. However, 

for continuous bioreactors, it may be necessary to use a culture containing both 

these dehalogenases in combination with TceA, so that the transformation of each 

compound is carried our primarily by a single reductive dehalogenase, resulting 

in minimal cis-DCE and VC accumulation.

3.5. Appendix

3.5.1. Nomenclature

i  Number of vertical bed segments (also Nbed)

j  Number of horizontal biofilm segments (also Nbf)

VG  Volume of gas phase

VL  Volume of liquid phase

VSV  Volume of sorption volume

FG  Gas flow rate

FL  Liquid flow rate

CG,cmpd  Concentration of the compound in gas

CL,cmpd  Concentration of the compound in liquid

CWB,cmpd Concentration of the compound in wetted biofilm

CNWB,cmpd Concentration of the compound in non-wetted biofilm
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CSV,cmpd Concentration of the compound in sorption volume

CGLi,cmpd Concentration of the compound at the gas-liquid interface

CGBi,cmpd Concentration of the compound at the gas-biofilm interface

CLBi,cmpd Concentration of the compound at the liquid-biofilm interface

AW  Wetted area

ANW  Non-wetted area

kG  Gas film mass transfer coefficient

kL  Liquid film mass transfer coefficient

De,cmpd  Effective diffusivity of the compound in the biofilm

Z  Biofilm thickness

Rcmpd  Rate of appearance/disappearance of the compound in the biofilm

Rmax,cmpd Maximum rate of biological reduction of the compound in the 

  biofilm

Km,cmpd Michaelis-Menten constant for the compound
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3.5.2. Supporting figures

CBP  
Packed  

Bed 

Peristaltic 
Pump 

Liquid Sump 

Diaphragm 
Pump 

25 L Tedlar Bag 
(not to scale) 

Sampling 
Port 

Figure A3.1. Schematic of the biotrickling filter for differential operation.
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Figure A3.2. Comparison of cis-DCE dechlorination in the presence and absence of VC. Legend 

shows VC concentrations in g m-3.
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Figure A3.3. Comparison of TCE dechlorination in the presence and absence of cis-DCE and VC. 
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Figure A3.4. Comparison of experimental data (symbols) and model simulations (lines) for cis-

DCE concentration during cis-DCE only experiments. Legend shows initial concentrations of cis-
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Figure A3.6. Comparison of experimental data (symbols) and model simulations (lines) for cis-

DCE concentration during TCE-only experiments. Legend shows initial concentrations of TCE in 
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CHAPTER 4

BIOAUGMENTATION OF A TRICHLOROETHENE-REMOVING 

ANAEROBIC BIOTRICKLING FILTER 

WITH Dehalococcoides sp. STRAIN BAV1*

4.1. Introduction

Recently, a novel technique to possibly treat sites contaminated with 

trichloroethene (TCE), a persistent and toxic soil and groundwater pollutant, was 

proposed (Popat and Deshusses, 2009). This technique utilizes a combination of 

soil vapor extraction (SVE) or dual-phase extraction (DPE) with nitrogen 

sparging and ex situ biological treatment of the waste gas streams thus generated 

in biotrickling filters. The anaerobic biotrickling filters removing TCE from the 

waste gas streams rely on the metabolism of novel microorganisms from the 

Dehalococcoides genus that reduce TCE all the way to ethene in combination with 

oxidation of hydrogen, which is generated in these systems by feeding a 

fermentable substrate. While high and sustained TCE removal rates were 

achieved in the proof of concept study using a lab-scale anaerobic biotrickling 

filter fed with synthetic waste gas, dechlorination was incomplete with 

significant accumulation of toxic intermediates cis-1,2-dichloroethene (cis-DCE) 

and vinyl chloride (VC) in the exit gas stream. 
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 A detailed modeling study focused on the determination of biokinetic 

constants and inhibition between various compounds suggested that TCE can 

competitively inhibit the dechlorination of cis-DCE, and also has an effect on the 

dechlorination of VC (see Chapter 3). The culture that was used in the laboratory 

studies contained two known reductive dehalogenases from Dehalococcoides spp., 

TceA and VcrA. TceA is responsible for the metabolic dechlorination of TCE and 

cis-DCE, while VcrA is responsible for the metabolic dechlorination of TCE, cis-

DCE and VC (Lee et al., 2008). The modeling study which showed no inhibition 

of cis-DCE on VC or vice versa suggested that after continuous operation for a 

long duration, TceA is responsible primarily for the conversion of cis-DCE, while 

VcrA is responsible for the conversion of VC. This causes a bottleneck at cis-DCE 

dechlorination since TCE which is supposedly primarily converted by TceA 

inhibits the dechlorination of cis-DCE. A similar specificity of enzymes to 

dechlorination pathways was also observed by Holmes et al. (2006) for a mixed 

culture grown from contaminated sediments and by Lee et al.  (2006) for a 

contaminated site where indigenous Dehalococcoides spp. were present.

 As a remedy to this, it may be possible to add a strain containing another 

reductive dehalogenase, viz. BvcA which is responsible for the metabolic 

dechlorination of cis-DCE and VC (Krajmalnik-Brown et al., 2004), and this may 

shift the conversion of TCE favorably to ethene. This can happen either through 

conversion of VC directly to ethene by BvcA, by conversion of cis-DCE to VC by 

BvcA which can be further converted to ethene by VcrA, or by conversion of both 
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cis-DCE and VC by BvcA. To test this hypothesis, a lab-scale anaerobic 

biotrickling filter that was inoculated with a culture containing Dehalococcoides 

spp. with the TceA and VcrA enzymes was run at high TCE loading with <5% 

conversion to ethene, and then bioaugmented with Dehalococcoides sp. strain 

BAV1 that contains the BvcA enzyme. The performance of the biotrickling filter 

was monitored following bioaugmentation, and relative changes in tceA, vcrA 

and bvcA gene copies and transcripts were monitored.

4.2. Materials and methods

4.2.1. Culture selection and growth

SDC-9 (Shaw Environmental Inc., Lawrenceville, NJ), a commercially available 

mixed culture containing Dehalococcoides spp., was used in this study for 

inoculation of the anaerobic biotrickling filter. The culture contained 

approximately 108 Dehalococcoides cells mL-1 and was stored at 4 °C prior to use in 

inoculation. Agarose gel eletrophoresis was used to identify the presence of 

Dehalococcoides spp. and various known reductive dehalogenases (see Table 4.1 

for list of primers used). It was confirmed that the culture contains tceA and vcrA 

genes, but no bvcA or pceA genes.

 Dehalococcoides sp. strain BAV1 was obtained from the laboratory of Dr. 

Frank Loeffler at the Georgia Institute of Technology (Atlanta, GA). The pure 

culture was grown on cis-DCE, as described elsewhere (He et al., 2003) to 

approximately 107 cells mL-1, prior to use in the biotrickling filter. Agarose gel 

electrophoresis was used to identify the presence of bvcA genes (see Table 4.1 for 
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list of primers used). No other known reductive dehalogenase genes were found 

in this culture.

4.2.2. Biotrickling filter setup

The anaerobic biotrickling filter setup was the same as described by Popat and 

Deshusses (2009) (see Figure 2.1 in Chapter 2). Briefly, the biotrickling filter was 

constructed from a clear PVC pipe 60 cm in height and 10 cm in internal diameter 

(Harrington Plastics, Riverside, CA). It was packed with cattle bone porcelite 

(CBP), a porous spherical packing material with slow-release nutrients 

incorporated (Aisin Takaoka Co., Ltd., Japan). The spherical beads had an 

average diameter of 3 mm. The active bed height was 26 cm, and thus the bed 

volume 2 L. The initial bed porosity was 0.42. The biotrickling filter contained 

two biomass sampling ports, 2 cm in diameter, one 5 cm from the top of the bed, 

and the other 5 cm from the bottom of the bed. The bed was inoculated initially 

with 50 mL of SDC-9 culture (108 Dehalococcoides spp. cells mL-1), and with 100 

mL of Dehalococcoides sp. strain BAV1 (107 cells mL-1) culture after 20 days of 

operation, by adding the culture to the recirculating liquid, and operating the 

biotrickling filter in a closed loop mode for two days following addition.

TCE vapors in humidified nitrogen gas were fed to the biotrickling filter 

from the top, resulting in downflow co-current operation mode. A nutrient 

solution was continuously recirculated over the bed from the sump (500 mL in 

this study) at the bottom of the biotrickling filter. Fresh nutrient solution 

(modified RAM media, see Table 2.1 in Chapter 2) supplemented with 2.0-3.0 g 
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L-1 sodium lactate (60% w/w sodium lactate solution, Fisher Chemical, Fairlawn, 

NJ) was continuously added to the sump at the flow rate of 0.55 mL min-1. This 

lactate feeding rate corresponds to at least 10 times the stoichiometric 

requirement for producing hydrogen necessary for complete TCE dechlorination. 

During closed loop operation after inoculation, sodium lactate was added to the 

liquid sump directly everyday (8 g day-1). 

4.2.3. Chemical analyses

Gas phase concentrations of TCE, cis-DCE, VC, ethene and methane were 

determined using an SRI gas chromatograph fitted with a 30 m GS-Q column 

(having internal diameter 0.32 mm) and a flame ionization detector. The 

detection limits for the compounds were: 0.002 g m-3 for TCE, 0.001 g m-3 for cis-

DCE and VC, and 0.0005 g m-3 for ethene and methane. DO (dissolved oxygen) 

concentration, ORP (redox potential) and pH were determined using Vernier 

(Beaverton, OR) probes.

