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1,4-Dioxane (dioxane) and cis-dichloroethylene (cDCE) are compounds 

commonly found in industrial cleaning and degreasing agents that are frequently 

present as groundwater contaminants. In an effort to develop a more effective 

treatment method for these compounds, hydrogel beads were fabricated with either 

gellan gum or a combination of polyvinyl alcohol (PVA) and sodium alginate (SA) 

co-encapsulated with Rhodococcus rhodochrous Strain ATCC 21198 (21198) and a 

slow-release growth substrate (SRS). The hydrogel beads were investigated in batch 

reactors and column systems to determine the long-term ability of these beads to 

successfully transform dioxane and cDCE through aerobic cometabolism. Tetra-

butylorthosilicate (TBOS) and tetra-s-butylorthosilicate (T2BOS) were used to slowly 

release 1-butanol and 2-butanol, respectively, as growth substrates for 21198.  

The batch reactor studies conducted using gellan gum hydrogel beads co-

encapsulated with 21198 and either TBOS or T2BOS demonstrated an ability to 



transform essentially all (>99%) of the added dioxane at a range of ~250-1000 µg/L 

and the added cDCE at ~250 µg/L throughout several additions. The beads containing 

TBOS showed significantly faster rates of transformation for both contaminants. An 

embryonic zebrafish toxicity study completed using the TBOS gellan gum beads 

showed no significant toxicity was generated after the complete transformation of 

cDCE. 

A column study was completed by packing a glass column with gellan gum 

beads co-encapsulated with 21198 and T2BOS. The influent media was composed of 

10x diluted phosphate buffer mineral salt media (MSM) and added contaminants. 

Hydrogen peroxide (H2O2) was added to the influent media at concentrations of 25-

100 mg/L to meet oxygen demands. The column had a hydraulic retention time 

(HRT) of 26 hours. This column initially demonstrated the ability to transform 

essentially all (>99%) influent cDCE (~300 µg/L) from 52 to 75 pore volumes (PV), 

while showing no evidence of transforming influent dioxane (~200 µg/L). A high-

flow study was completed in which the influent flow rate was increased from 1 mL/hr 

to 90 mL/hr. This study provided evidence that cometabolism of cDCE was occurring 

due to the presence of cDCE epoxide in the effluent, but it also exposed the entire 

bead pack to the epoxide. This epoxide likely damaged the health of the column, and 

the column was unable to recover from this high-flow transient test and a subsequent 

stop-flow study. This was evidenced by a decrease in cDCE transformation. By the 

end of the column’s operation at 118 PV, a mass balance determined that a total of 

71.5% of the influent cDCE was transformed. However, none of the influent dioxane 

was transformed.  



A column study was also completed by packing a glass column with side 

sampling ports with PVA/SA beads co-encapsulated with 21198 and TBOS. The 

influent media was made using a synthetic groundwater formulation and 200x diluted 

phosphate buffer MSM for additional nutrients. H2O2 was added at increasing 

concentrations (50-250 mg/L) over the operating period to meet oxygen demands. 

The influent pH was increased from 7.0 to 7.5 to 7.9 during the operating period in an 

effort to lower the rate of TBOS hydrolysis to 1-butanol. The column initially had an 

HRT of 28 hours from 0 to 7 PV. The flow rate was then doubled and the column had 

an HRT of 14 hours for the final 90 PV. The column demonstrated the ability to 

transform >95% of influent cDCE (~200 µg/L) when the influent media contained 

250 mg/L H2O2 and was at a pH of 7.5. Side port sampling showed the presence of 

cDCE epoxide throughout the column, signifying the aerobic cometabolism of cDCE. 

There was evidence that nearly all of the transformation occurred directly at the 

influent end of the column. A visual orange tint, representing significant 21198 

biostimulation in the bead, was evident mainly in that end of the column. By the end 

of the column’s operating period, samples from the lower side sampling port located 

near the influent also measured nearly equal in cDCE concentration to the column 

effluent, indicating that the majority of cometabolic transformation was occurring 

where visual biomass growth was observed. 1-butanol remained >50 mg/L in the 

effluent throughout the column’s operating period, indicating biostimulation did not 

occur throughout the column. Embryonic zebrafish toxicity studies demonstrated that 

the column effluent was significantly toxic when 1-butanol levels were ~120 mg/L 

and not significantly toxic when ~60 mg/L, suggesting that 1-butanol was the source 



of toxicity. More detailed studies are needed to establish factors causing the observed 

toxicity in the column effluent. 



©Copyright by Sean P. Conway 

June 7, 2022 

All Rights Reserved



Aerobic Cometabolism of 1,4-Dioxane and cis-Dichloroethylene by Gellan Gum and 

Polyvinyl Alcohol/Sodium Alginate Hydrogel Beads Co-Encapsulated with 

Rhodococcus rhodochrous Strain ATCC 21198 and Slow-Release Growth Substrates: 

Batch, Column, and Toxicity Studies 

by 

Sean P. Conway 

A THESIS 

submitted to 

Oregon State University 

in partial fulfillment of 

the requirements for the 

degree of 

Master of Science 

Presented June 7, 2022 

Commencement June 2023 



 

 

Master of Science thesis of Sean P. Conway presented on June 7, 2022 

 

 

 

 

 

APPROVED: 

 

 

 

 

Major Professor, representing Environmental Engineering 

 

 

 

 

 

Head of the Department of Chemical, Biological, and Environmental Engineering  

 

 

 

 

Dean of the Graduate School 

 

 

 

 

 

 

 

 

 

 

I understand that my thesis will become part of the permanent collection of Oregon 

State University libraries.  My signature below authorizes release of my thesis to any 

reader upon request. 

 

 

 

Sean P. Conway, Author 



 

 

ACKNOWLEDGEMENTS 

I would like to start out by thanking Dr. Lew Semprini and Dr. Mohammad 

Azizian for their guidance and assistance throughout this past year and a half. Lew, 

thank you for allowing me to enter your research group and being so encouraging 

when there were bumps in the road. Thank you as well for working with me and the 

graduate school to ensure I was funded. Mohammad, thank you for constant 

assistance in the analytical room. It would not be possible to do the research that we 

do without your knowledge and willingness to help us out.  

