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ABSTRACT 

The objective of this study was to evaluate possible bioremediation strategy for 

aerobic aquifers by combining ZVI chemical reduction and microbial reductive 

dechlorination for TCE and ClO4
-. To achieve this objective, continuous flow-through soil 

columns were used to test the hypothesis that bioaugmentation with dechlorinating 

enrichment cultures downstream of the ZVI injection can lead to complete reduction of 

TCE and ClO4
- in aerobic aquifers. We obtained soil and groundwater from a Superfund 

site in Arizona.  The experiments consisted of 205 cm3 columns packed with soil and ZVI, 

which fed 1025 cm3 columns packed with soil, biostimulated with fermentable substrates 

and bioaugmented. Aerobic groundwater was pumped through the ZVI columns.  The ZVI 

reduced the oxidation-reduction potential (ORP) of groundwater from +150 mV to -190 

mV. The reduced groundwater and biostimulation with fermentable substrates created 

anaerobic conditions in the bioaugmentation columns favorable for anaerobic microbial 

activity. Perchlorate (ClO4
-) reduction to non-detectable levels occurred after 

biostimulation. Reduction of TCE to cis-dichloroethene, vinyl chloride and ethene was 

observed only after bioaugmentation. Within ~120 days of continuous columns operation, 

ethene was produced in the bioaugmentation columns this dechlorination activity was 

sustained until the end of experiments. The groundwater from the Superfund site had high 

concentration of sulfate (~1000 mg/L). Substantial sulfate reduction occurred in the 

bioaugmentation columns. Complete microbial reduction of TCE and perchlorate is usually 

challenging in the presence of high sulfate concentration; however, the strategy tested in 

this study suggests that a bioremediation scheme for simultaneous reduction of TCE and 

perchlorate in aerobic aquifers containing high sulfate concentration is feasible. 
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CHAPTER 1 

INTRODUCTION 

Trichloroethene (TCE) and perchlorate (ClO4
-) are common contaminants in 

groundwater and soil (Wen et al., 2016). Bioremediation is a cost effective and sustainable 

method for in situ remediation of TCE and ClO4
- (Ellis et al., 2000; Semprini, 1995).The 

most important group of bacteria for bioremediation of TCE is Dehalococcoides mccartyi.  

D. mccartyi  completely reduce TCE to innocuous ethene through cis-dichloroethene 

(DCE) and vinyl chloride (VC) (Hendrickson et al., 2002; Maymó-Gatell et al., 1997) as 

shown in Figure 1. 

 

Figure 1: Schematic of TCE reductive dechlorination pathway by Dehalococcoides 

mccartyi. 

Phylogenetically diverse perchlorate-reducing bacteria can dechlorinate ClO4
- to 

chloride ions and oxygen (Rittmann and Nerenberg, 2005) as shown in Figure 2. Studies 

(He et al., 2003; Wen et al., 2016) have reported complete and irreversible inhibition of 

dechlorination due to exposure of D. mccartyi to oxygen. Amos et al. (2008) has also 

reported VC accumulation due to presence of oxygen in reductive dechlorination 

processes (Amos et al., 2008). Concomitant TCE and ClO4
- reduction may be challenging 

given that O2 is a by-product of perchlorate reduction by perchlorate-reducing 

microorganisms. 
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Figure 2: Schematic representing ClO4
- microbial reduction pathway 

 

A common electron donor for D. mccartyi and perchlorate-reducing bacteria is 

hydrogen (H2) (Adrian et al., 2000). During in situ bioremediation, H2 is produced from 

fermentation of various organic substrates (Ohnishi et al., 2012) including lactate, 

emulsified vegetable oil, methanol, ethanol, and molasses (Borden, 2007; Lee and 

Rittmann, 2002). Various microbial groups such as denitrifiers, methanogens and sulfate 

reducers are known to compete for H2 (Wen et al., 2016). The groundwater tested in this 

study was obtained from Phoenix-Goodyear Airport Area, Goodyear; a Superfund site in 

Arizona. The groundwater from this Superfund site had 7.6 µmol/L TCE,  0.4 ± 5 µmol/L 

ClO4
-, and 145 ± 10 µmol/L nitrate (Mohana Rangan, 2017). Concurrent microbial 

reduction of TCE and ClO4
- may depend on the concentration of these contaminants (Wen 

et al., 2016). The groundwater also contained very high concentration of sulfate ~11 ± 0.5 

mM. Sulfate has been shown to create challenging conditions for reductive dechlorination 

of TCE at concentrations of 11 mM (Aulenta et al., 2007; Mao et al., 2017; R.A. Brown 

et al., 2006). Mao et al. (2017) reported that in bioremediation systems only a small 

fraction of electrons is accounted by dechlorination, whereas other electron accepting 

processes could potentially account for larger fraction of electron flow, depending upon 

the initial concentration. Sulfate reduction consumes H2, the electron donor for 

dechlorinating bacteria and perchlorate-reducing bacteria (Ontiveros-Valencia et al., 