4.2.4. DNA and RNA extraction

4 g of packing samples were taken from the top and bottom sampling ports for 

each sampling event, and were immediately suspended in 10 mL nuclease-free 

water. Biomass was extracted from the packing samples into the liquid by first 

sonicating the suspension for 3 min, followed by vortexing for 3 min. Following 

biomass extraction, liquid samples containing cell pellets were collected in 10 

mL vials and stored at -20 °C for no more than two weeks before further 

processing.
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 DNA was extracted from liquid samples using MO BIO UltraCleanTM 

microbial DNA isolation kit (MO BIO Laboratories, Inc., Carlsbad, CA), 

according to the manufacturer’s instructions.  The quality of the DNA was 

assessed by measuring A260/A280 ratio using a ND-1000 Spectrophotometer 

(NanoDrop Products, Wilmington, DE). Purified DNA aliquots were stored at -20 

°C for no more than one month before qPCR analysis.

 RNA was extracted from liquid samples using MO BIO UltraCleanTM 

microbial RNA isolation kit (MO BIO Laboratories, Inc., Carlsbad, CA), according 

to the manufacturer’s instructions.  DNA was first removed using DNA-freeTM 

kit (Applied Biosystems, Austin, TX) according to the manufacturer’s instruction. 

Selected RNA aliquots after DNA removal were used for qPCR as controls to 

ensure the absence of DNA in final RNA aliquots. The quality of the RNA was 

assessed by measuring A260/A280 ratio using a ND-1000 Spectrophotometer 

(NanoDrop Products, Wilmington, DE). RNA aliquots were stored at -80 °C for 

no more than one week before further processing. cDNA was synthesized from 

RNA using SuperScript® III reverse transcriptase (Invitrogen Corporation, 

Carlsband, CA) by following the manufacturer’s instructions. Gene specific 

reverse primers were used for cDNA synthesis (see Table 1). Aliquots of cDNA 

were stored at -20 °C for no more than one month before qPCR analysis.

4.2.5. qPCR and data analysis

Real-time qPCR amplification and quantification was performed on a Stratagene 

Mx3000P® QPCR system (Agilent Technologies, La Jolla, CA) , using iQTM 
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SYBR® Green Supermix (Bio-Rad Laboratories, Inc., Hercules, CA) and gene 

specific primers for the different reductive dehalogenases (see Table 4.1). Each 

reaction mixture contained 12.5 !L of the supermix, 8.5 !L nuclease-free water, 1 

!L of 5 !M forward primer, 1 !L of 5 !M reverse primer, and 2 !L of DNA or 

cDNA template. Real-time PCR conditions were: 3 min at 95 °C, followed by 40 

cycles of 10 s at 95 °C and 45 s at 62 °C.

Table 4.1. List of primers used for qPCR analysis (Behrens et al., 2008).

Name Target gene Sequence (5’"3’)

tceA511F tceA GCCACGAATGGCTCACATA

tceA817R tceA TAATCGTATACCAAGGCCCG

vcrA880F vcrA CCCTCCAGATGCTCCCTTTA

vcrA1018R vcrA ATCCCCTCTCCCGTGTAACC

bvcA277F bvcA TGGGGACCTGTACCTGAAAA

bvcA523R bvcA CAAGACGCATTGTGGACATC

pceA877F pceA ACCGAAACCAGTTACGAACG

pceA976R pceA GACTATTGTTGCCGGCACTT

 For data analysis, raw fluorescence vs. cycle number data without baseline 

subtraction (Rn vs. Ct) were exported to LinRegPCR (Heart Failure Research 

Center, Amsterdam, The Netherlands) in Microsoft Excel format. LineRegPCR is 

a data analysis software that uses the linear region of log-linear amplification 

plots to determine both the PCR efficiency and the fluorescence levels 

corresponding to the initial concentration of DNA or cDNA in the samples. 
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Baseline corrections were performed for each sample using the LinRegPCR 

software as per Ruijter et al. (2009). The so-called “window-of-linearity”, and 

PCR efficiency were averaged for each amplicon group (or group of samples that 

received the same primers) for a particular analysis, and these were used for the 

determination of the fluorescence levels corresponding to the initial DNA or 

cDNA concentrations. Further information on the analysis method used in 

available in literature (Ramakers et al., 2003; Ruijter et al., 2009). 

4.3. Results and discussion

The TCE elimination capacity (EC) of the anaerobic biotrickling filter with time of 

operation is shown in Figure 4.1. The loading rate of TCE over the entire 

experimental duration of 34 days was around 8-9 gTCE mbed
-3 h-1. On two separate 

occasions, the TCE loading increased to >15 gTCE mbed
-3 h-1 because of fluctuations 

in inlet gas flow, as shown by arrows in Figure 5.1, but was reduced as soon as 

detected (<1 day). While it appears that the transient loading did not affect the 

EC, this may have had an effect on the growth of Dehalococcoides spp., as 

discussed later. In general however, a higher loading than what was used in 

previous studies (Popat and Deshusses, 2009) was used here so as to see any 

significant differences in the distribution of the intermediates of reductive 

dechlorination before and after bioaugmentation of biotrickling filter with strain 

BAV1. 

 It was expected that at the high loading of TCE imposed prior to 

bioaugmentation, conversion to ethene will be minimum. The TCE EC remained 
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around 6-7 gTCE mbed
-3 h-1, before and after bioaugmentation. Strain BAV1 cannot 

metabolize TCE, and even in the presence of lower chlorinated ethenes, the rates 

for cometabolic TCE dechlorination by strain BAV1 are orders of magnitude 

smaller than those reported for other Dehalococcoides spp. (He et al., 2003). It was 

thus expected that under the high TCE loading conditions the effect of 

bioaugmentation on the TCE EC would be minimal. 
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Figure 4.1. The TCE elimination capacity (EC) with time of operation of the biotrickling filter. Day 

0 corresponds to the start-up of the biotrickling filter (i.e. inoculation with SDC-9 culture). TCE 

loading rate was 8-9 gTCE mbed
-3 h-1 throughout the study, except increases due to gas flow 

fluctuation as shown by arrows (loadings of 16 and 19 gTCE mbed
-3 h-1). The dotted line represents 

the time when the biotrickling filter was inoculated with Dehalococcoides sp. strain BAV1.
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 The distribution of the intermediates of reductive dechlorination of TCE in 

the anaerobic biotrickling filter before and after bioaugmentation with strain 

BAV1 is shown in Figure 4.2. Prior to bioaugmentation with strain BAV1 a 

pseudo-steady state with respect to the distribution of intermediates was 

apparently reached. Conversion to cis-DCE was the highest at about 55% of the 

TCE removed, while 40% of the TCE removed was converted to VC and  less 

than 10% was recovered as ethene. The low conversion to ethene, and significant 

accumulation as cis-DCE is consistent with earlier studies at loading of around 

4-5 gTCE mbed
-3 h-1 which resulted in only about 10% conversion to ethene (Popat 

and Deshusses, 2009). The high conversion to cis-DCE and low conversion to 

ethene was expected, as it has been determined that TCE inhibits the reductive 

dechlorination of cis-DCE and to some extent VC as well (Chapter 3). Under 

larger TCE loadings, this inhibition is expected to be even more pronounced. 

 Following bioaugmentation, a distinct change in the distribution of the 

intermediates was observed. Conversion of the removed TCE to cis-DCE started 

to decrease while that to ethene started increasing immediately after inoculation 

with strain BAV1. After a phase of about 10 days after bioaugmentation, during 

which conversion to ethene increased linearly, a pseudo-steady state with respect 

to the conversion of removed TCE to intermediates was reached, with 45% 

conversion to ethene, 40% to VC and <20% to cis-DCE. Conversion of the 

removed TCE to VC increased immediately after bioaugmentation to 45% but 

then onwards remained around 40% until the end of the study. It is obvious that 

110



the distribution of the intermediates of reductive dechlorination of TCE changed 

after bioaugmentation of the biotrickling filter with strain BAV1, but it appears 

that at the TCE loadings imposed conversion of the removed TCE to ethene 

could not be increased further than 45%. 
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Figure 4.2. Distribution of the intermediates of reductive dechlorination of TCE with time of 

operation of the biotrickling filter. Day 0 corresponds to the start-up of the biotrickling filter (i.e. 

inoculation with SDC-9 culture). The dotted line represents the time when the biotrickling filter 

was inoculated with Dehalococcoides sp. strain BAV1.

 The fluorescence levels corresponding to the tceA gene DNA 

concentrations in both the top and bottom of the bed with time of operation of 
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the biotrickling filter is shown in Figure 4.3. From the figure it is evident that tceA 

gene copies increased in both the top and the bottom of the bed from the time of 

the first sampling event on day 7 till the end of the study. While there were three 

times as many tceA gene copies by the end of the study in the top of the bed 

compared to the first sampling event, there was one order of magnitude increase 

in tceA copies in the bottom of the bed by the end of the study. There was only a 

minor increase in tceA gene copies in the top of the bed after bioaugmentation 

with strain BAV1, while the increase in the bottom was significant. However, 

strain BAV1 does not contain the tceA gene, and thus the increase in gene copies 

after what appeared to be a pseudo-steady state can be explained possibly by the 

higher loading that had resulted on day 24. 

 Similarly, fluorescence levels corresponding to the vcrA gene DNA 

concentrations in both the top and bottom of the bed of the biotrickling filter are 

reported over time in Figure 4.4. The trend in increase of vcrA gene copies in the 

top and the bottom of the bed was similar to that of tceA gene copies, although 

the magnitude of increase was smaller. The increase in vcrA gene copies in the 

top of the bed, where only TCE exists in significant concentrations, suggests that 

VcrA was also possibly responsible in the conversion of TCE. This was further 

confirmed by the increase in expression of vcrA transcripts as described later. 