I would also like to thank the other members of the Semprini group, Hannah, 

Alisa, Juliana, Conor, and Jacob, for your mentorship and friendship. Hannah and 

Alisa especially, thank you for your guidance when I first joined the lab. I know I 

asked way too many questions, but you were always willing to answer them. Thank 

you as well to those who trained me on different instruments and methods. Conor, 

thank you for all the work you put in developing beads for me to use. Jacob, Clint, 

Derek, and the rest of my CBEE friends, thank you for making these past couple 

years a lot more fun. 

Lastly, I would like to thank my parents and brother, Eileen, Neal, and Ryan, 

for supporting me these last two years. Moving across the country given the 

circumstances was not easy, but I knew I could always call you when I needed. Your 

encouragement was greatly appreciated throughout this whole process. 

This research was funded in part by the National Institute of Environmental 

Health Sciences (grant P0527A) and in part by Oregon State University’s 

Environmental Health Sciences Center (grant P0508P).  



 

 

TABLE OF CONTENTS 

                    Page 

 

CHAPTER 1 – INTRODUCTION………...………………………………………… 1 

 

CHAPTER 2 – LITERATURE REVIEW....………………………………………… 4 

 

 2.1 Contaminants....…………………………………………………………...4 

 

2.2 Remediation and Bioremediation…………………………………………7 

 

2.3 Rhodococcus rhodochrous Strain ATCC 21198…………………………10 

 

2.4 Cell Immobilization....……………....………....………………………....12 

 

2.5 Gellan Gum………………………………………………………………14 

 

2.6 Alginate…………………………………………………………………..15 

 

2.7 Polyvinyl Alcohol………………………………………………………...16 

 

2.8 PVA/Sodium Alginate……………………………………………………17 

 

2.9 Embryonic Zebrafish Testing…………………………………………….18 

 

CHAPTER 3 – METHODS…………………………………………………………..20 

 

3.1 Chemicals………………………………………………………………...20 

 

3.2 Analytical Methods………………………………………………………20 

 

 3.2.1 Headspace Sample Analysis……………………………………20 

 

 3.2.2 Liquid Sample Analysis………………………………………..22 

 

3.3 Cell Culture and Harvest…………………………………………………24 

 

3.4 Cell Immobilization………………………………………………………26 

 

 3.4.1 Gellan Gum Beads……………………………………………...26 

 

 3.4.2 Polyvinyl Alcohol/Sodium Alginate Beads…………………….27 

 

3.5 Batch Bottle Reactor Studies……………………………………………..28 

 



 

 

3.6 Column Experiments……………………………………………………..29 

 

 3.6.1 Gellan Gum Bead Column……………………………………..29 

 

 3.6.2 PVA/SA Bead Column…………………………………………34 

 

3.7 Embryonic Zebrafish Toxicity Testing…………………………………...37 

 

3.8 Bead Compression Testing……………………………………………….39 

 

CHAPTER 4 – BATCH REACTOR STUDIES……………………………………..41 

 

 4.1 T2BOS Batch Bottle Reactors……………………………………………41 

 

 4.2 TBOS Batch Bottle Reactors……………………………………………..47 

 

  4.2.1 Dioxane and cDCE Rate Studies……………………………….47 

 

  4.2.2 TBOS Batch Reactor Zebrafish Toxicity Study………………..53 

 

 4.3 Batch Bottle Reactor Comparisons……………………………………….57 

 

CHAPTER 5 – COLUMN STUDIES………………………………………………..64 

 

 5.1 Gellan Gum Bead Column……………………………………………….64 

 

 5.2 Polyvinyl Alcohol/Sodium Alginate Bead Column………………………79 

 

  5.2.1 Column Operation……………………………………………...79 

 

  5.2.2 Column Sample Embryonic Zebrafish Toxicity Tests………….90 

 

 5.3 Column Studies Discussion………………………………………………95 

 

 5.4 Abiotic Hydrolysis Studies……………………………………………….97 

 

CHAPTER 6 – CONCLUSIONS…………………………………………………...101 

 

CHAPTER 7 – FUTURE WORK…………………………………………………..105 

 

CHAPTER 8 – REFERENCES……………………………………………………..108 

 

APPENDICES……………………………………………………………………...122 

  



 

 

LIST OF FIGURES  

Figure                                                                                                                       Page 

 

2.1. Structural diagrams of TBOS (A) and T2BOS (B) demonstrating their hydrolysis 

into 1-butanol and 2-butanol, respectively.…………………………………………..11 

 

2.2. Structural diagram of naturally biosynthesized gellan gum showing the location 

of the acetyl group before being deacylated in the commercial production 

process.……………………………………………………………………………….14 

 

2.3. Diagram of the alginate copolymer structure illustrating MM, GG, and GM 

blocks.………………………………………………………………………………..15 

 

2.4. Structural diagrams for PVA: (A) fully hydrolyzed; (B) partially 

hydrolyzed.…………………………………………………………………………...17 

 

3.1. Diagram of the T2BOS gellan gum bead column set-up.……………………….31 

 

4.1. Mass of oxygen, dioxane, and cDCE, along with cDCE epoxide peak area, 

measured in the T2BOS batch reactors over time. Results from the abiotic control are 

also displayed. Media was refreshed in the non-control reactors on day 90…...……42 

 

4.2. Images of the T2BOS 1 gellan gum bead batch reactor taken at the start of the 

study (left) and taken 47 days into the study (right)…………………………………46 

 

4.3. Images of the first T2BOS gellan gum bead non-control batch reactor (left) and 

the first T2BOS gellan gum bead acetylene control batch reactor (right) taken 140 

days into the study…………………………………………………………………...47 

 

4.4. Mass of oxygen, dioxane, and cDCE, along with cDCE epoxide peak area, 

measured in the TBOS batch reactors over time. Results from the abiotic control are 

also displayed. Media was refreshed in the non-control reactors on days 90 and 

188……………………………………………………………………………………49 

 

4.5. Image of the TBOS 1 gellan gum bead batch reactor taken at the end of the batch 

bottle study…………………………………………………………………………...53 

 

4.6. Results of the final cDCE spike in the TBOS gellan gum batch bottles for cDCE 

concentrations and cDCE epoxide peak areas. Labels are provided for the time points 

when samples were collected for embryonic zebrafish toxicity testing……………..54 

 

 

 

 

 



 

 

LIST OF FIGURES (Continued) 
 