2013). These alternate terminal electrons accepting processes can hinder rapid or complete 

dechlorination of TCE and perchlorate (Wen et al., 2016). 
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In situ chemical reduction using zero-valent iron (ZVI) and bioremediation using 

microbial reductive cultures have been applied for detoxification of chlorinated solvents 

in soil and groundwater (O’Carroll et al., 2013; Xiu et al., 2010). Highly anaerobic 

conditions (ORP ranging between -150 mV – -300 mV)  and circumneutral pH between 

6.8 – 7.5 are reported to be the optimal conditions for reductive dechlorination of TCE by 

D. mccartyi (Delgado et al., 2012) and for ClO4
- reduction by perchlorate-reducing 

bacteria (Society for Applied Microbiology., 1999; Yu et al., 2007).  Studies have reported 

combination of ZVI chemical reduction and bioremediation could help in achieving the 

optimal conditions for reductive dechlorination of TCE by generating H2 as shown in Eq. 

1. Reduction in oxidation-reduction potential (ORP) in aerobic aquifers essential for 

reductive dechlorination by D. mccartyi, can also be achieved by using ZVI  (Brown et al., 

2009; O’Carroll et al., 2013; Xiu et al., 2010). Xiu et al., (2010) states that the toxicity of 

TCE DNAPL on dechlorinating bacteria can also be attenuated by lowering the aqueous 

concentration of DNAPL using ZVI at the source of the contamination. 

Fe0 + 2H2O → Fe2+ + H2 (g) + 2OH-         (1) 

Although ZVI lowers the ORP in aerobic aquifers and generates H2, microbial 

reduction of TCE and ClO4
- can be limited. Specifically, ZVI can reduce TCE to ethene 

and ethane abiotically, limiting the dechlorinating bacteria of the electron acceptor (Brown 

et al., 2009; Mohana Rangan, 2017). ZVI can interfere with microbial TCE dechlorinating 

pathway resulting in the accumulation of toxic by-product VC (Lampron et al., 1998). 

Moreover, microbial reduction of ClO4
- can be inhibited by ZVI as reported by (Shrout, 

2005). Thus, combining application of ZVI and dechlorinating enrichment cultures could 

have unfavorable effects on microbial reductive dechlorination of TCE and ClO4
-. 
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However, potential synergistic effects of ZVI chemical reduction and microbial reduction 

can be enhanced by decoupling the two processes at the injection point and applying them 

strategically in series. This strategy could not only negate the possibility electron acceptor 

unavailability for the dechlorinating bacteria and incomplete dechlorination of TCE and 

ClO4
-; but also aid the growth and metabolism of dechlorinating bacteria and perchlorate-

reducing bacteria by providing low ORP. This strategy can be applied in situ by injecting 

the microbial enrichment cultures downstream of the ZVI injection zone/well so that ZVI 

is not in direct contact with the microorganisms. This approach of applying dechlorinating 

enrichment cultures sequentially downstream of ZVI injection zone has not been reported 

yet. In this study, we performed experiments using natural groundwater from the 

Superfund site to obtain ZVI enhanced concurrent microbial reduction of TCE and ClO4
-. 

We used continuous flow-through soil columns in this study to evaluate reductive 

dechlorination of TCE and ClO4
- in the columns with (i) continuous flow of groundwater, 

(ii) continuous recharge of the electron acceptors in the groundwater, and (iii) to 

understand the reaction kinetics of electron accepting processes when microbial 

enrichment cultures are immobile within the soil matrix.   
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Aquifer groundwater and soil  

Natural groundwater contaminated with ~7.6 µmol/L (1000 µg/L) TCE and ~0.5 

µmol/L (50 µg/L) ClO4
- was obtained from Phoenix-Goodyear Airport Area, Goodyear; a 

Superfund site in Arizona (Mohana Rangan, 2017). The groundwater pH was 7.8 with an 

ORP of +150 mV. Column experiments were conducted using triplicate glass columns 

packed with coarse-grained soil obtained from various depths of the Superfund site. The 

soil was homogenized before use.   

2.2 Packing and operation of ZVI columns  

mZVI products, manufactured by Z-loyTM (OnMaterials, Escondido, CA) having 

mean particle diameter of 2-3 µm and carbonyl iron powder OM (BASF, Florham Park, 

NJ) with mean particle diameter <10 µm as described in (Mohana Rangan, 2017) were 

used in this study. Soil from the Superfund site was mixed with 7.5 g/L of Z-loyTM 

MicroMetal mZVI and 7.5 g/L carbonyl iron powder OM mZVI slurry inside an anaerobic 

glove box. A glass column of volume 205 cm3 was equipped with 1.7 mm2 pore size, 

stainless steel wire-meshes at both the column ends. The column tightly packed with the 

soil and ZVI mix inside the glove box was used as the ZVI column. The column was re-

packed three times during the entire experimental run as the ZVI got exhausted due to 

continuous flow of groundwater through the column. Groundwater from the contaminated 

site was pumped from a 1-L influent bottle through the ZVI-column upwards using a 

peristaltic pump (Cole-Parmer, Vernon Hills, IL) at a flow rate of 100.8 mL/day as shown 



6 
 

in Figure 3. ZVI effluent groundwater was collected in a 1-L glass bottle. The influent and 

effluent bottles were sealed with screw caps and butyl rubber stoppers. The rubber stoppers 

were perforated to fit in influent, effluent lines, and a 0.5L Tedlar bag (Restek; Bellefonte, 

PA) used to avoid pressure changes inside the bottles. 