After bioaugmentation with strain BAV1, there was an increase in vcrA gene 

copies, although the concentration started decreasing after day 27. Note that it is 

not possible to directly compare the gene copies of vcrA relative to that of tceA 
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using the arbitrary fluorescence measured using qPCR as the calibration cuvres 

for tceA and vcrA gene copies against the fluorescence values may not be the 

same. The fluorescence values depend on the properties of the PCR reaction, and 

for both the genes these may not be the same (Morrison and Wittwer, 1998).
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Figure 4.3. Fluorescence levels corresponding to the concentration of tceA gene copies with time 

of operation of the biotrickling filter. Day 0 corresponds to the start-up of the biotrickling filter 

(i.e. inoculation with SDC-9 culture). The dotted line represents the time when the biotrickling 

filter was inoculated with Dehalococcoides sp. strain BAV1.

113



1.E-08 

1.E-07 

1.E-06 

0 10 20 30 40 

v
c
r
A
 D

N
A
 F

lu
o
re

s
c
e
n
c
e
 

Day 

Top 

Bottom 

Figure 4.4. Fluorescence levels corresponding to the concentration of vcrA gene copies with time 

of operation of the biotrickling filter. Day 0 corresponds to the start-up of the biotrickling filter 

(i.e. inoculation with SDC-9 culture). The dotted line represents the time when the biotrickling 

filter was inoculated with Dehalococcoides sp. strain BAV1.

 The fluorescence levels corresponding to the bvcA gene DNA 

concentrations in the top and bottom of the bed over the time of operation of the 

biotrickling filter is shown in Figure 4.5. As expected, no bvcA gene copies were 

detected in either the top or the bottom of the bed prior to bioaugmentation with 

strain BAV1. Following bioaugmentation, bvcA gene copies were detected in both 

the top and bottom of the bed, however concentration in the top of the bed was 

over an order of magnitude higher than in the bottom. This can be explained by 
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the fact that concentrations of cis-DCE and VC are higher in the bottom of the 

bed, as most of the TCE has been dechlorinated to the intermediates when the 

gas reaches the lower end of the bed. Over time however, the number of bvcA 

gene copies increased in the top of the bed as well, but unlike tceA and vcrA 

copies did not exceed the concentration in the top of the bed. A pseudo-steady 

state was reached around 10 days after bioaugmentation, which is consistent 

with the distribution of the intermediates reported in Figure 4.2.
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Figure 4.5. Fluorescence levels corresponding to the concentration of bvcA gene copies with time 

of operation of the biotrickling filter. Day 0 corresponds to the start-up of the biotrickling filter 

(i.e. inoculation with SDC-9 culture). The dotted line represents the time when the biotrickling 

filter was inoculated with Dehalococcoides sp. strain BAV1.
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 While qPCR analysis of DNA samples only confirms and quantifies the 

presence of a particular functional gene, RT-qPCR analysis of RNA samples 

quantifies the expression and thus the likely activity of the functional genes. 

Losses during sample preparation for RNA analysis are significantly higher than 

those for DNA analysis, and thus it is typically necessary to compare quantified 

expression to a control gene, the concentration of which remains relatively stable 

during the entire experimental duration (Livak and Schmittgen, 2001). For pure 

cultures, it is possible to use a housekeeping gene as a control (Bustin, 2002), 

however for mixed cultures for which individual strains have similar 

housekeeping genes, using these as a control is more error-prone, since stable 

expression of the targeted housekeeping gene may not necessarily mean that the 

levels of housekeeping genes in each individual strain are the same throughout 

the experimental duration. As a remedy to this, the addition of an external 

control RNA, for example luciferase firefly RNA, has been suggested. While 

quantification of the luciferase RNA after addition of known amounts to a 

particular sample can help quantify the RNA extraction and reverse transcription 

efficiency, it is not possible to control for the cell lysis losses (Johnson et al., 

2005a). In this study, it was decided to not use a control gene, and rather compare 

only absolute transcript numbers through quantification of arbitrary fluorescence 

using qPCR. In order to make sure there are no sample-to-sample variations, all 

samples were handled using the same methods and protocols, with as few 

separate processing as possible.
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 The fluorescence levels corresponding to tceA transcript concentration in 

the top and the bottom of the bed is reported over time of operation of the 

biotrickling filter in Figure 4.6. While tceA gene copies were present in a larger 

concentration in the bottom of the bed compared to the top of the bed (see Figure 

4.3), tceA transcript copies were higher in the top of the bed than the bottom, 

especially after bioaugmentation. tceA expression has been shown to increase 

primarily in response to TCE and cis-DCE, and not VC (Johnson et al., 2005b), 

and thus the lower magnitude of transcripts detected after bioaugmentation may 

be because of a larger VC and ethene concentrations at the bottom of the bed. 

Similarly, fluorescence levels corresponding to vcrA transcript concentration in 

the top and the bottom of the bed with time of operation of the biotrickling filter 

is shown in Figure 4.7. Contrary to tceA transcripts, there was an increase in vcrA 

transcripts after bioaugmentation. This is unexpected and there is no explanation 

as to why this occurred. Even so, it raises interesting questions on the specificity 

of all the three known reductive dehalogenases towards the different chlorinated 

compounds when they are present together in a mixed culture and exposed to a 

mixture of the chlorinated compounds.
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Figure 4.6. Fluorescence levels corresponding to the concentration of tceA gene transcripts with 

time of operation of the biotrickling filter. Day 0 corresponds to the start-up of the biotrickling 

filter (i.e. inoculation with SDC-9 culture). The dotted line represents the time when the 

biotrickling filter was inoculated with Dehalococcoides sp. strain BAV1.

 It is interesting to note that while the fluorescence levels corresponding to 

vcrA gene copies were smaller than those corresponding to tceA gene copies, 

there is a reverse trend in the fluorescence corresponding to transcript numbers. 

This suggests that, assuming the efficiency of RNA sample processing for all 

samples was similar, expression of vcrA (i.e. number of transcripts of vcrA per 

gene copy) was up to 1000 times higher than that of tceA, even at the top of the 

bed. Strains containing the VcrA enzyme are known to dechlorinate TCE 
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metabolically, but there has been a question on whether this is through the 

activity of VcrA or a putative TCE reductive dehalogenase (Sung et al., 2006).
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Figure 4.7. Fluorescence levels corresponding to the concentration of vcrA gene transcripts with 

time of operation of the biotrickling filter. Day 0 corresponds to the start-up of the biotrickling 

filter (i.e. inoculation with SDC-9 culture). The dotted line represents the time when the 

biotrickling filter was inoculated with Dehalococcoides sp. strain BAV1.

 The result of a supposedly higher vcrA expression (in comparison to tceA 

expression) in response to TCE suggests that VcrA itself can also convert TCE. 

Nonetheless, pure protein extracts of VcrA have been shown to dechlorinate TCE 

up to 300 times slower than those of TceA (Magnuson et al., 2000; Muller et al., 
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2004), and thus the higher expression of vcrA observed here does not suggest that 

VcrA is the enzyme primarily responsible for TCE dechlorination in the current 

system. 

 The fluorescence levels corresponding to bvcA transcript concentration in 

the biotrickling filter are shown in Figure 4.8. No bvcA gene expression was 

detected before bioaugmentation as expected. After bioaugmentation, bvcA 

transcripts were detected both in the top and the bottom of the bed, and this was 

concomitant with the improved conversion to ethene observed. The detection of 

bvcA transcripts confirms that strain BAV1 was not only able to grow in the 

reactor bed, but was also high active in improving the overall conversion of TCE 

to ethene. Assuming similar RNA sample processing efficiency for all samples, it 

can also be seen that bvcA expression was higher than both vcrA and tceA 

expression both in the top and the bottom of the bed.

 This study shows that it is possible to improve the conversion of TCE to 

ethene in anaerobic biotrickling filters treating waste gases through reductive 

dechlorination by adding Dehalococcoides sp. strain BAV1 to a mixed culture 

already containing the TceA and VcrA enzymes. Strain BAV1 was confirmed to 

grow in the biotrickling filter in this study, and its reductive dehalogenase BvcA 

was shown to be highly expressed as demonstrate by detection of bvcA gene 

transcripts concomitant to improvement in TCE conversion to ethene.
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Figure 4.8. Fluorescence levels corresponding to the concentration of bvcA gene transcripts with 

time of operation of the biotrickling filter. Day 0 corresponds to the start-up of the biotrickling 

filter (i.e. inoculation with SDC-9 culture). The dotted line represents the time when the 

biotrickling filter was inoculated with Dehalococcoides sp. strain BAV1.

 Approximately 45% of the inlet TCE was converted to ethene at loadings 

of around 8-9 gTCE mbed
-3 h-1. The high EC observed in this study with significant 

conversion to ethene suggests that it is possible to reach target ECs with 

complete conversion to ethene by optimization of the process culture. Further 

studies should be focused on evaluating conditions in which all three reductive 

dehalogenases can be highly active, leading to close to 100% conversion of TCE 

to ethene at high TCE ECs.

121



4.4. References

Behrens, S.; Azizian, M. F.; McMurdie, P. J.; Sabalowsky, A.; Dolan, M. E.; Semprini, L.; Spormann, 

A. M. Monitoring abundance and expression of "Dehalococcoides" species chloroethene-

reductive dehalogenases in a tetrachloroethene-dechlorinating flow column. Appl. Environ. 

Microbiol. 2008, 74, 5695-5703.

Bustin, S. A. Quantification of mRNA using real-time reverse transcription PCR (RT-PCR): trends 

and problems. J. Mol. Endocrinol. 2002, 29, 23-29.

He, J. Z.; Ritalahti, K. M.; Yang, K. L.; Koenigsberg, S. S.; Loffler, F. E. Detoxification of vinyl 

chloride to ethene coupled to growth of an anaerobic bacterium. Nature. 2003, 424, 62-65.

Holmes, V. F.; He, J. Z.; Lee, P. K. H.; Alvarez-Cohen, L. Discrimination of multiple 

Dehalococcoides strains in a trichloroethene enrichment by quantification of their reductive 

dehalogenase genes. Appl. Environ. Microbiol. 2006, 72, 5877-5883.