4.7. Results for the embryonic zebrafish toxicity tests conducted using the TBOS 

gellan gum batch reactors. Results are provided for, from the top row of plots down, 

the two samples taken prior to cDCE addition, the two samples taken immediately 

following cDCE addition, the two samples taken after significant cDCE 

transformation, the two samples taken when cDCE was negligible, and a positive 

control. The result is more significant when there are greater number of red dots. The 

statistical analysis for this test is provided in the Methods section (3.7) and the tested 

endpoints are presented in Table 3.6…………………………………………………55  

 

4.8. Total oxygen consumed (mmol) by each T2BOS and TBOS gellan gum batch 

reactor over the monitoring period. An abiotic control without added biomass is also 

displayed……………………………………………………………………………..58 

 

4.9. First-order oxygen consumption rates for the T2BOS gellan gum batch reactors 

normalized to the initial bead mass. Later spikes are excluded due to rates of 

utilization being lower than the rate oxygen entered the batch bottles through the 

vacuum created while conducting liquid sampling…………………………………..59 

 

4.10. Zero-order oxygen consumption rates for the TBOS gellan gum batch reactors 

normalized to the initial bead mass…………………………………………………..59 

 

4.11. First-order dioxane transformation rates for the T2BOS and TBOS gellan gum 

bead batch reactors normalized to the initial bead mass……………………………..60 

 

4.12. First-order cDCE transformation rates for the T2BOS and TBOS gellan gum 

bead batch reactors normalized to the initial bead mass. Missing TBOS data can be 

attributed to insufficient data points. There is no T2BOS data for the addition at 188 

days as this was exclusive to the TBOS batch reactors……………………………...61 

 

5.1. Image of the T2BOS gellan gum bead taken at the start of its operation……….65 

 

5.2. Bromide concentrations measured during the gellan gum bead column bromide 

tracer test versus the pore volumes of flow. The dashed line represents when bromide 

was removed from the influent feed solution………………………………………..66 

 

5.3. Effluent 2-butanol and DO concentration history for 0 to 53 PV for the gellan 

gum bead column. A summary of the adjustments made to the column during this 

period is contained in Table 5.2. No DO measurements were made from 0 to 31 PV. 

Error bars represent standard deviations of triplicate samples………………………68 

 

  



 

 

LIST OF FIGURES (Continued) 
 

5.4. Concentration histories for influent and effluent cDCE and dioxane, as well as 

effluent 2-butanol and dissolved oxygen for the gellan gum column study from 51 PV 

to 89 PV. Adjustments to the column during this period are summarized in Table 5.3. 

Error bars represent standard deviations for triplicate samples……………………...70 

 

5.5. Effluent concentrations of cDCE and effluent peak areas of cDCE epoxide during 

the course of the high flow study for the gellan gum bead column………………….72 

 

5.6. Images of the T2BOS gellan gum bead column prior to stopping flow (left: taken 

12/10/2021) and immediately before resuming flow (right: taken 1/6/2022)………..74 

 

5.7. Concentration histories for influent and effluent cDCE and dioxane, as well as 

effluent 2-butanol and DO for the final phase of the gellan gum bead column study 

(87 to 117 PV). A 27 day stop-flow study was conducted at 88 PV and dioxane was 

removed from the influent media at this time. Error bars represent standard deviations 

of triplicate samples………………………………………………………………….75 

 

5.8. Images of the T2BOS gellan gum bead column from the start of operation (left: 0 

PV) and the end of operation (right: 117 PV). The red arrow indicates the darkened 

area that became more prevalent over time………………………………………….77 

 

5.9. Bead compression test results for the gellan gum bead column. From left to right, 

results are for beads taken prior to column start-up, after column shutdown from the 

influent portion of the column, and after column shutdown from the effluent section 

of the column. Error bars represent standard deviations of triplicate tests…………..78 

5.10. Image of the PVA/SA bead column taken prior to column operation…………79 

5.11. Flow rate through the PVA/SA bead column versus the change in head 

measured prior to column operation. Error bars represent standard deviations of 

triplicate tests………………………………………………………………………...80 

5.12. Bromide concentration history for the PVA/SA bead column. The solid 

horizontal line represents the average influent bromide. The dashed horizontal line 

demarcates when bromide was removed from the influent. The flow rate was also 

increased from 1.0 mL/hr to 1.9 mL/hr at this point…………………………………81 

5.13. Concentration histories of cDCE, cDCE epoxide, 1-butanol, and DO for the 

PVA/SA bead column from 0 PV to 44 PV. Results are displayed for the column 

effluent, top port, middle port, bottom port, and influent. Column adjustments are 

summarized in Table 5.5. The red line represents a 5-sample rolling mean for influent 

cDCE. Error bars represent standard deviations for triplicate samples……………...84 

 



 

 

LIST OF FIGURES (Continued) 

5.14. Concentration histories of cDCE, cDCE epoxide, 1-butanol, and DO for the 

PVA/SA bead column from 43 PV to 97 PV. Results are displayed for the column 

effluent, top port, middle port, bottom port, and influent. Column adjustments are 

summarized in Table 5.6. The red line represents a 5-sample rolling mean for influent 

cDCE. Error bars represent standard deviations for triplicate samples……………...86 

 

5.15. Average 1-butanol concentrations for port and effluent sampling in the PVA/SA 

bead column from 64 PV to 88 PV. Error bars represent standard deviations………89 

 

5.16. Images of the PVA/SA bead column taken, from left to right, at 0, 63, and 96 

PV……………………………………………………………………………………90 

 

5.17. Results for the embryonic zebrafish toxicity tests conducted using samples from 

the PVA/SA bead column at 30 PV. Results are provided for, from the top row of 

plots down, the bottom port, effluent, influent, the top port, and a positive poisoned 

control. Each row shows the plotted results for each tested endpoint. The qualitative 

descriptions for each endpoint are provided in Table 3.6. For the column samples, 

each individual plot shows results for, from left to right, a negative control, 10x 

diluted sample, and undiluted sample. Red dots symbolize points over the 

significance threshold for that endpoint in particular. The result is more significant 

when there are greater number of red dots. The statistical analysis for this test is 

provided in the Methods section (3.7)……………………………………………….91 

 

5.18. The results for the embryonic zebrafish toxicity tests conducted using samples 

from the PVA/SA bead column at 97 PV. Results are provided for, from the top row 

of plots down, the effluent, influent, and a positive poisoned control. Each row shows 

the plotted results for each tested endpoint. The qualitative descriptions for each 

endpoint are provided in Table 6. For the column samples, each individual plot shows 

results for, from left to right, a negative control, 10x diluted sample, and undiluted 

sample. Red dots symbolize points over the significance threshold for that endpoint in 

particular. The result is more significant when there are a greater number of red dots. 