 

Figure 3: Schematic of the experimental apparatus employed in this study. Column 

dimensions: 5.06 cm internal diameter x 10.2 cm length. A stainless-steel line, B gas 

sampling port equipped with a removable septum, C Butyl rubber stopper and D Viton 

pump tubing. The arrows denote the direction of liquid flow. 

 

 

Figure 4: Image of soil packed ZVI column. 
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2.3 Packing and operation of bioaugmentation columns  

Soil column experiments were performed to evaluate microbiological reductive 

dechlorination of TCE and perchlorate. Three glass columns with dimensions 5.06 cm 

inner diameter x 51 cm length sealed with glass caps were used. Each column was also 

equipped with 1.7 mm2 pore size, stainless steel wire-meshes at both the column ends. 

Viton tubing with an inner diameter of 3.1 mm was connected to the bottom and top of the 

columns for influent and effluent lines. All the connections and tubing used were stainless 

steel or Viton material. Columns were wet-packed by manual compaction of the soil by 

intermittent addition of groundwater after each soil layer (~4 cm in length). The columns 

were flushed with ultra-high purity nitrogen gas (N2) to minimize oxygen intrusion during 

the packing process.
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Table 1. Operating conditions and timeline for bioaugmentation columns for the reduction of TCE and ClO4
-. 

 

Days 

 

Operation 

 

Influent 

Influent 

flow rate 

(mL/day) 

Influent TCE 

concentration 

(µmol/L) 

0-3 Packing and establishing flow Groundwater   

3-10 Tracer test Groundwater + 10 g/L NaCl 124  

11-53 Continuous flow, no TCE ZVI column effluent 17  

54-65 Continuous flow ZVI column effluent + TCE 17 110-200 

66-122 Batch    

123-210 Continuous flow ZVI column effluent + TCE 17 110-220  

211 Biostimulation Lactate, EVO, phosphate buffer and yeast extract   

212-214 Continuous flow ZVI column effluent + TCE 17 180-210 

215 Bioaugmentation SDC-9 and ZARA-10 cultures   

216-285 Continuous flow ZVI column effluent + TCE 17 160-220 

286 Biostimulation Lactate + EVO   

287-322 Continuous flow ZVI column effluent + TCE 17 160-190 

322-381 Batch    

381-420 Continuous flow Aerobic groundwater + TCE 17 170-230 

421-454 Batch    
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Table 1. Operating conditions and timeline for bioaugmentation columns for the reduction of TCE and ClO4
- (continued) 

 

Days 

 

Operation 

 

Influent 

Influent flow 

rate 

(mL/day) 

Influent TCE 

concentration 

(µmol/L) 

455-458 Continuous flow Aerobic groundwater + TCE 17 160-200 

459 Biostimulation Lactate + EVO   

460-477 Continuous flow Aerobic groundwater + TCE 17 170-230 

478 Biostimulation Lactate + EVO   

479-490 Continuous flow Aerobic groundwater + TCE 17 160-200 

491 Biostimulation Lactate + EVO   

492-504 Continuous flow Aerobic groundwater + TCE 17 170-200 

505 Biostimulation Lactate + EVO   

506-518 Continuous flow Aerobic groundwater + TCE 17 170-210 

519 Biostimulation  Lactate + EVO   

520-532 Continuous flow Aerobic groundwater + TCE 17 180-200 
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2.4 Tracer test 

Columns were initially primed with N2-sparged groundwater to establish steady 

flow conditions and anaerobic environment inside the columns. After achieving steady 

flow conditions, a tracer test was performed to estimate the effective porosity of the soil 

(U. S. Geological Survey Report). Sodium chloride (NaCl), a conservative tracer, was used 

for this test (Mastrocicco et al., 2011). 10 g/L NaCl added to N2-sparged groundwater was 

pumped through the columns at a constant flow rate of 124 mL/day using syringe pumps 

(New Era Pump Systems, Inc., Farmingdale, NY). Effluent liquid from the columns was 

collected and conductivity was monitored to obtain the break-through curves. 

2.5 Operation of bioaugmentation columns  

After conducting the tracer test, the bioaugmentation columns were flushed with 

anaerobic groundwater effluent collected from the ZVI-column using a peristaltic pump. 