Johnson, D. R.; Lee, P. K. H.; Holmes, V. F.; Alvarez-Cohen, L. An internal reference technique for 

accurately quantifying specific mRNAs by real-time PCR with a application to the tceA 

reductive dehalogenase gene. Appl. Environ. Microbiol. 2005, 71, 3866-3871.

Johnson, D. R.; Lee, P. K. H.; Holmes, V. F.; Fortin, A. C.; Alvarez-Cohen, L. Transcriptional 

expression of the tceA gene in a Dehalococcoides-containing microbial enrichment. Appl. 

Environ. Microbiol. 2005, 71, 7145-7151.

Krajmalnik-Brown, R.; Holscher, T.; Thomson, I. N.; Saunders, F. M.; Ritalahti, K. M.; Loffler, F. E. 

Genetic identification of a putative vinyl chloride reductase in Dehalococcoides sp strain 

BAV1. Appl. Environ. Microbiol. 2004, 70, 6347-6351.

Lee, P. K. H.; Johnson, D. R.; Holmes, V. F.; He, J. Z.; Alvarez-Cohen, L. Reductive dehalogenase 

gene expression as a biomarker for physiological activity of Dehalococcoides spp. Appl. 

Environ. Microbiol. 2006, 72, 6161-6168.

122



Lee, P. K. H.; Macbeth, T. W.; Sorenson, K. S.; Deeb, R. A.; Alvarez-Cohen, L. Quantifying genes 

and transcripts to assess the in situ physiology of "Dehalococcoides" spp. in a trichloroethene-

contaminated groundwater site. Appl. Environ. Microbiol. 2008, 74, 2728-2739.

Livak, K. J.; Schmittgen, T. D. Analysis of relative gene expression data using real-time 

quantitative PCR and the 2(T)(-Delta Delta C) method. Methods. 2001, 25, 402-408.

Magnuson, J. K.; Romine, M. F.; Burris, D. R.; Kingsley, M. T. Trichloroethene reductive 

dehalogenase from Dehalococcoides ethenogenes: Sequence of tceA and substrate range 

characterization. Appl. Environ. Microbiol. 2000, 66, 5141-5147.

Morrison, T. B.; Wittwer, C. T. Quantification of low-copy transcripts by continuous SYBR (R) 

green I monitoring during amplification. Biotechniques. 1998, 24, 954.

Muller, J. A.; Rosner, B. M.; von Abendroth, G.; Meshulam-Simon, G.; McCarty, P. L.; Spormann, 

A. M. Molecular identification of the catabolic vinyl chloride reductase from Dehalococcoides 

sp strain VS and its environmental distribution. Appl. Environ. Microbiol. 2004, 70, 4880-4888.

Popat, S. C.; Deshusses, M. A. Reductive Dehalogenation of Trichloroethene Vapors in an 

Anaerobic Biotrickling Filter. Environ. Sci. Technol. 2009, 43, 7856-7861.

Ramakers, C.; Ruijter, J. M.; Deprez, R. H. L.; Moorman, A. F. M. Assumption-free analysis of 

quantitative real-time polymerase chain reaction (PCR) data. Neurosci. Lett. 2003, 339, 62-66.

Ruijter, J. M.; Ramakers, C.; Hoogaars, W. M. H.; Karlen, Y.; Bakker, O.; van den Hoff, M. J. B.; 

Moorman, A. F. M. Amplification efficiency: linking baseline and bias in the analysis of 

quantitative PCR data. Nucleic Acids Res. 2009, 37, e45.

Sung, Y.; Ritalahti, K. M.; Apkarian, R. P.; Loffler, F. E. Quantitative PCR confirms purity of strain 

GT, a novel trichloroethene-to-ethene-respiring Dehalococcoides isolate. Appl. Environ. 

Microbiol. 2006, 72, 1980-1987.

123

http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=48&SID=4BO3NME47efmB51bp2E&page=1&doc=4&colname=WOS
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=48&SID=4BO3NME47efmB51bp2E&page=1&doc=4&colname=WOS
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=48&SID=4BO3NME47efmB51bp2E&page=1&doc=4&colname=WOS
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=48&SID=4BO3NME47efmB51bp2E&page=1&doc=4&colname=WOS


CHAPTER 5

ANALYSIS OF THE RATE-LIMITING STEP 

OF AN ANAEROBIC BIOTRICKLING FILTER 

TREATING TRICHLOROETHENE VAPORS*

5.1. Introduction

Biological treatment of waste gases is rapidly gaining acceptance as a green 

alternative to conventional methods such incineration, adsorption onto activated 

carbon, and catalytic oxidation (Devinny et al., 1999; Kennes and Veiga, 2001). In 

particular, the development of biotrickling filters has resulted in greater 

volumetric throughput compared to traditional biofilters (Cox and Deshusses, 

2001; Gabriel and Deshusses, 2003a; Prado et al., 2009). The principle of 

biotrickling filters is simple. Pollutant-degrading microorganisms are attached to 

an inert packing material or support, and convert pollutants to benign products. 

An aqueous phase is continuously or intermittently trickled over the packed bed, 

providing essential nutrients to the microorganisms, leaching potential by-

products and maintaining favorable conditions for the process culture.

 Although simple in concept, the elimination of gaseous pollutants in 

biotrickling filters involves a series of complex physico-chemical and biological 

phenomena (Cox and Deshusses, 1998). These are gas-liquid followed by liquid-
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biofilm or direct gas-biofilm mass transfer of the pollutant, pollutant diffusion 

within the biofilm and pollutant biodegradation in the biofilm. The majority of 

the pollutant is degraded by attached bacteria rather than by bacteria suspended 

in the trickling liquid (Cox et al., 2000). Despite a growing body of research on 

biotrickling filters, the understanding of these phenomena and of their relevance 

to the overall treatment performance remains sketchy. As a result, biotrickling 

filters are frequently operated without knowledge of the rate-limiting step(s), 

and thus the true upper limits of attainable performance are not known. 

 For example, reports on H2S removal in biological reactors show a vast 

range of elimination capacities for inlet concentrations in the range of 20-100 

ppmv (Smet et al., 1998; Koe and Yang, 2000; Shinabe et al., 2000; Gabriel and 

Deshusses, 2003a). It was not until Kim and Deshusses (2005) studied the effect 

of gas velocity in detail using a differential biotrickling filter that it was 

understood that external mass transfer plays an important role in the removal of 

H2S in biotrickling filters. This paved the way for the development of high 

performance biotrickling filters that are operated at extremely short gas residence 

times (Gabriel and Deshusses, 2003a; Gabriel and Deshusses, 2003b; Goncalves 

and Govind, 2009; Prado et al., 2009). The question of the rate-limiting step was 

elegantly discussed by Lobo et al. (1999) who defined the global effectiveness 

factor ("0). This factor can easily be calculated from measured bulk gas and liquid 

concentrations of the pollutant. It represents the fraction of total resistance to 

pollutant removal due to biofilm phenomena (see Appendix) while 1-"0 is the 
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fraction of the total resistance attributed to gas-liquid mass transfer. By 

combining the effectiveness factor with a detailed modeling of the biotrickling 

filtration process, and a model sensitivity analysis, Lobo et al. (1999) illustrated 

how external transport and internal limitations changed along the height of the 

biotrickling filter and how co- and counter-current operations led to different 

reactor performance depending on the rate-limiting step. 

 The challenge is then to use such information either for troubleshooting or 

for process optimization. In this paper, we present a detailed analysis of a 

biotrickling filter that experienced a loss in treatment performance. The 

biotrickling filter that was investigated was a novel anaerobic system treating 

trichloroethene (TCE) vapors using microorganisms from the genus 

Dehalococcoides. When provided with a suitable electron donor, these 

microorganisms reductively dechlorinate TCE through cis-dichloroethene (cis-

DCE) and vinyl chloride (VC) to ethene, by progressive dehalogenation in a 

series of two electrons reductions (TCE"cis-DCE"VC"ethene).  

Microorganisms from the genus Dehalococcoides are increasingly being used for in 

situ bioremediation of chlorinated solvents through bioaugmentation (Volpe et 

al., 2007). We deployed Dehalococcoides spp. in a laboratory-scale biotrickling filter 

and demonstrated that TCE vapors in nitrogen gas could be effectively 

eliminated (Popat and Deshusses, 2009). Lactate served as substrate for 

fermenting organisms producing hydrogen which was used as electron donor for 

TCE dehalogenation by Dehalococcoides spp.
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After about 220 days of continuous operation, the TCE elimination 

capacity (EC) dropped from about 2.9 to 1.3 g mbed
-3 h-1. This coincided with the 

visual observation that an important amount of biomass had accumulated in the 

packed bed, which was confirmed by gravimetric analysis. Thus plugging of the 

bed occurred, despite the fact that the organic loading was relatively low 

compared to biotrickling filters treating volatile organic compounds and that 

growth yields for anaerobic microorganisms are at least an order of magnitude 

lower than those for aerobic microorganisms (Rittmann and McCarty, 2001). 

These observations triggered the experiments reported in this chapter, aimed at 

the determination of the rate-limiting step(s) for TCE treatment in the 

biotrickling filter after the performance had dropped. This was accomplished by 

quantifying the global effectiveness factor and a greater understanding of TCE 

mass transfer was obtained by determining gas and liquid film mass transfer 

coefficients. The systematic and comprehensive study of the rate-limiting step 

provided a detailed insight into the fundamental mechanisms of pollutant 

removal in biotrickling filters.