The statistical analysis for this test is provided in the Methods section (3.7)……….93 

 

5.19. 2-butanol concentrations measured over time during the abiotic hydrolysis study 

conducted on the T2BOS gellan gum beads. Both batch reactors were set up 

identically…………………………………………………………………………….98 

 

5.20. 1-butanol concentrations measured over time during the abiotic hydrolysis study 

conducted on the TBOS PVA/SA gum beads. Both batch reactors were set up 

identically. Error bars represent standard deviations of triplicate samples………….99 

  



 

 

LIST OF TABLES 

Table                    Page 

 

3.1. Summary of the chemical compounds used for the experiments conducted within 

this thesis, including manufacturer and 

purity.………………………………………………………………………………...20 

 

3.2. Chemical composition of the phosphate and carbonate buffered MSM 

solutions..…………………………………………………………………………….25 

 

3.3. Summary of the influent feed solution adjustments made to the gellan gum bead 

column throughout its operation. Flow was paused for 27 days at 88 PV…………...34 

 

3.4. Chemical composition of the initial influent feed solution used in the PVA/SA 

bead column study prior to the addition of H2O2, cDCE, and bromide...……………35 

 

3.5. Summary of the adjustments made to the PVA/SA bead column throughout its 

operation. Samples were collected for embryonic zebrafish toxicity testing at 30 PV 

and 97 PV…………………………………………………………………………….37 

 

3.6. Summary of embryonic zebrafish toxicity testing endpoints with abbreviations 

used in results plotting……………………………………………………………….39 

 

4.1. First-order dioxane transformation rates for the T2BOS gellan gum batch bottle 

reactors based on the day the contaminant was added. Rates are normalized to the 

initial mass of beads…………………………………………………………….……43 

 

4.2. First-order cDCE transformation rates for the T2BOS gellan gum batch bottle 

reactors based on the day the contaminant was added. Rates are normalized to the 

initial mass of beads………………………………………………………………….44 

 

4.3. First-order rates for oxygen utilization within the T2BOS gellan gum bead batch 

bottle reactors normalized to the initial mass of beads………………………………45 

 

4.4. First-order dioxane transformation rates for the TBOS gellan gum bead batch 

reactors by the day the contaminant was added. Rates are normalized to the initial 

mass of beads. Missing rate data is due to an insufficient number of data points being 

collected……………………………………………………………………………...51 

 

4.5. First-order cDCE transformation rates for the TBOS gellan gum bead batch 

reactors by the day the contaminant was added. Rates are normalized to the initial 

mass of beads. Missing rate data is due to an insufficient number of data points being 

collected……………………………………………………………………………...51 

 

 



 

 

LIST OF TABLES (Continued) 
 

4.6. Zero-order oxygen utilization rates for the TBOS gellan gum bead batch reactors 

by the day oxygen was added. Rates are normalized to the initial mass of beads. 

Missing rate data is due to an insufficient number of data points being collected…..52 

 

5.1. Summary of the physical transport parameters determined for the gellan gum 

bead column………………………………………………………………………….67 

 

5.2. Summary of the adjustments made to the gellan gum bead column from 0 to 52 

PV. The initial influent feed solution had no added oxygen or contaminants……….68 

 

5.3. Summary of the adjustments made to the gellan gum bead column from 52 to 117 

PV. Flow was paused for 27 days at 88 PV……………………………………...…..70 

 

5.4. Summary of the physical transport parameters determined for the PVA/SA bead 

column. Values are displayed for the initial phase when flow was 1.0 mL/hr and for 

the next phase when flow was 1.9 mL/hr……………………………………………83 

 

5.5. Summary of the adjustments made to the PVA/SA bead column from 0 to 44 PV. 

Samples were collected for embryonic zebrafish toxicity testing at 30 PV…………83 

 

5.6. Summary of the adjustments made to the PVA/SA bead column from 44 to 97 

PV. Samples were collected for embryonic zebrafish toxicity testing at 97 PV…….86 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

LIST OF APPENDICES 

Appendix                                                                                                                  Page 

 

A.1. Batch Reactor Acetylene Control Results……………………………………..122 

 

A.2. T2BOS Gellan Gum Bead Column Streak Plating……....…………….……...124 

  



 

 

LIST OF APPENDIX FIGURES 

Figure Page 

 

A.1. Oxygen, dioxane, and cDCE mass histories and cDCE epoxide peak area 

histories measured in the T2BOS gellan gum acetylene control batch reactors……122 

 

A.2. Total oxygen consumed by the T2BOS gellan gum acetylene control batch 

reactors over time…………………………………………………………………...123 

 

A.3. Pictures of streak plating onto TSGA plates of liquid taken from the column 

influent section (left) and the column effluent section (right)……………………...124 

  



 

 

ABBREVIATIONS 
 

1,1,1-TCA   1,1,1-Trichloroethane 

21198    Rhodococcus rhodochrous strain ATCC 21198  

cDCE    cis-Dichloroethylene 

COC    Contaminant of Concern 

DI    Deionized 

Dioxane   1,4-Dioxane 

DO    Dissolved Oxygen 

EC50    Half Maximal Effective Concentration 

ECD    Electron Capture Detector 

EDTA    Ethylenediaminetetraacetic Acid 

FID    Flame Ionization Detector 

GC    Gas Chromatograph 

H2O2    Hydrogen Peroxide 

hpf    Hours Post Fertilization 

IC    Ion Chromatograph 

m/z    Mass-to-Charge 

MS    Mass Selective Detector 

MSM    Mineral Salt Media 

N2    Nitrogen 

O2    Oxygen 

ORC    Oxygen Releasing Compound 

PCE    Perchloroethylene 

PRB    Permeable Reactive Barrier 

PTFE    Polytetrafluoroethylene 

PV    Pore Volumes 

PVA    Polyvinyl Alcohol 

rcf    Relative Centrifugal Force 

rpm    Revolutions Per Minute 

SA    Sodium Alginate 

SRS    Slow-Release Substrate 

T2BOS   Tetra-s-butyl orthosilicate 

TBOS    Tetrabutyl orthosilicate 

TCD    Thermal Conductivity Detector  

TCE    Trichloroethylene 

TSGA    Tryptic Soy Glucose Agar 

TSS    Total Suspended Solids 

v/v    Volume Per Volume 

VC    Vinyl Chloride 

VOA    Volatile Organic Analysis 

w/v    Weight Per Volume 



1 

 