Three pump cartridges were used to achieve equal flow rate of influent groundwater to all 

three columns from a single influent bottle. The ZVI-column effluent was transferred into 

a 2-L glass bottle, sealed with screw-cap and butyl rubber stopper inside the anaerobic 

glove box. The rubber stopper was perforated to fit in the influent line, a collapsible 3-L 

Tedlar bag filled with ultra-high purity  N2 gas (to avoid variations in the liquid-headspace 

ratio during continuous operation) and a gas sampling port consisting of a removable 

septum (Delgado et al., 2014). 55 µL TCE was added to the influent bottle to achieve an 

aqueous concentration of 175 µM. The influent bottle was magnetically stirred at 300-400 

rpm throughout column operation to ensure TCE liquid and gas phase equilibrium in the 

bottle. Continuous pumping of influent groundwater to three columns led to a constant 

decrease in liquid volume each day in the influent bottle keeping the headspace constant. 



11 
 

Thus, assuming equilibrium partitioning of TCE inside the influent bottle, we measured 

TCE concentration every alternate day to avoid fluctuations in the aqueous TCE 

concentration flowing to the columns due to a change in liquid to headspace ratio. The 

influent TCE aqueous concentration was maintained between 150 µM– 220 µM 

throughout the experiment as shown in Figure 21 in the appendix. Seven pore volumes of 

influent amended with TCE were flushed through the columns at the beginning of the 

experiment to equilibrate the columns and overcome TCE adsorption to the soil. 

Bioaugmentation column effluents were collected into 100 mL glass bottles equipped with 

butyl rubber stopper perforated for effluent line, 500 mL gas Tedlar bags for gas collection 

and gas sampling port with removable septum. The septum for influent and all effluent 

gas-sampling ports was changed several times during the experiment. Effluent gas samples 

were collected from the gas sampling ports in each effluent bottle using a gas-tight syringe 

(Hamilton gas-tight syringe, Cole Parmer, Vernon Hills, IL). Influent and effluent liquid 

samples were frequently collected for other analyses throughout the experiment.  
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Figure 5: Schematic of the experimental apparatus employed in this study. A stainless-

steel line, B gas sampling port equipped with a removable septum, C butyl rubber stopper, 

D Viton pump tubing, E injection of biostimulation substrates and bioaugmentation 

cultures using syringes through the column ports, F magnetic stirrer bar, G magnetic stir 

plate. The arrows denote the direction of liquid flow. 

 

 

Figure 6: Photo of setup for bioaugmentation columns. 
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After operating the bioaugmentation columns with effluent collected from the ZVI 

column as the influent, the bioaugmentation columns were operated with direct flow of 

aerobic groundwater obtained from the contaminated site as the influent. The aerobic 

groundwater influent was spiked with ~175µM TCE before pumping the influent to the 

bioaugmentation columns. The influent TCE concentration also ranged between 160 – 210 

µM throughout this experiment phase (Figure 22). The columns were biostimulated with 

lactate and EVO every two weeks. TCE, dechlorination by-products, and methane were 

measured in the bioaugmentation columns’ effluents. 

2.6 Biostimulation and bioaugmentation 

The columns were biostimulated with 140 mg sodium lactate (60% syrup; Sigma-

Aldrich, St. Louis, MO); 43 mg emulsified vegetable oil EVO (EOS Remediation. LLC, 

Raleigh, NC), 50 mg yeast extract, and 240 mg (2.5 mmol) potassium phosphate. Each 

substrate was delivered from a concentration stock solution via pulse injections of 0.5 mL 

liquid per sampling port. The columns were biostimulated on day 201 and day 276 of the 

experiments and biostimulation was done every two weeks while operating the columns 

with aerobic groundwater influent  

Dechlorinating enrichment cultures ZARA-10 (Delgado et al., 2014; Delgado et 

al., 2017) maintained in a continuous stirred tank reactor for over 5 years at our laboratory 

and commercially available culture SDC-9TM (Schaefer et al., 2009) were used to inoculate 

the columns. The bioaugmentation columns were bioaugmented on day 205. A total of 3.5 

mL of the mixed culture (1 mL of ZARA-10 and 2.5 mL of SDC-9) was injected per 

column (0.7 mL of mixed culture per sampling point via syringe pulse injections).  The 

mixed enrichment culture contained ~1.9x107 gene copies of D. mccartyi per mL in ZARA 
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10 enrichment culture and ~8.77x107 gene copies of D. mccartyi per mL in SDC 9 

enrichment culture as shown in Figure 19 in the appendix. 

2.7 Chemical Analyses  

TCE, cis-DCE, VC, ethene and methane concentrations were quantified by 

collecting gas samples from the headspace of the influent and effluent bottles. 200 µL gas 

sample from the gas sampling ports in the bottles were injected using 500 µL gas-tight 

syringes (Hamilton company, Reno, NV) in a gas chromatograph (Shimadzu GC-2010; 

Columbia, MD). The gas chromatograph had a flame ionization detector (FID) and was 

equipped with an Rt-QS-BOND capillary (Restek; Bellefonte, PA). The detection limit for 

chlorinated ethenes was 0.2-0.6 µmol/L and 12 µmol/L for methane gas concentrations 

(Delgado et al., 2017;  Ziv-El et al., 2011). The methods for gas chromatography 

instrument were previously published (Delgado et al., 2014; Delgado et al., 2016; Ziv-El 

et al., 2011). We used Henry’s constant (KH) based on the gas-liquid equilibrium for each 

compound to calculate their respective concentrations in the liquid phase at 30°C (Ziv-El 

et al., 2011). The influent TCE concentrations reported are aqueous concentrations. 