5.2. Materials and methods

5.2.1. Biotrickling filter setup

The biotrickling filter setup was the same as described by Popat and Deshusses 

(2009) (see Figure 2.1 in Chapter 2). A biotrickling filter configuration was 

selected as the recirculating liquid provides an easy means to supply lactate and 

control the pH, which would not be possible in a biofilter system. Briefly, the 
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biotrickling filter was constructed from a clear PVC pipe 60 cm in height and 10 

cm in internal diameter (Harrington Plastics, Riverside, CA). It was packed with 

cattle bone porcelite (CBP), a porous spherical packing material with slow-release 

nutrients incorporated (Aisin Takaoka Co., Ltd., Japan). The spherical beads had 

an average diameter of 3 mm, and the specific surface area was determined to be 

1160 m2 mbed
-3 as per Ottengraf (1986). The active bed height was 30 cm, and thus 

the bed volume 2.4 L. The initial bed porosity was 0.42. The bed was inoculated 

with SDC-9TM, a commercially available mixed bacterial culture (Shaw 

Environmental Inc., Lawrenceville, NJ) that contains at least two Dehalococcoides 

spp., fermenters that produce hydrogen, and methanogens (personal 

communication from Robert J. Steffan, Shaw Environmental Inc., Lawrenceville, 

NJ).

TCE (dimensionless Henry’s constant 0.392 at 25 ˚C) vapors in humidified 

nitrogen gas (180-210 mgTCE m-3) were fed to the biotrickling filter from the top, 

resulting in downflow co-current operation mode. A nutrient solution was 

continuously recirculated over the bed from the sump (300 mL in this study) at 

the bottom of the biotrickling filter. Fresh nutrient solution (modified RAM 

media, see Table 2.1 in Chapter 2) supplemented with 2.1-2.5 g L-1 sodium lactate 

(60% w/w sodium lactate solution, Fisher Chemical, Fairlawn, NJ) was 

continuously added to the sump at the flow rate of 0.55 mL min-1. This lactate 

feeding rate corresponds to 10 times the stoichiometric requirement for 

producing hydrogen necessary for complete TCE dechlorination. Periodic total 
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organic carbon analyses of the recycle liquid confirmed that lactate was provided 

in excess as not all lactate fed was consumed.

5.2.2. Effect of liquid and gas velocities

All experiments on the effect of liquid (0.09-0.59 m h-1) and gas (2.68-6.11 m h-1) 

velocities were done from day 270 after the initial startup onwards. These 

experiments involved determination of the TCE elimination capacity (EC, see 

equation 5.1), as well as the global effectiveness factor (Lobo et al., 1999) ("0, see 

equation 5.2) for TCE, cis-DCE, VC and ethene at the bottom of the biotrickling 

filter. The latter required measuring the concentration of each compound not 

only in the outlet waste gas stream but also the liquid sump. 

Equation 5.1: 

!

 

Equation 5.2:

 

All reported values of the TCE EC and the global effectiveness factors are 

from an average of analysis from at least three gas and liquid samples. After a 

change in condition, the biotrickling filter was allowed to reach pseudo steady 

state before analysis, which was achieved in 1.5-2 hours.
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5.2.3. Determination of liquid film and gas film mass transfer coefficients

For the determination of the liquid film mass transfer coefficient (kLaW in which 

the w stands for the wetted area) at different liquid velocities, absorption of 

hexane vapors into trickling water was used. Hexane is hydrophobic and only 

slightly soluble in water (dimensionless Henry’s constant = 74; water solubility = 

13 mg L-1 at 25 ˚C) and thus most of the resistance to its gas-liquid mass transfer 

is in the liquid film. The influent waste gas stream was laden with hexane vapors 

(600-800 mg m-3) instead of TCE. The nutrient solution was replaced with water, 

which was trickled through the bed (one-pass) at different liquid velocities 

(0.09-0.59 m h-1). A fixed gas velocity of 4.59 m h-1 was used. The steady state 

concentrations of hexane in the gas and liquid outlet streams were used to 

calculate the liquid film mass transfer coefficient from equation 5.3.

Equation 5.3:

!

 For the determination of the gas film mass transfer coefficient (kGaW) at 

different gas velocities (2.68-6.11 m h-1), absorption of methyl tert-butyl ether 

(MTBE) vapors into water was used. MTBE is highly soluble in water 

(dimensionless Henry’s constant = 0.023; water solubility = 50 g L-1 at 25 ˚C), and 

thus most of the resistance to its gas-liquid mass transfer will be in the gas film. 

The influent waste gas stream was laden with MTBE vapors (200-300 mg m-3) 

instead of TCE, and water was trickled through the bed (one-pass) at a fixed 
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velocity of 0.27 m h-1. The steady state concentrations of MTBE in the inlet and 

outlet gas streams were used to calculate the gas film mass transfer coefficient 

from equation 5.4.

Equation 5.4:

! 

kGaW =
QG

Vb

ln
CG,in

CG,out

" 

# 
$ 

% 

& 
' 

5.2.4. Analytical techniques

Gas-phase concentrations of TCE, cis-DCE, VC, ethene, methane, hexane and 

MTBE were quantified using an HP 5890 Series II gas chromatograph, fitted with 

a 30 m (0.32 mm internal diameter) GS-Q column (Agilent Technologies, Inc., 

Wilmington, DE) and a flame ionization detector. 5 mL of gas was injected per 

sample using a gas injection loop. The liquid concentrations of each compound 

were quantified by placing at least 10 mL of liquid sample in sealed vials of at 

least 40 mL allowing the compounds to reach gas-liquid equilibrium for at least 1 

hour, and then analyzing the gas headspace as described above. The liquid 

concentrations were calculated from the gas concentrations using the 

temperature-dependent Henry’s constant for each compound (Guthrie, 1973; 

Hine and Mookerjee, 1975; Gossett, 1987). This method was validated by using 

known concentrations of target compounds in deionized water, analyzing the gas 

headspace after equilibrium and confirming the initial liquid concentrations 

calculated from the analyzed gas concentrations. The dynamic liquid hold-up of 

the bed was determined by stopping the liquid recirculation at each liquid 
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velocity, and then collecting the draining liquid for 30 minutes. Pressure drop 

across the biotrickling filter bed was measured using a U-tube manometer.

5.3. Results

5.3.1. Effect of liquid velocity

The effect of the liquid trickling velocity on the TCE EC and on the global 

effectiveness factor of TCE ("0,TCE) is shown in Figure 5.1a and 5.1b respectively. 

The TCE EC of the biotrickling filter increased from 1.33 to 1.70 g mbed
-3 h-1 as the 

liquid velocity was increased from 0.09 m h-1 to 0.27 m h-1. Subsequent increases 

in liquid velocity, however, did not improve the TCE EC. Interestingly, the TCE 

EC was the highest (2.14 g mbed
-3 h-1) without any liquid trickling, stimulating the 

investigations reported in this paper. "0,TCE increased from 0.13 to 0.34 with an 

increase in liquid velocity from 0.09 m h-1 to 0.27 m h-1, but did not change 

significantly with further increase in liquid velocity. "0,cis-DCE, "0,VC and "0,ETH at 

different liquid velocities are shown in Table A5.1 (see Appendix). Briefly, all 

values of "0,cis-DCE, "0,VC and "0,ETH were greater than 1 (as can be expected from 

by-products of biodegradation) and followed the trend "0,cis-DCE < "0,VC < "0,ETH.

The dynamic liquid hold-up of the biotrickling filter and the pressure drop 

across the bed at different liquid velocities are shown in Figure 5.2a and 5.2b 

respectively.  Both the dynamic liquid hold-up and the pressure drop across the 

bed increased over the range of liquid velocities that were tested. The relative 

increase in the pressure drop was much greater than the increase in dynamic 

holdup.
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Figure 5.1. Effect of liquid velocity on (a) TCE elimination capacity (EC) and (b) "0,TCE at a 

constant gas velocity of 4.59 m h-1. The error bars show uncertainties in calculated values on the 

basis of standard deviations in each concentration from at least three analytical samples.
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Figure 5.2. Effect of liquid velocity on (a) dynamic liquid hold-up and (b) pressure drop at a 

constant gas velocity of 4.59 m h-1. The uncertainty in the analysis of dynamic liquid hold-up was 

5% while that in the analysis of pressure drop was 10%.
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5.3.2. Effect of gas velocity

The effect of gas velocity on the TCE EC and on the effectiveness factor of TCE is 

shown in Figure 5.3a and 5.3b respectively. A liquid velocity of 0.27 m h-1 was 

chosen for these experiments, since the results of Figure 5.2b show a large 

pressure drop at higher liquid velocities. The gas velocities were changed from 

2.68 m h-1 to 6.11 m h-1, resulting in EBRTs of 3 min to 6.8 min. The TCE EC 

increased linearly from 1.13 g mbed
-3 h-1 to 1.84 g mbed

-3 h-1, with increasing gas 

velocity. Similarly, "0,TCE increased linearly, reaching 0.44 at the highest gas 

velocity. "0,cis-DCE, "0,VC and "0,ETH at different gas velocities are shown in Table 

A5.2 (see Appendix). Briefly, all values of "0,cis-DCE, "0,VC and "0,ETH were greater 

than 1 and followed the trend "0,cis-DCE < "0,VC < "0,ETH.