 

CHAPTER 1 – INTRODUCTION 

Contamination of the subsurface, especially groundwater, is a global issue that is 

currently being addressed through a variety of methods. The pathways these contaminants follow 

to enter the environment often include industrial spills or accidents that occur during transport, 

waste site leaks, or direct releases from facilities.1 Chlorinated ethenes are some of the most 

common and widespread contaminants, with compounds such as trichloroethylene (TCE) and 

cis-dichloroethylene (cDCE) being released due to being contained within cleaning solvents used 

in degreasing and dry-cleaning.2 As it is commonly used as a stabilizer for these chlorinated 

solvents, 1,4-dioxane (dioxane) is often a co-contaminant in the environment.3 cDCE is 

considered hazardous in large part due to its tendency to degrade into vinyl chloride, which is 

highly toxic.4 Dioxane is classified as a probable human carcinogen.5 For these reasons, 

determining methods for treatment of these compounds that are effective and affordable is 

necessary. 

Environmental remediation involves the treatment or removal of contaminants such as 

these from the environment. This is a field that has been around for decades, and there are a 

variety of remediation techniques that have shown success. Success of a remediation technique 

depends largely on the subsurface conditions, and some remediation projects can take many 

years to reach contaminant levels below the acceptable concentration limits. A non-exhaustive 

list of treatment technologies includes air sparging, bioremediation, chemical reduction, 

chemical oxidation, permeable reactive barriers, phytotechnology, soil vapor extraction, and 

thermal treatment.6  

Bioremediation and permeable reactive barriers (PRBs) are most relevant to this thesis. 

Bioremediation is the process of degrading contaminants through biological methods, usually 
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through the use of microorganisms.7 Generally this involves stimulating microorganisms already 

present in the subsurface by the addition of nutrients, electron acceptors, or oxygen. Certain 

microorganisms possess the ability to reduce contaminants. Previous studies have shown that 

Rhodococcus rhodochrous strain ATCC 21198 is able to biologically transform contaminants 

including cDCE and dioxane.8,9 As part of an endeavor to determine additional technologies for 

environmental remediation, the use of PRBs constructed from entrapped microorganisms is at 

the center of this study. PRBs are barriers of reactive media that are able to passively transform 

contaminants that pass through, which should be possible using these entrapped 

microorganisms.10 One method of entrapping microorganisms is to use hydrogel beads fabricated 

from compounds such as gellan gum or sodium alginate. Earlier work provided evidence of 

beads with encapsulated microorganisms being effective in contaminant transformation via the 

process of cometabolism.11 These beads were made of gellan gum, and the fundamental 

component was a slow-release substrate (SRS), in this case tetrabutyl orthosilicate (TBOS) and 

tetra-s-butyl orthosilicate (T2BOS). These compounds hydrolyzed over time to release 1-butanol 

and 2-butanol, respectively. These studies were conducted using batch reactors. 

The goal for this study was to investigate the possibility of these beads as an in situ 

remediation technique. The goals for this study involved verifying the contaminant 

transformation efficacy of these beads in batch systems and measuring potential toxicity 

generated through their use. Other goals included testing these beads in column settings to 

simulate permeable reactive barriers and investigating the potential of beads made with a 

different formulation. 
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The objectives created to meet these goals were as follows: 

1. Assess the long-term contaminant transformation efficacy of Rhodococcus 

rhodochrous strain ATCC 21198 co-encapsulated with SRSs in gellan gum beads in 

batch and column systems. 

2. Determine rates for contaminant transformation and oxygen consumption in batch 

systems to be able to more effectively compare SRSs. 

3. Assess the long-term contaminant transformation efficacy of Rhodococcus 

rhodochrous strain ATCC 21198 co-encapsulated with SRSs in polyvinyl 

alcohol/sodium alginate beads in a column system. 

4. Measure potential toxicity generated through bead use and contaminant 

transformation by conducting embryonic zebrafish toxicity tests. 

5. Determine long-term bead durability through qualitative and quantitative tests. 
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CHAPTER 2 – LITERATURE REVIEW 

2.1 Contaminants 

There are a wide variety of contaminants that have made their way into the soil, 

groundwater, surface water, and air. These contaminants commonly enter the environment 

through industrial spills or accidents that occur during transport, waste site leaks, and direct 

releases from facilities.1 Other contaminant sources include industrial and municipal wastewater 

treatment plants as well as agricultural sources such as livestock and crop production.12 In many 

cases, previously ignored or underestimated chemical compounds have moved to the forefront of 

contaminant remediation following discoveries made from years of studies. These are termed 

contaminants of emerging concern and include chemicals from pharmaceuticals, personal care 

products, nanomaterials, microplastics, non-stick surfaces, and firefighting foam.13–15  

The contaminants most relevant to the scope of this thesis are cDCE and dioxane. cDCE 

is a pertinent contaminant of concern (COC) because it is produced as part of the anaerobic 

degradation pathway of perchloroethylene (PCE) and TCE. PCE and TCE are two of the most 

common contaminants found in the environment. These contaminants are regularly contained 

within cleaning solvents used for degreasing, dry-cleaning, and semiconductor production.2 As 

such, PCE and TCE are frequently present in the subsurface of both industrial and commercial 

zones. PCE is transformed to TCE and subsequently cDCE through reductive dechlorination.16 In 

reductive dechlorination, a chlorine atom is replaced with a hydrogen atom in the molecule. 