Nominal concentrations of TCE, cis-DCE, VC, ethene, and methane are reported 

calculated as follows:  

Nominal concentration (µmol/L) = 
Cg x Vg+ Cl x Vl

Vl
  (2) 

Where, Cg = Concentration in gas phase (µmol/L); Vg = Volume of gas (L) 

 Cl = Concentration in liquid phase (µmol/L); Vl = Volume of liquid (L) 
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pH was measured using an Orion 2 Star Pro pH benchtop meter (Thermo Fisher 

Scientific, Waltham, MA) and oxidation-reduction potential (ORP) was measured using 

ORP110-GS standard ORP probe (Hach, Loveland, CO).  All influent and effluent liquid 

samples used for the measurements of organic acids, ClO4
- and SO4

2- concentration were 

filtered using 0.2 µm membrane filters (PVDF membrane, Pall Life Sciences Acrodisc 

Syringe Filters, Port Washington, NY). ClO4
− was measured from the liquid samples by 

Pace Analytical National Center for Testing and Innovation according to EPA Method 

314.0 Mod (Mt. Juliet, TN). We measured SO4
2- from 1 mL liquid samples by ion 

chromatography using a Dionex ICS-5000 instrument with an anion column AS18 

(Sunnyvale, CA). The detection limit of SO4
2- was 1.04 µM. The instrument method was 

previously published (Ontiveros-Valencia et al., 2014).  

Lactate, acetate and propionate were measured using high-performance liquid 

chromatography (HPLC) from 1 mL liquid samples. We used a Shimadzu LC-20AT 

instrument equipped with an Aminex HPX-87H column (Bio-Rad, Hercules, CA), the 

column was maintained at 50°C. A photodiode array was used to detect the fatty acids. 2.5 

mM sulfuric acid at a flow rate of 0.6 mL/min (∼4826 kPa column pressure) was used as 

the eluent. The detection limit for all fatty acids measured as 0.1mM (Esquivel-Elizondo 

et al., 2017). NO3-N was measured using Hach kits TNT 830 (measuring range – 0.015 to 

2 mg/L) and TNT 835 (measuring range – 0.23 to 13.50 mg/L), (Hach, Loveland, CO), 

according to the manufacturer’s protocols. Phosphate concentration in the influent and 

effluent samples was measured using HACH kit TNT 846 (measuring range – 5 to 90 

mg/L), (Hach, Loveland, CO), according to manufacturer’s protocols. 
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2.8 Microbial ecology analyses 

Soil slurry samples (1.0-1.5 mL) were collected from the bio-columns, from each 

sampling port before biostimulation, after biostimulation, and at the end of the 

experiments. Pellets were prepared from the soil slurry samples using Eppendorf micro 

centrifuge 5415R (Hauppauge, NY) at 13,200 rpm for 15 minutes and DNA extractions 

were done from the pellets using the MOBIO PowerSoil® DNA extraction kit (Carlsbad, 

CA).  

Quantitative PCR was performed targeting the 16S rRNA gene of D. mccartyi 

using QuantStudio 3 Real-Time PCR System (Applied Biosystems®, Foster City, CA). 

Reagent concentrations, and PCR conditions used were as published previously (Delgado 

et al., 2017; Delgado et al., 2016; Ziv-El et al., 2011) except PlatinumTM Taq DNA 

polymerase (ThermoFisher Scientific, Waltham, MA) mastermix was used and the probe 

sequence used was 56-FAM/TC CTC AGT T/ZEN/CGGA TTG CA/3IABkFQ (Integrated 

DNA technologies, Coralville, IA).  A six-point calibration curve was used. All reactions 

were setup in triplicates. 10 μL qPCR reaction volume containing 4 μL of DNA was used 

as a template. Automated pipetting was done by epMotion 5070 liquid handling system 

(Eppendorf, Hauppauge, NY).  

2.9 Electron balance 

Electron balances were calculated to understand the distribution of electrons from 

the organic substrates to the electron accepting processes. We used electron equivalents 

per mol values to convert millimoles of electron donors used and millimoles of the end 

acceptors. The numbers of electron per mol were as follows: lactate , 12; EVO (assuming 
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all EVO was oleic acid), 102; cis-DCE, 2; VC, 4; ethene, 6; methane, 8; nitrate, 5; 

perchlorate, 4; and sulfate, 8. The electron balance was calculated by dividing the number 

of electron equivalents accounted by each process by the number of electron equivalents 

provided as lactate and EVO. The values obtained for each process are reported in the 

form of percentages. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Microbial dechlorination of TCE and ClO4
- in the bioaugmentation columns  

 We used ZVI as a pre-treatment to induce anaerobic conditions in the aerobic 

groundwater. ORP of the influent groundwater was +150 - +300 mV, which was reduced 

to minimum -230 mV in the ZVI column effluent (Figure 7).  This effluent was pumped 

in the bioaugmentation columns. 