5.3.2. Effect of gas velocity without trickling liquid

The effect of gas velocity on the TCE EC without any liquid trickling is shown in 

Figure 5.4. Since the trickling liquid was the medium to deliver lactate, the 

hydrogen source, to the bed, it was first necessary to evaluate how long TCE 

removal performance was maintained in the absence of the liquid. It was found 

that the reactor was able to sustain a steady removal of TCE for 4-6 hours after 

stopping the trickling liquid (data not shown), after which the performance 

started to decrease. Thus, all TCE ECs determined for the different gas velocities 

are from gas analyses done between 1.5-3 hours after stopping the liquid 

trickling.
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Figure 5.3. Effect of gas velocity on (a) TCE elimination capacity (EC) and (b) "0,TCE at a constant 

liquid velocity of 0.27 m h-1. The error bars show uncertainties in calculated values on the basis of 

standard deviations in each concentration from at least three analytical samples.
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 The TCE EC increased from 1.51 g mbed
-3 h-1 to 2.09 g mbed

-3 h-1 with 

increases in gas velocity from 2.68 m h-1 to 6.11 m h-1. There was however no 

significant change between the increase in gas velocity from 4.59 m h-1 to 6.11 m 

h-1. At all gas velocities, the TCE elimination capacity was higher without 

trickling liquid than with liquid velocity of 0.27 m h-1 (compare Figure 5.3a and 

5.4).
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Figure 5.4. Effect of gas velocity on TCE elimination capacity (EC), with no trickling liquid. The 

error bars show uncertainties in calculated values on the basis of standard deviations in each 

concentration from at least three analytical samples.
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5.4. Discussion 

 As mentioned in the introduction, Lobo et al. (1999) defined the global 

effectiveness factor ("0, see equation 5.2), which quantifies the fraction of the total 

resistance to removal of a pollutant from biofilm phenomena (see 5.5.1). Within 

biofilm phenomena, however, "0 does not allow distinguishing between liquid-

biofilm mass transfer limitation, diffusion in the biofilm and biodegradation 

limitation. Similarly, 1-"0 is the fraction of resistance attributed to gas-liquid mass 

transfer. 

The global effectiveness factor can be calculated from gas and liquid 

concentrations of the pollutant of interest throughout the entire height of the bed. 

The value of the global effectiveness factor for co-current operation of 

biotrickling filters starts at 0 at the top of the column, and can increase along the 

axial direction to reach a maximum value of 1. A value of 0.5 means equal 

resistance from biofilm phenomena and gas-liquid mass transfer, and thus for 

values less than 0.5 the process can be said to be gas-liquid mass transfer limited 

and for values greater than 0.5 biofilm phenomena limited. As will be 

emphasized later, these quantitative considerations on "0 are only valid for the 

pollutant undergoing treatment. For metabolites produced in the biofilm, the 

reasoning should be reversed and "0 values greater than 1 indicate some gas-

liquid mass transfer limitation. For a given specific surface area and pollutant 

biodegradation rate, whether or not and how fast "0 reaches 1 depends on the 

gas-liquid transfer properties of the pollutant. For example, Fortin and Deshusses 
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(1999) determined the global effectiveness factor values for MTBE at the top and 

bottom of the bed in a biotrickling filter, and found that by the time the gas 

reached the bottom of the bed, gas-liquid equilibrium was reached, suggesting 

biofilm phenomena limited performance. Cox et al. (2001) reported that global 

effectiveness factor for ethanol in a thermophilic biotrickling filter reached 1 

within the first 20% of the 1 m long column; again suggesting biofilm 

phenomena limited performance. For both cases, the Henry’s constants of the 

pollutants were low (HMTBE=0.03; HEtOH, 53 °C=0.0009), and thus it was expected 

that the mass transfer rates would be high.

The main objective of this study was to determine the rate-limiting step 

for TCE removal after the important biomass build-up in the biotrickling filter. 

This was accomplished by determining the TCE EC and "0,TCE at different 

operating conditions, and determining gas and liquid film mass transfer 

coefficients. Because of the relatively low void volume of the packed bed 

(porosity 42%), it was not possible to determine "0,TCE throughout the height of 

the bed and only values at the bottom of the reactor were determined. Also, one 

important assumption was that the biotrickling filter was not limited by 

hydrogen availability. This is reasonable, because: (i) a 10 fold excess lactate vs. 

stoichiometric hydrogen requirement for complete TCE dechlorination was 

provided, and (ii) hydrogen is produced in the biofilm, and thus is not subjected 

to gas-liquid mass transfer limitations. Hydrogen availability was confirmed by 

monitoring methane production by methanogens present in the process culture 
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which revealed that it was unaffected by the gas/liquid perturbations (data not 

shown). Other competing processes for hydrogen consumption, such as sulfate 

reduction as shown by Aulenta et al. (2008), were not expected since alternate 

electron acceptors were excluded from the mineral medium.

5.4.1. Effect of liquid velocity

First, the effect of recirculating liquid velocity was determined (Figure 5.1a 

and 5.b). At the lowest liquid velocity (0.09 m h-1), "0,TCE was 0.13, indicating that 

significant gas-liquid mass transfer limitation existed. Gas-liquid mass transfer is 

often modeled using the two-film theory (Whitman, 1923). The model assumes 

that species being transferred are in equilibrium at the gas-liquid interface. If 

resistance in the liquid film limits mass transfer, increasing the liquid velocity 

increases the rate of mass transfer. This is because a higher liquid velocity results 

in greater convective transport. In our experiments, increasing the liquid velocity 

from 0.09 m h-1 to 0.27 m h-1 resulted in greater TCE EC and a higher "0,TCE. This 

indicates that gas-liquid mass transfer at the liquid film limited the overall 

removal at the lowest liquid velocity. Further increases in liquid velocity resulted 

in no significant change in "0,TCE or TCE EC. An explanation for this can be 

derived by looking at the pressure drop data (Figure 5.2b), which shows 

important pressure drop increases for small increases in liquid velocity. This 

suggests that the bed permeability was affected, as expected for a reactor close to 

clogging, and that additional liquid was pooling in key gas channels rather than 

being evenly distributed over the packing. Examination of the dynamic holdup 

140



data (Figure 5.2a) reveals that the reactor was not experiencing traditional 

flooding during these experiments. This is only because gas and water flowed co-

currently, resulting in bubbling regime rather than complete flooding (de Santos 

et al., 1991). Nonetheless, pollutant elimination can be a direct function of the 

liquid distribution (Doan et al., 2008), and thus under bubbling regime, 

channeling of liquid and thus irregular distribution, most likely affected the TCE 

EC.

If indeed gas-liquid mass transfer is rate-limiting during treatment of TCE, 

one would expect that the metabolites of TCE dechlorination will not reach gas-

liquid equilibrium, but instead be present in excess in the liquid phase, resulting 

in a value of "0 greater than 1. This was indeed the case: "0,cis-DCE, "0,VC and "0,ETH 

were all >1 at most liquid velocities, (see Table A5.1 in Appendix) suggesting that 

gas-liquid equilibrium for all three compounds was not reached. Only "0,cis-DCE 

reached 1 with increasing liquid velocity. This can be explained by the fact that 

cis-DCE is the compound with the lowest Henry’s constant. cis-DCE has a 

Henry’s constant of 0.167 at (Gossett, 1987), while for VC and ethene it is 1.167 

and 8.52, respectively (Hine and Mookerjee, 1975; Gossett, 1987) (all at 25 °C). 

Hence cis-DCE will be subjected to the lowest resistance to liquid-gas mass 

transfer, and thus have "0 values closest to 1. Values of "0 for VC and ethene were 

consistent with their Henry’s constant (HcDCE<HVC<HEthene).

Further insight into the trend observed in the effect of liquid velocity on 

the TCE EC and "0,TCE is obtained by looking at liquid film mass transfer 
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coefficients (kLaW). At a constant gas velocity, kLaW increased from 4.28 h-1 to 5.67 

h-1 when the liquid velocity was increased from 0.09 m h-1 to 0.27 m h-1 (Figure 

5.5). Further increases in liquid velocity resulted only in negligible increases in 

kLaW. This was expected if the bed was close clogging. Increasing the liquid 

velocity in this case results in preferential flow paths for the gas and the liquid, 

thus lowering the interfacial area for gas-liquid mass transfer.
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Figure 5.5. Effect of liquid velocity on kLaW at a constant gas velocity of 4.59 m h-1. The error bars 

show uncertainties in calculated values on the basis of standard deviations in each concentration 

from at least three analytical samples. The uncertainties in the liquid velocity and the biotrickling 

filter bed volume were not considered.
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The importance of the liquid film mass transfer limitation on the removal 

of TCE was illustrated by calculating the maximum TCE mass transfer rate 

assuming liquid film resistance to be governing gas-liquid mass transfer. This 

was done by using the overall mass transfer coefficient (KLaW) values calculated 

from the kLaW values as determined earlier and the kGaW value as determined 

later. The rates of TCE mass transfer calculated correlated well with the observed 

TCE EC (see Figure A5.1 in Appendix). This reinforces the fact that liquid film 

mass transfer resistance was an important rate-limiting step, especially at the 

lowest and the higher liquid velocities.

5.4.2. Effect of gas velocity

The effect of gas velocity was determined at a constant liquid velocity to 

determine to what extent the gas side of mass transfer limits the removal. Both 

the TCE EC and "0,TCE increased linearly with increasing gas velocity (Figure 5.3a 

and 5.3b). Consistent with this result, "0,TCE remained below 0.5 at all gas 

velocities, suggesting that gas-liquid mass transfer was rate-limiting, but at the 

highest gas velocity tested (6.11 m h-1), "0,TCE approached 0.5. This indicates that 

as gas velocity increased to the upper end of the range tested, biofilm 

phenomena started to become partially limiting TCE removal. A possible 

alternative explanation to the higher TCE EC with increasing the gas velocity is 

that increasing gas velocity (at a constant inlet concentration) increases the 

average pollutant concentration in the system, which can increase the EC, if 

biodegradation is the rate-limiting step. However, this was not the case here. At 
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the current conditions, the TCE EC was not sensitive to the TCE inlet 

concentration (see Figure A5.2 in Appendix) indicating that biodegradation was 

not rate-limiting. Consequently, at the conditions tested, it was the gas-liquid 

mass transfer that limited TCE removal. As discussed below, this conclusion is 

supported by gas-liquid mass transfer coefficient determinations and by 

experiments in which TCE was provided via the liquid rather than via the gas 

phase. Similar to the experiments on the effect of liquid velocity, the global 

effectiveness factors for the TCE dechlorination metabolites followed the trend 

"0,cis-DCE < "0,VC < "0,ETH, which, as mentioned earlier, is consistent with the 

respective values of Henry’s constants.