Bacteria conducting this process use chlorinated compound as an electron acceptor in 

respiration.17 These same anaerobic conditions may then also lead to the transformation of cDCE 

into vinyl chloride (VC) and eventually ethene.16 These final two steps are typically the slowest 
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in the process, potentially leading to sites that have a buildup of cDCE and VC. It is important 

that complete transformation of the contaminants occurs, because VC is a known carcinogen.4  

Alternatively, aerobic cometabolism has been shown to be the key process for 

transforming many contaminants in the environment. In aerobic cometabolism, enzymes in 

microorganisms transform contaminants despite these compounds not being used as carbon or 

energy sources.18 Because of this, the presence of a growth substrate is necessary to grow cells 

and provide an energy source. The aerobic biodegradation of cDCE and its epoxide is attributed 

to aerobic cometabolism by a class of enzymes known as monooxygenases. Monooxygenases are 

a class of enzymes that catalyze the insertion of oxygen atoms in place of atoms like hydrogen.19 

The cDCE epoxide is produced when an oxygen is inserted across the double bond of cDCE. 

Oxygen is consumed for these reactions to take place, so oxygen demand can be significant. 

Methane and butane monooxygenases have previously been shown to transform cDCE and 

cDCE epoxide through this oxidative dechlorination reaction.20,21 It is likely that the same 

monooxygenase enzyme is responsible for the transformation of both cDCE and cDCE epoxide. 

Chlorinated ethenes like cDCE produce epoxides when transformed with this process.21,22 cDCE 

epoxide has a 72-hour half-life in aqueous solutions. Disappearance of this epoxide at a faster 

rate can potentially be ascribed to biotic transformation.23 The cDCE transformation process can 

cause significant toxicity to the cells conducting it due to the production of the previously 

mentioned epoxide.20 One of the issues with the transformation of chlorinated ethenes is that the 

original chlorinated ethenes may not be toxic to the cells, but they often yield transformation 

products that are toxic. This can inhibit treatment overall or lead to byproducts that must then be 

transformed as well, possibly by different bacteria.24  
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Dioxane is a stabilizer for chlorinated solvents like PCE, TCE, and 1,1,1-trichloroethane 

(1,1,1-TCA), meaning that it is often present alongside these contaminants in the environment. It 

is also a wetting agent in paper and textile processing and in organic chemical manufacturing.3 

Dioxane is listed as a probable human carcinogen.5 This increases the importance of its 

treatment, especially because dioxane has been commonly found in surface and groundwater 

systems.25–27 A recent study in the United States found dioxane present in 21% of public water 

systems, with 6.9% exceeding the health-based reference concentration of 0.35 µg/L.26 In 

general, there are several issues with the treatment of dioxane. When dioxane ends up in water it 

becomes difficult to remove as it is fully miscible in water, non-volatile, not easily adsorbed by 

activated carbon, not readily biodegraded in normal environments to safe levels, and it is not 

readily oxidized by common oxidants.28–30 Current ex situ treatment methods using oxidation 

techniques, such as ozone, hydrogen peroxide, ultraviolet light, sonication, and other chemicals, 

are generally expensive.31–36 Dioxane also may not be effectively treated using pump-and-treat as 

low permeability zones will often release dioxane long after treatment has been completed in the 

higher permeability zones.37 This is known as a diffusion matrix, where contaminants diffuse in 

and out of lower permeability zones in a heterogeneous subsurface.38 This diffusion back into 

higher permeability zones can mean that detectable contamination remains even if the source has 

been completely treated.37,39 For these reasons, there is a desire for long-term in situ treatment 

techniques that are more effective and cheaper. 

Evidence of monooxygenase degradation of dioxane has been found in a variety of 

genera of bacteria induced with growth substrates such as methane, propane, tetrahydrofuran, or 

toluene.40 A recent study found evidence of dioxane degradation with Rhodococcus rhodochrous 

Strain ATCC 21198.9 A proposed pathway for the degradation of dioxane by monooxygenases 
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is: dioxane to 2-hydroxy-1,4-dioxane to 2-hydroxyethoxyacetic acid (HEAA) to 

dihydroxyethoacetic acid (with ortho- or para- hydroxyl groups) to ethylene 

glycol/glycolate/glyoxalate/oxalate to carbon dioxide. The intermediates formed during this 

process are not expected to lead to toxic accumulation in the environment.41 

2.2 Remediation and Bioremediation 

For environmental contaminants in general, traditional treatment methods are relatively 

simple. These tend to focus on capping the site and allowing for natural attenuation, excavating 

the site and moving the contaminated material to a more well-contained location, or conducting a 

pump-and-treat operation for removing contaminated groundwater.42,43 These technologies have 

been in use for decades and are proven to be effective under certain site conditions. However, 

these methods are not without issues. Capping still usually requires long-term monitoring and 

maintaining the contaminants’ isolation using methods like barriers. It also does not typically 

treat the source of the contamination, which means that there is still long-term potential for 

problems.44 Likewise, excavation does not typically treat the contamination in most cases and 

has the added risks of exposure and accidents during the excavation and transportation 

processes.44 There is an extensive list of in situ and ex situ remediation technologies that range 

from relatively cheap and simple to considerably expensive and challenging. A partial list of 

treatment technologies includes air sparging, bioremediation, chemical reduction, chemical 

oxidation, permeable reactive barriers, phytotechnology, soil vapor extraction, and thermal 

treatment.6 

Bioremediation is most relevant to this thesis. This is defined as “the process whereby 

organic wastes are biologically degraded under controlled conditions to an innocuous state, or to 

levels below concentration limits established by regulatory authorities.” 7 Nutrients are key to 
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stimulating the growth of the microorganisms that perform this biological degradation. 