 

 Figure 7: ORP in the ZVI column effluent.  

 

 TCE concentration in the bioaugmentation columns’ effluents starting increasing 

gradually with continuous flow of the influent amended with ~175 µmol/L TCE. A high 

amount of TCE (~75%) was being adsorbed to the soil particles in the bioaugmentation 

columns. The concentration of TCE was ~40 µmol/L in the effluents A and C, and ~50 

µmol/L in effluent B.  Reduction of TCE and production of dechlorinating by-products 

were not detected in the bioaugmentation columns before and after biostimulation. A 
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decrease in the concentration of TCE and production of dechlorination by-products were 

detected within 10 days of bioaugmenting the bioaugmentation columns with the 

microbial enrichment cultures. Close to day 228, production of ethene was prevalent in all 

the three bioaugmentation columns. Dechlorination was occurring even though fatty acids 

were not detected in the bioaugmentation columns as shown in Figure 9 but dechlorination 

performance decreased eventually. By day 270 concentrations of TCE, cis-DCE and VC 

in the effluents started to increase indicating that TCE dechlorination was likely limited 

by the electron donor and/or carbon source. The bioaugmentation columns were 

biostimulated again on day 276 to provide sufficient electron donor substrates required for 

complete reductive dechlorination of TCE to ethene. Dechlorination activity resumed, VC 

conversion to mostly ethene was achieved and ethene was the major by-product in ~6 days 

(day 282) after re-biostimulation. Lactate and organic acids produced from EVO and 

lactate fermentation were completely consumed within ~15 days of amending the columns 

with electron donor substrates (Figure 9). At the end of the experiment (day 300), ethene 

was the major compound detected in the effluent of bioaugmentation column A and B, 

and the only compound detected in the bioaugmentation column effluent C (Figure 8). 
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Figure 8: TCE reductive dechlorination in bioaugmentation columns A, B and C. ↓ 

indicate day of biostimulation, bioaugmentation and re-biostimulation.  

 

Figure 9: Consumption of lactate and fate of fermentation by-products in the 

bioaugmentation columns.  
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The concentration of ClO4
- in groundwater at the contaminated site was 0.4-0.5 

µmol/L. ClO4
- reduction was minimal in the effluent from the ZVI column as shown in 

Figure 10. This showed that ZVI alone did not reduce ClO4
-. However, ClO4

- was not 

detectable in the bioaugmentation columns’ effluents after biostimulation and 

bioaugmentation events. The effluent ClO4
- concentration dropped to non-detectable at 

day 230 and remained non-detectable until the end of the experiment (Figure 11). 

Accumulation of ClO4
- was also not observed during electron donor limitation in the 

bioaugmentation columns. This could be due to the low initial concentration of ClO4
- in 

the groundwater influent. 

 

Figure 10: Perchlorate concentration in the ZVI column influent and effluent. 

 



22 
 

  

Figure 11: Perchlorate reduction in bioaugmentation columns A and C. ↓ indicate day of 

biostimulation, bioaugmentation and re-biostimulation. Column B was not been measured 

due to sample volume limitations but similar trends were expected in this column. 

 

3.2 Competition with other terminal electron accepting processes 

 Most microorganisms that are able to use reductive dechlorination of TCE as a 

respiratory process use molecular H2 as an electron donor (Holliger et al., 1998; Kengen 

et al., 1999). Other microbial respiratory process such as methanogenesis, nitrate and 

sulfate reduction, also compete for the available H2 generated from fermentation reactions 

in anaerobic systems. Groundwater from the contaminated site contained very high SO4
2- 

concentrations ~11.05 ± 0.51 mM. In the presence of very high groundwater SO4
2- 

concentration and highly anaerobic environment, ~35% to 45% of SO4
2- reduction was 

observed in the bioaugmentation columns (Figure 12).  High amount of SO4
2- reduction 

was measured at time points after biostimulation. SO4
2- reduction slowed down and an 

increase in SO4
2- concentration was measured close to day 275, also indicating donor 

depletion in the bioaugmentation columns. Partial reduction of SO4
2- in the 
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bioaugmentation columns indicated that there was an electron donor limitation for the 

sulfate reducers. 

 

Figure 12: SO4
2– reduction in bioaugmentation columns indicating day of biostimulation 

and bioaugmentation. 

 

Concentration of NO3
- in the influent groundwater was ~145 ± 10 µML NO3-N. 