Further insight into the trend observed for the effect of gas velocity on the 

process is gained by looking at gas film mass transfer coefficients (kGaW) 

determined for different gas velocities (Figure 5.6). kGaW increased linearly from 

9.14 h-1 to 17.23 h-1 with an increase in gas velocity from 2.68 m h-1 to 6.11 m h-1. 

A special attention to the wetted area is warranted. For reactors with counter-

current flow operated at constant liquid velocities, the interfacial area available 

for gas-liquid mass transfer does not change significantly with different gas 

velocities (Kim and Deshusses, 2008). However, for co-current operation, an 

increase in gas velocity can result in a lower liquid hold-up (Satterfield, 1975), 

and thus depending on the flow regime (trickling, pulsing or bubbling) gas 

velocity may affect the specific (wetted) surface area. On the other hand, 
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increasing gas velocity results in a thinner gas film (higher kG), which thus can 

improve the mass transfer rate.

0 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

0 1 2 3 4 5 6 7 

k
G
a

W
 (

h
-1

) 

Gas Velocity (m h-1) 

Figure 5.6. Effect of gas velocity on kGaW at a constant liquid velocity of 0.27 m h-1. The error bars 

show uncertainties in calculated values on the basis of standard deviations in each concentration 

from at least three analytical samples. The uncertainties in the liquid velocity and the biotrickling 

filter bed volume were not considered.

 The importance of the gas film mass transfer limitation in the removal of 

TCE was illustrated by calculating the maximum TCE mass transfer rate 

assuming gas film resistance to be governing gas-liquid mass transfer. This was 

done by using the overall mass transfer coefficient (KGaW) calculated from the 
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kLaW and the kGaW values as determined earlier. The rates of TCE mass transfer 

calculated correlated well with the observed TCE EC (see Figure A5.3 in 

Appendix). This reinforces the fact that gas film mass transfer resistance was an 

important rate-limiting step when the bioreactor was operated at moderate 

liquid velocities.

Further confirmation of gas-liquid mass transfer limitation was provided 

by performing an experiment without any gas flow. TCE was supplied via the 

trickling liquid (liquid velocity 0.27 m h-1) at a loading similar to an experiment 

that resulted in the TCE (vapor) elimination capacity of 1.7 g mbed
-3 h-1. Under 

these conditions (i.e. direct TCE transfer from the liquid to the biofilm), the TCE 

EC was 1.94 g mbed
-3 h-1, i.e. 14% higher than when TCE had to transfer from the 

gas to the liquid, and then to biofilm. A higher TCE EC for the direct liquid-

biofilm mass transfer condition confirmed that under the conditions reported in 

this paper, reactor performance was limited by gas-liquid mass transfer. 

5.4.3. Mass transfer limitation resulting from decrease in surface area

Before important biomass build-up in the reactor, the biotrickling filter 

had a TCE EC of 2.9 g mbed
-3 h-1, and the performance was limited by biofilm 

phenomena ("0,TCE = 0.8-1.0, data not shown). The highest observed TCE EC at 

different gas and liquid velocities after the excess biomass build-up was 1.86 g 

mbed
-3 h-1, and gas-liquid mass transfer limited the performance. One explanation 

for this difference is a marked decrease in the biofilm specific interfacial area 

because of biomass growth, thus shifting the rate-governing step from biofilm 
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phenomena to gas-liquid mass transfer (Devinny and Ramesh, 2005. Alonso et al. 

(1997) proposed a model for determining the specific interfacial area of beds 

packed with spherical packing on which biofilm grows. For spherical packing, 

the interfacial area depends on the biofilm thickness and the number of 

individual spheres in contact. Model and experiments showed that for any 

individual sphere, if four or more other spheres are in contact, an increase in 

biofilm thickness results in a decrease in surface area and bed porosity. Dullien 

(1979) proposed a formula for determining the number of contact points for an 

individual sphere in beds packed with regular packing, on the basis of the bed 

porosity (see equation 5.5). Using the initial bed porosity of 0.42 for the reactor 

bed in this study, the number of individual spheres in contact was determined to 

be 8, and thus biomass build-up is expected to result in a lower specific surface 

area.

Equation 5.5:

5.4.4. Effect of gas velocity without trickling liquid

 It is interesting to note that without any trickling liquid, the TCE EC (at all 

gas velocities) was higher than that at the liquid velocity of 0.27 m h-1 (compare 

Figure 5.3b and 5.4). This is consistent with the above demonstration that either 

the gas or the liquid side of gas-liquid mass transfer was rate-limiting. 

Intermittent trickling has been shown by others to improve performance in some 

biotrickling filters, when limited by gas-liquid mass transfer (Wolf, 1992; Pol et 

147



al., 1998). At the highest gas velocities tested (4.59 m h-1 and 6.11 m h-1), without 

liquid trickling, there was no significant change in the TCE EC, which indicates 

that diffusion in the biofilm or biological kinetics became limiting. The maximum 

observed TCE EC without trickling liquid was 2.09 g mbed
-3 h-1. Examination of 

analytical solutions for gaseous concentrations for zero-kinetics with either 

diffusion limitation or reaction limitation (Ottengraf and Van Den Oever, 1983; 

Ottengraf, 1986) reveals that a reaction limitation was the most plausible 

explanation and is consistent with the constant EC obtained at various TCE 

concentrations (see Figure A5.2 in Appendix).

5.5. Appendix

5.5.1. Nomenclature

"0  global effectiveness factor

CG  gas concentration (subscripts: in = inlet, out=outlet)

CL  liquid concentration (subscript: out=outlet)

H  Henry’s constant

Vb  biotrickling filter bed volume

QL  liquid flow rate

QG  gas flow rate

kLaW  liquid film mass transfer coefficient

kGaW  gas film mass transfer coefficient

KLaW  overall mass transfer coefficient

KGaW  overall mass transfer coefficient
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#  biotrickling filter bed porosity

n  number of individual packing spheres in contact

5.5.2. Definition of global effectiveness factor

!

where,

"0 = global effectiveness factor

!

 = resistance to overall removal from biofilm phenomena

!

 = resistance to overall removal from gas-liquid mass transfer

k = superficial kinetic constant for biofilm phenomena

kL = liquid film mass transfer coefficient

aS = liquid-biofilm specific interfacial area

aW = gas-liquid specific interfacial area

"S = biofilm phenomena effectiveness factor

"L = gas-liquid mass effectiveness factor

Note that this definition of the global effectiveness factor is derived assuming 

liquid film resistance to be governing gas-liquid mass transfer. If gas film 

resistance governs gas-liquid mass transfer, all liquid film terms will change to 

gas film terms.
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Thus, if  
!

 (i.e. equal resistance from biofilm phenomena 

and gas-liquid mass transfer), "0 = 0.5. For "0 < 0.5, 
!

 and 

thus removal is limited by gas-liquid mass transfer, and for "0 > 0.5, 

!

 and thus removal is limited by biofilm phenomena.

The biofilm phenomena effectiveness factor can be defined as, 

!

where,

" = catalytic biofilm effectiveness factor

kB = biodegradation rate constant

kS = liquid-biofilm mass transfer coeffcient

aB = biofilm specific external surface area

The gas-liquid effectiveness factor can be defined as,

!

where,

kG = gas film mass transfer coefficient

To derive equation 5.2, assuming quasi-steady state,
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!

where,

NGL = substrate flux from gas to liquid

NB = substrate flux from liquid to biofilm

AGL = gas-liquid interfacial area

ALB = liquid-biofilm interfacial area

VL = liquid volume

Thus using definition of individual fluxes,

! 
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Substituting in the definition of the global effectiveness factor,

! 
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gives equation 5.2.
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5.5.3. Supporting tables

Table A5.1. Effect of liquid velocity on "0,TCE, "0,cis-DCE, "0,VC and "0,ETH at a as velocity of 4.59 m 

h-1.

Liquid velocity 
(m h-1)

!0,TCE

(-)
!0,cis-DCE

(-)
!0,VC

(-)
!0,ETH

(-)

0.08 0.13 1.51 3.13 11.23

0.27 0.34 1.07 2.35 10.16

0.36 0.3 1.11 2.07 9.79

0.59 0.36 0.98 1.81 9.76

Table A5.2. Effect of gas velocity on "0,TCE, "0,cis-DCE, "0,VC and "0,ETH at a as velocity of 0.27 m h-1.

Gas velocity 
(m h-1)

!0,TCE

(-)
!0,cis-DCE

(-)
!0,VC

(-)
!0,ETH

(-)

2.68 0.23 1.29 2.53 12.76

3.82 0.29 1.08 2.39 10.24

4.59 0.34 1.11 2.35 9.79

6.11 0.44 0.98 1.81 4.74
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5.5.4. Supporting figures
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Figure A5.1. Comparison of TCE elimination capacity observed experimentally and the 

maximum TCE mass transfer rate (MTR) as calculated from the overall mass transfer coefficient 

(see equation below) and overall liquid driving force. Experimentally determined gas and liquid 

concentrations were used for the calculation of MTR. The concentration in the liquid was 

assumed to be constant, while inlet and outlet concentrations were used for the gas; a log mean 

was taken for the average driving force. The diagonal line shows y=x.
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Figure A5.2. Effect of TCE inlet concentration on TCE elimination capacity at a gas velocity of 

4.59 m h-1.
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Figure A5.3. Comparison of TCE elimination capacity observed experimentally and the 

maximum TCE mass transfer rate (MTR) as calculated from the overall mass transfer coefficient 

(see equation below) and overall gas driving force. Experimentally determined gas and liquid 

concentrations were used for the calculation of MTR. The concentration in the liquid was 

assumed to be constant, while inlet and outlet concentrations were used for the gas; a log mean 

was taken for the average driving force. The diagonal line shows y=x.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

 In this dissertation the possibility of using anaerobic biotrickling filters for 

treatment of trichloroethene (TCE)-laden waste gases generated at contaminated 

sites by soil vapor extraction (SVE) or dual-phase extraction (DPE) with nitrogen 

sparging was evaluated. These anaerobic biotrickling filters rely on the 

metabolism of novel microorganisms from the Dehalococcoides genus that reduce 

TCE to non-toxic ethene via cis-1,2-dichloroethene (cis-DCE) and vinyl chloride 

(VC), in combination with oxidation of hydrogen. 