Biostimulation of microorganisms typically involves adding nutrients, electron acceptors, and/or 

oxygen to foster microbial growth. These nutrients generally include nitrogen, phosphorous, and 

a carbon source.44,45 As discussed previously, cometabolism is often the process that transforms 

the contaminants. These additional nutrients are necessary to stimulate microbial growth as the 

transformation of the contaminant does not provide the cells with an energy source.18 It is often 

necessary to stimulate microbial growth because the low levels of organic matter within 

subsurface soils and groundwater do not foster microbe activity or diversity.46 An underrealized 

limitation of bioremediation, especially when it involves cell immobilization, is that it requires 

expertise from numerous fields that are generally not closely related. Successful bioremediation 

projects can involve expertise in microbiology, engineering, geology, hydrogeology, soil science, 

material science, and project management.47 Bioremediation techniques can be either in situ or 

ex situ. In situ techniques include bioventing, biosparging, phytoremediation, and permeable 

reactive barriers (PRB). Ex situ techniques include biopiles, windrows, and bioreactors.48 

PRBs are particularly relevant to this thesis. A PRB is defined as: 

‘An emplacement of reactive media in the subsurface designed to intercept a 

contaminated plume, provide a flow path through the reactive media, and transform the 

contaminant(s) into environmentally acceptable forms to attain remediation concentration goals 

down-gradient of the barrier.’10 

 

PRBs offer a number of advantages. They are passive, meaning they do not require 

energy input continuously, and in situ treatment means it is not necessary to bring contaminants 

to the surface. An issue with other methods of in situ bioremediation is they often necessitate the 

addition of growth substrates to keep microorganisms from dying out. This is often counteracted 

by using substrate injection or re-circulation wells, but bioactive PRBs should negate this 
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problem.49 Degradation is also preferable to the collection of contaminants in a different form or 

location (e.g. excavation or granulated activated carbon adsorption). In addition, there are fewer 

regulatory issues when there is no discharge from a treatment system like there is with pump and 

treat.43 The main categories of PRBs are funnel-and-gate and continuous. In funnel-and-gate 

systems, the contaminant plume is directed to a PRB by impermeable barriers. In a continuous 

system, a PRB is installed across the entire cross-section of the plume. Funnel-and-gate systems 

are more expensive in general, so their use is normally reserved for when the material of the PRB 

itself is costly.50 

Early era PRBs were generally made for treatment using zero valent iron. This can treat 

some contaminants, but there are limitations to the types of contaminants that can be degraded or 

sorbed.51 Other common PRB materials include activated carbon, zeolite, lime, apatite, sodium 

dithionite, transformed red mud, and alumina.52 Biobarriers were thus introduced in an attempt to 

broaden the scope of contaminants treatable by PRBs. These allowed for cheap material and/or 

substrate to be used in a PRB as a way to stimulate native or inoculated microorganisms that 

could degrade the contaminants.51,53,54 Aerobic biobarriers are desirable because there is a wide 

variety of contaminants that are efficiently removed by aerobic biodegradation. Petroleum 

hydrocarbons are one of the primary examples of this.52 The main issue is that these aerobic 

biobarriers quickly become oxygen limited, leading to contaminant breakthrough.55 In an attempt 

to overcome this, oxygen releasing compounds (ORC) have been added to some aerobic 

biobarriers. Examples of ORCs include calcium peroxide, hydrogen peroxide, and magnesium 

peroxide.52 A commonly used method of incorporating ORCs is by embedding these compounds 

in cement. Cement-embedded ORCs have shown the ability to adequately meet the oxygen 

demands of aerobic biobarriers for potentially months to years, but this technique also generally 
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results in a high pH that can negatively affect microorganisms.56,57 ORCs within cement may 

also be an issue at sites with high levels of organic carbon and dissolved iron as these can 

quickly deplete the released oxygen.58 

Anaerobic biobarriers are mainly structured around the degradation of nitrates, sulfates, 

and chlorinated solvents.52 For nitrates, cheap organic materials such as alfalfa, sewage sludge, 

manure, sawdust, wood waste, leaves, compost, and peat have been used.59–62 Sulfates and heavy 

metals have also been shown to be successfully removed using PRBs composed of woodchips, 

sawdust, sewage sludge, and leaves, although removal efficiency of sulfate decreased over 

time.63 Mulch and compost PRBs have been shown to effectively create bioactive zones and 

degrade PCE and TCE.64–66  

2.3 Rhodococcus rhodochrous Strain ATCC 21198 

Rhodococcus rhodochrous Strain ATCC 21198 (21198) is the strain of microbe used for 

all experiments presented in this thesis. Rhodococcus rhodochrous is a Gram-positive bacterium 

that has industrial uses, mainly for acrylamide production. It is also used in bioremediation for 

compounds including hydrocarbons and polychlorinated biphenyls.67 The genome of 21198 was 

sequenced in 2014.68 This strain is well-characterized at this point, and it has long been known to 

metabolize isobutane.69 21198 grown on isobutane has been shown to transform low and high 

levels of dioxane under aerobic conditions.8,9,70,71 It has also demonstrated the ability to 

cometabolically transform low levels of cDCE under aerobic conditions.9,71 A previous batch 

kinetic study established that 21198 maintains the ability to transform both dioxane and cDCE 

when co-encapsulated within gellan gum beads.9 Beads of the same material were used for 

several studies completed for this thesis. The short-chained alkane monooxygenase enzyme of 

21198 that transforms contaminants like cDCE and dioxane is inactivated when exposed to 
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acetylene.72,73 This allows for acetylene controls to be created in which the microorganisms 

remain alive and retain their ability to consume oxygen and substrates, but they are unable to 

degrade contaminants. Isobutane grown 21198 has also shown the ability to utilize 1-butanol and 

2-butanol as substrates. This is important because the orthosilicates known as tetra-butyl 

orthosilicate (TBOS) and tetra-s-butyl orthosilicate (T2BOS) have been shown to effectively 

hydrolyze and release 1-butanol and 2-butanol over time, respectively. Successful cometabolism 

of 1,1,1-TCA, dioxane, and cDCE has been demonstrated using TBOS and T2BOS as slow-

release growth substrates for 21198.9,73 Figure 2.1 presents the structures of TBOS and T2BOS, 

along with their hydrolysis products. 

Figure 2.1. Structural diagrams of TBOS (A) and T2BOS (B) demonstrating their hydrolysis into 

1-butanol and 2-butanol, respectively. 
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2.4 Cell Immobilization 

In general, cell immobilization involves capturing live cells in a matrix to increase the 

ability to use the cells for a purpose. Cell immobilization has been explored for a wide variety of 

cell types and immobilization agents. Immobilization offers a number of benefits compared to 

free cells. There is evidence that immobilized cells endure less biotic and abiotic stress, 

experience less toxicity from hazardous compounds, and have increased rates of survival and 

metabolism.74–81 These advantages are key as to why it is a beneficial method in bioremediation. 

Cell immobilization is used for other purposes as well. It is applicable across a variety of 

industries including food and dairy, pharmaceuticals, bioplastics, and biofuels.82 Immobilization 

may also involve enzymes or organelles in the place of cells.83 For the studies in this thesis, 

immobilization was primarily used as a way to co-encapsulate cells and a slow-release growth 

substrate necessary for the cometabolism of contaminants. The slow-release growth substrate 

was either 1-butanol or 2-butanol, which were slowly hydrolyzed from TBOS and T2BOS over 

time, respectively. 