Decrease in NO3
- concentration was observed in the bioaugmentation columns after 

biostimulation and bioaugmentation events; the concentration of NO3-N in the 

bioaugmentation column effluents dropped to ~2.5±0.5 µM as shown in Figure 13. This 

indicates that there was high competition for electron donor (H2) due to the occurrence of 

multiple electron accepting process in the bioaugmentation columns. Complete TCE and 

ClO4
- reduction was achieved despite reduction of relatively high initial concentration of 

NO3
- and very high concentration of SO4

2- present in the groundwater. 
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Figure 13: Decrease in NO3
- concentration the bioaugmentation columns 

Methane production was also detected in the bioaugmentation columns. As seen in 

Figure 14, methanogenesis was detected in the columns right after bioaugmentation (day 

205). Relatively smaller amount of methane was produced in bioaugmentation column C 

than in bioaugmentation A and B after bioaugmentation, which also corresponded to 

higher rate of dechlorination in column C, perhaps because of lower competition for 

hydrogen between the dechlorinators and methanogens. Thus, production of methane in 

smaller concentrations in the bioaugmentation columns suggested that methanogenesis 

was not inhibiting reductive dechlorination. 
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Figure 14: Methanogenesis in bioaugmentation columns. ↓ indicate day of biostimulation, 

bioaugmentation and re-biostimulation. 

 

3.3 Electron Balance 

Electron balance calculations showed the distribution of electrons from the organic 

substrates to all the competition reactions occurring in the bioaugmentation columns. We 

calculated electron balance for all the reactions occurring in the bioaugmentation columns 

towards the end of the experiment. Based on the electron equivalents of EVO and lactate 

used and the extent of (i) reductive dechlorination of TCE, (ii) methanogenesis (iii) 

denitrification (iv) ClO4
- reduction and (v) SO4

2- reduction in the bioaugmentation 

columns; SO4
2- reduction accounted for most of the electrons in the system as reported in 

(Lee et al., 2004). 70%, 49% and 60% of the total electron flow was accounted by SO4
2- 

reduction in the bioaugmentation columns A, B and C. Only 0.2% of the total electrons in 

the entire system were accounted by dechlorination of TCE. This showed that sulfate 

reduction was the primary process occurring in the bioaugmentation columns owing to the 

high SO4
2-concentration in groundwater influent. 
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Figure 15: Electron balance in the bioaugmentation columns. 

3.4 pH increase in the bioaugmentation column effluents 

pH of the natural influent groundwater was ~7.8. However, pH of the groundwater 

effluent obtained from the ZVI column increased to ~8.1 due to the production of OH- 

from reaction of ZVI with water molecules (Eq. 1) 

pH in the bioaugmentation column effluents increased from ~8.1 to ~9.0 from the 

time dechlorination activity started until the end of the experiments. The changes in the 

pH overtime are presented in Figure 16. The high increase in pH could be due to the proton 

consuming processes of NO3
- reduction (Eq. 3) and SO4

2- reduction (Eq. 4) in the 

bioaugmentation columns. Reduction of NO3
- also accounts for a significant pH rise even 

when present at a substantially lower concentration than SO4
2- due to the utilization of 5 
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protons in NO3
- reduction. Low pH after second biostimulation could be as a result of pH 

decrease due to addition of organic acids and fermentation reactions. Complete 

dechlorination of TCE and ClO4- was achieved in the bioaugmentation columns even at a 

sub-optimal pH for D. mccartyi and perchlorate-reducing bacteria. 

NO3
- + 6H+ +5e- →0.5 N2 + 3H2O       (3) 

SO4
2- + 4H2 + H+ → HS- + 4H2O          (4) 

 

Figure 16: pH in the bioaugmentation columns. 

 

3.5 Increase in D. mccartyi gene copies in the bioaugmentation columns 

16S rRNA gene of D. mccartyi was analyzed for soil samples extracted from all 

the four sampling ports of the three bioaugmentation columns at three time points (i) 

before biostimulation (ii) after biostimulation and (iii) at the end of the experiments. No 

16S rRNA gene of D. mccartyi was detected in the soil samples before and after 

biostimulation. This corresponds to the absence of TCE dechlorination in the 
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bioaugmentation columns until bioaugmentation. This indicates that indigenous D. 

mccartyi were absent or below detection limit in the soil from the Superfund site. 

However, complete reductive dechlorination of TCE was seen after bioaugmentation and 

~105 gene copies per gram of soil was quantified in bioaugmentation column A and B and 

~104 gene copies per gram of soil in bioaugmentation column C at the end of the 

experiment.  D. mccartyi ranging between 105 - 106 gene copies of D. mccartyi per gram 

of soil has been reported by a study conducted in continuous flow columns at complete 

dechlorination of 0.09 mM PCE to ethene (Behrens et al., 2008) similar to that observed 

in our study. Relatively low ~103 number of gene copies/ g soil were observed in the first 

sampling port. The low concentration could be due to a relatively higher growth of D. 

mccartyi upwards in the bioaugmentation columns because of more availability of electron 

donor substrates upwards in the columns due to groundwater flow. Thus, growth of robust 

community of D. mccartyi in the bioaugmentation columns was achieved despite the 

presence of alternate electron acceptors and relatively high pH. 
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Figure 17: Quantification of 16S rRNA gene of Dehalococcoides mccartyi in the soil 

sampled from the bioaugmentation columns at the end of the experiment. The data are 

averages with standard deviation of triplicate qPCR reactions. 