 First, a proof of study was conducted. A lab-scale anaerobic biotrickling 

filter fed with a synthetic waste gas stream containing TCE in nitrogen was setup 

and inoculated with a commercially available mixed culture containing 

Dehalococcoides spp. This culture was shown to contain two known reductive 

dehalogenases, TceA and VcrA. TceA is responsible for the metabolic 

dechlorination of TCE and cis-DCE and cometabolic dechlorination of VC, while 

VcrA is responsible for the metabolic dechlorination of TCE, cis-DCE and VC. 

The biotrickling filter was fed with sodium lactate through the recirculating 

liquid as an indirect source of hydrogen. The mixed culture also contains 

fermentors that degrade lactate to hydrogen. After a 13-day start-up period, the 

biotrickling filter was able to remove more than 90% of TCE at loadings of up to 

4.5 gTCE mbed
-3 h-1 at an empty bed residence time (EBRT) of 3 min. The 
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distribution of the intermediates of TCE dechlorination however was not 

favorable, with more than 80% of the removed TCE exiting as cis-DCE, and only 

5-10% conversion to ethene. Subsequent efforts of increasing conversion to 

ethene through increasing the EBRT (4.8 min), decreasing the TCE loading (1.5-2 

gTCE mbed
-3 h-1) and increasing the lactate loading (twice as much as before) failed. 

It was observed that the pH of the recirculating liquid reached values as high as 

8.3. Next, the effect of the recirculating liquid pH on the distribution of the TCE 

dechlorination intermediates was studied by buffering the liquid. It was found 

that the distribution of the intermediates depended directly on the recirculating 

liquid pH with greater than 60% conversion to ethene observed at pH of 6.85. 

Lower pHs resulted in poorer removal of TCE. Overall, the study suggested that 

removal of TCE in anaerobic biotrickling filters containing Dehalococcoides spp. is 

possible, but further understanding of the processes governing the distribution 

of the intermediates and subsequent optimization is necessary.

 Next, in order to determine the biokinetic constants of reductive 

dechlorination of TCE, cis-DCE and VC, and inhibition between the different 

compounds, a detailed model that considers both physico-chemical and 

biological phenomena in anaerobic TCE-removing biotrickling filters was 

developed. Experiments with single compound and multiple compounds fed in a 

differential anaerobic biotrickling filter were used for curve-fitting to determine 

biokinetic constants and inhibition between the different compounds 

respectively. It was found that the maximum reduction rate was the lowest for 
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cis-DCE, and the Michaelis-Menten constant was the highest for cis-DCE. This 

suggests that under the prevalent operating conditions, enzyme affinity for cis-

DCE was the poorest, also resulting in poor conversion of cis-DCE to VC. In 

addition, all Michaelis-Menten constants for all compounds in the biotrickling 

filter were higher than those determined for the mixed culture when grown in 

suspended cultures, suggesting that immobilization has some negative effect on 

the enzyme affinities. It was also found that TCE competitively inhibits the 

dechlorination of cis-DCE, while also having some inhibition on the 

dechlorination of VC. No inhibition of cis-DCE on VC was found, or vice versa, 

suggesting that the dechlorination of the two compounds is catalyzed by 

separate enzymes (i.e. cis-DCE by TceA, and VC by vcrA). If TCE dechlorination 

if also primarily carried out by TceA, then this creates a bottleneck at cis-DCE, 

which accumulates in the exit gas stream during continuous operation. If this is 

indeed the case, further modification of the process culture by addition of other 

known reductive dehalogenases that can dechlorinate either cis-DCE or VC 

primarily should result in more favorable TCE conversion to ethene.

 Thus, next a bioaugmentation study was performed wherein an anaerobic 

biotrickling filter inoculated with the original culture was subjected to high TCE 

loadings (8-9 gTCE mbed
-3 h-1) resulting in poor conversion (5-10%) to ethene, and 

then augmented with Dehalococcoides sp. strain BAV1 that harbors the BvcA 

enzyme responsible primarily for the metabolic dechlorination of cis-DCE and 

VC. Following, bioaugmentation of the reactor, conversion to ethene increased 
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linearly with time of operation, until a pseudo-steady state was reached at about 

45% conversion of the removed TCE to ethene. Conversion to VC remained 

around 40% before and after bioaugmentation, while conversion to cis-DCE 

decreased to less than 20% after bioaugmentation from more than 50% before 

bioaugmentation. Quantitive polymerase chain reaction (qPCR) analysis was 

performed on biomass samples taken at regular time intervals before and after 

bioaugmentation for quantification of fluorescence levels corresponding to tceA, 

vcrA and bvcA gene copies. Exponential increase in bvcA gene copies was 

observed following bioaugmentation, suggesting that strain BAV1 was coupling 

growth to dechlorination of either cis-DCE or VC. Reverse transcription qPCR 

analysis was performed to determine the fluorescence levels corresponding to 

tceA, vcrA and bvcA gene transcripts. Quantification of transcripts provides an 

indication of expression of relevant genes and thus likely activity of the enzymes. 

bvcA gene transcripts were detected in biomass samples taken from the 

biotrickling filter bed after bioaugmentation, confirming that strain BAV1 was 

not only actively growing but that there is also likely activity of the BvcA 

enzyme.

 Finally, the rate-limiting step of anaerobic biotrickling filter after long-

term operation resulting in excessive biomass growth was studied. This was 

motivated by the observation that there was a rapid loss in performance of a 

biotrickling filter treating TCE vapors concomitant with excessive biomass 

growth. Effectiveness factor values were determined from the gas and liquid 
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concentrations of TCE and its dechlorination intermediates at a range of gas and 

liquid velocities. This effectiveness factor is an indirect measurement of the 

percent resistance to overall removal from biofilm phenomena, and thus 

provides an estimate of the rate-limiting step. Under all conditions tested, mass 

transfer was limiting the overall performance. Depending on the conditions, this 

limitation was either at the gas film or at the liquid film. At low gas velocities, 

transfer at the gas film was limiting mass transfer, while at low liquid velocities, 

transfer at the liquid film was limiting mass transfer. At high gas velocities and 

intermediates liquid velocity, effectiveness factor values were close to 0.5, 

suggesting equal limitation from gas-liquid mass transfer and biofilm 

phenomena. At the highest liquid velocity tested, bubbling and/or pulsing was 

suspected to occur, resulting in poor performance. The onset of mass transfer 

limitations in most likely related to the excessive biomass growth which resulted 

in lower interfacial area available for mass transfer. Performance without 

trickling liquid was evaluated as better than with trickling at any liquid velocity, 

thus confirming that mass transfer limitations existed. 

 Overall, the studies in this dissertation show that it is possible to treat 

TCE-laden waste gases generated at contaminated sites by SVE or DPE with 

nitrogen sparging in anaerobic biotrickling filters containing Dehalococcoides spp. 

In this dissertation, a fundamental understanding of the processes governing the 

distribution of the intermediates of TCE dechlorination was obtained, and 

possible changes to the process culture in order to improve conversion to ethene 
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were studied. The long-term efficacy of the process was evaluated, and it was 

found that it is important to consider mass transfer limitations when excessive 

biomass growth occurs. Even so, further studies need to be conducted before this 

technology can be applied practically. Two primary areas of future research are 

highlighted below.

 It is necessary to evaluate the optimum lactate feeding necessary for the 

process to be sustainable. Lactate is a fairly expensive indirect source of 

hydrogen, and future studies should look at how dechlorination rates are 

affected by lactate loading rates with the aim of minimizing lactate loading as 

much as possible while sustaining good performance. As qPCR and RT-qPCR 

analysis techniques are available for tracking Dehalococcoides spp., studies on 

lactate loading optimization should also focus on the effect on these novel 

microorganisms with respect to growth, and expression of genes corresponding 

to relevant reductive dehalogenases. High lactate loadings also result in 

significant methane formation from hydrogen from the activity of methanogens 

that usually grow alongside Dehalococcoides spp. Methane is a potent greenhouse 

gas and thus methane concentrations in exit gas streams from anaerobic 

biotrickling filters treating TCE vapors should be minimized. Exploratory 

research should also focus on alternative sources of hydrogen such as acetate, 

formate, methanol etc. in terms of obtaining high dechlorination rates and 

minimizing methanogenesis. 
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 A second focus of future research should be on the effect of oxygen on the 

performance of anaerobic biotrickling filters treating TCE-laden waste gases. 

There is a significant cost difference between obtaining 99.9% pure nitrogen and 

97-99.7% pure nitrogen, and if it is found that dechlorination rates can be 

sustained at small gaseous oxygen concentrations, the cost of the entire treatment 

process can be significantly reduced. Dehalococcoides spp. are considered to be 

intolerant to oxygen when grown in suspended cultures even at very low 

concentrations. However, the effect of oxygen when Dehalococcoides spp. are 

present in a biofilm needs to be considered. Oxygen can have both external mass 

transfer and biofilm diffusion limitation, and thus models that accurately predict 

oxygen effects on Dehalococcoides spp. should be developed and tested. The effect 

of the actual oxygen concentrations Dehalococcoides spp. are exposed to on 

dechlorination rates and distribution of intermediates should be determined, and 

correlated with the abundance of relevant reductive dehalogenase genes and 

gene expressions.
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