 

3.6 Ethene was the only compound detected in the bioaugmentation columns with aerobic 

groundwater influent 

 We operated the bioaugmentation columns with aerobic groundwater influent to 

test if biostimulation with organic substrates alone is sufficient to create promote and 

sustain anaerobic conditions in the bioaugmentation columns for complete dechlorination 

of TCE to ethene. ZVI gets exhausted with continuous flow of groundwater and repeated 

injection of ZVI would be required. To avoid the extensive use of ZVI, we hypothesized 

that increasing the frequency of biostimulation with organic substrates could sustain 

anaerobic conditions. This strategy can be helpful when the ZVI is completely utilized at 

the injection zone, as anaerobic conditions can be obtained with fermentation of organic 
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substrates. Based on the results obtained from the fermentation of lactate and EVO, the 

bioaugmentation columns were biostimulated with organic substrates lactate and EVO 

once every two weeks. This was done to ensure the presence of electron donor and carbon 

source substrates at all times in the bioaugmentation columns. Hence, the dechlorinating 

bacteria were not limited of electron donor and carbon source throughout the experiments. 

From the results, we observed that TCE concentration in the bioaugmentation columns 

was non-detect and ethene was the only compound detected in all the bioaugmentation 

columns as shown in Figure 18. Thus, biostimulating every two weeks helped in 

maintaining the desired environment for dechlorination of TCE in the bioaugmentation 

columns with aerobic groundwater influent.  

 

Figure 18: Reduction of TCE to ethene in the bioaugmentation columns with aerobic 

groundwater influent. 
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 

Decoupling and sequentially applying ZVI followed by microbial enrichment 

cultures led to enhanced bioremediation of TCE and ClO4
-. Anaerobic conditions essential 

for microbial reductive dechlorination were generated in the aerobic groundwater with the 

use of ZVI.  Evaluation of reductive dechlorination of TCE and ClO4
- reduction was 

successful in the column studies with the use of lactate and emulsified vegetable oil (EVO) 

as electron donor substrates and carbon substrates (biostimulation substrates). The 

bioaugmentation columns were amended with two different dechlorinating cultures 

containing D. mccartyi and growth of D. mccartyi to ~105 gene copies/ gram of soil was 

observed in the bioaugmentation columns towards the end of the experiment. Microbial 

reduction of TCE and ClO4
- reduction was obtained even in the presence of other terminal 

electron acceptors like nitrate and sulfate. Dechlorination of TCE and ClO4
- reduction 

achieved by the application of ZVI in a pre-treatment column followed by injection of 

microbial enrichment cultures in downstream columns on dechlorination was studied. 

Therefore, successful optimization of the potential synergistic of the application of ZVI 

chemical reduction and biological remediation was accomplished by separating the two 

treatment strategies and applying the them sequentially in series.  
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APPENDIX A 

QUANTIFICATION OF 16S rRNA GENE OF Dehalococcoides Mccartyi PER ML IN 

ZARA 10 AND SDC 9 CULTURES 
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The data are averages of triplicate reactions. 
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APPENDIX B 

DETERMINATION OF SOIL PROPERTIES IN THE BIOAUGMENTATION 

COLUMNS 
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 We performed a tracer test using a conservative tracer to understand the 

hydrodynamics of the bioaugmentation columns. 10 g/L NaCl was used to obtain a 

conductivity of 16.6 mS/cm in the influent groundwater. High conductivity groundwater 

influent was pumped to the columns at a flow-rate of 124 mL/day, and conductivity of the 

groundwater effluent was continuously monitored. To obtain the breakthrough curves, we 

plotted the relative conductivity (C/C0 where, C = effluent conductivity in mS/cm; C0 = 

influent conductivity in mS/cm) against time. The resulting brake through curves are 

presented in Figure 20. 

 

Figure 20: Tracer test breakthrough curves for columns A, B and C. 

The time taken for the relative conductivity to reach 50% is equal to the hydraulic 

retention time (HRT) of liquid in the columns. Determination of effective porosity was 

necessary to obtain the flow rate of influent groundwater corresponding to the desired 

hydraulic retention time (HRT) of the liquid in the columns.  Effective porosity was 

calculated using the formula: 
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Porosity = 
HRT (days)x Flow rate (

mL

day
)

Volume of column (mL)
 

Table. Effective porosity, effective pore volumes and HRT corresponding to a flow-rate 

of 124 mL/day in the columns. 

 Column A Column B Column C 

Effective Porosity 28% 33% 29% 

Effective Pore volumes 290 mL   338 mL 297 mL 

HRT @124 mL/day 2.34 days 2.73 days 2.39 days 
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APPENDIX C 

TCE INFLUENT CONCENTRATION 
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Figure: TCE concentration in the bioaugmentation column influent. 

 

 

Figure: TCE concentration in the aerobic influent of the bioaugmentation column 

 