Bacteria often function differently in natural settings when they are attached to surfaces 

as opposed to being free cells. Groups of bacteria attached to a surface together are known as a 

biofilm. Interacting with a solid matrix causes changes in bacterial characteristics, and bacteria in 

biofilms have behaviors and metabolisms that differ from when they are unattached.84–87 Other 

differences are that attached cells may show higher levels of activity and changes in gene 

expression.88,89 Microorganisms in biofilms can be viewed as a community that has a metabolism 

and a homeostasis condition. It has also been determined in a previous study that 

microorganisms in biofilms are at least 500 times more resistant to antiobiotics.84 Biofilms are 

commonly used as the basis of reactors that treat wastewater.90 In general, some of the benefits 
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of immobilized cells when compared to suspended cells are continuous utilization, higher cell 

density, higher activity, protection against acidification, protection against shear forces, and 

resistance to factors such as heavy metals, solvents, pH, and temperature.88,91–93 The 

effectiveness of the cell immobilization and its effects on biodegradation vary based on the 

bacterial species, carrier agent (gellan gum, alginate, etc.), initial mass of inoculum, and the 

culture’s conditions.94,95 Ideal carrier agents are non-toxic and light. They should also ideally be 

cheap, easily produced, and widely accessible.96,97 It is not always possible to find an agent that 

meets all of these requirements, but studies conducted in parallel to the work in this thesis 

focused on determining the ideal hydrogel bead formulation. 

Cell immobilization does possess issues. In some cases, decreased growth rate is 

observed for the immobilized cells. One reason for this is that oxygen and nutrients are not 

available throughout the entire hydrogel, especially in larger hydrogels. There are often a mass 

transfer limitations leading to more nutrients and oxygen being available on the edges of the 

hydrogel, so these are the areas that have the most cell growth.94,98–100 With cell encapsulated 

beads specifically, the larger the diameter of the bead, the lower the loading capacity and the 

higher the risk for cell death, known as necrosis.98 Smaller diameter beads have a lower 

resistance to oxygen transport into the bead.101–103 A previous study using the same gellan gum 

beads as used in this thesis attempted to create micro-beads of the same structure, but failed to 

encapsulate both the microorganisms and the slow-release substrates in the micro-beads.11 Other 

contributors to decreased growth rate in immobilized cell matrices may include a build-up of 

toxic byproducts and large cell growth occurring on the outer sections of the carrier, weakening 

the carrier as a whole.104 
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2.5 Gellan Gum 

Gellan gum was the main component of one of the two varieties of hydrogel beads used 

in this thesis. Gellan gum falls into the category of natural gums. Various natural gums were 

originally used primarily as food additives, but recent developments have led to their use in the 

pharmaceutical and medical fields.105 Gellan gum was first discovered to have commercial 

potential in 1978 by Kelco during a study of soil and water bacteria. Kelco is also notable for 

being the first company to commercially produce xanthan gum, a still widely used food additive 

for thickening and stabilizing.106 The product that later became known as gellan gum is secreted 

by the bacteria Sphingomonos elodea Strain ATCC 31461.107 It is a bacterial polysaccharide, and 

it was soon used as an alternative gelling agent to agar.108 Structurally, gellan gum is a 

tetrasaccharide that has a repeating sequence consisting of two ß-D-glucose residues, one ß-D-

glucuronate residue, and one α-L-rhamnose residue.109 Naturally synthesized gellan gum will 

sometimes have an acetyl group on one of the glucose residues (Figure 2.2), but commercially 

produced gellan gum is deacylated.106  

Figure 2.2. Structural diagram of naturally biosynthesized gellan gum showing the location of 

the acetyl group before being deacylated in the commercial production process.106 
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Gellan gum eventually became a food-grade product when it was approved in Japan in 

1988 and later in the US in 1992. This led to an increase in studies on its potential uses.110 Gellan 

gum became a relatively common carrier agent for immobilized cells. Gellan gum immobilized 

microorganisms of various types have been shown to biodegrade contaminants of concern, such 

as gasoline hydrocarbons, cyanide, carbazole, phenol, 1,1,1-trichloroethane, cDCE, and 

dioxane.9,111–114 

2.6 Alginate 

An alternative carrier agent to gellan gum is alginate, usually sold in the form of sodium 

alginate. It is a biopolymer and a polyelectrolyte that is biocompatible, non-toxic, and 

biodegradable, thus having several properties of a suitable carrier agent.115,116 Commercial 

alginate is extracted from the outer cell wall of brown algae like kelp and seaweed.117 Like gellan 

gum, alginate is a food-grade product with a history of use as a food additive. Alginate is a 

copolymer made of mannuronic acid (M) and guluronic acid (G). Units within the copolymer 

vary with subunits of double M blocks, double G blocks, and M and G blocks (Figure 2.3).118 

Figure 2.3. Diagram of the alginate copolymer structure illustrating MM, GG, and GM blocks.119 
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The composition of alginate can vary greatly, which affects the pore size of alginate gels. 

As the ratio of M to G increases, the average pore size decreases.120,121 Often, alginate is 

produced and sold in the form of sodium alginate. Sodium alginate has previously been shown to 

support cell immobilization of a variety of microorganisms. Using sodium alginate as a carrier 

agent, evidence has been generated supporting biodegradation of contaminants of concern such 

as pyrene, phenol, di-n- octyl phthalate, carbamazepine, atrazine, and cyanide.122–127 These 

studies vary between using sodium alginate as the sole carrier agent or using sodium alginate and 

another compound(s) to create an immobilization matrix. 

2.7 Polyvinyl alcohol 

Polyvinyl alcohol (PVA) is a vinyl polymer with carbon-carbon linkages. This linkage 

functions the same as the linkages in common plastics like polyethylene.128 PVA is produced by 

the hydrolysis of polyvinyl acetate. As such, PVA falls into two categories: fully hydrolyzed and 

partially hydrolyzed (Figure 2.4).129 The majority of hydrogels produced for the purpose of 

bioremediation, including the research conducted within in this thesis, use fully hydrolyzed 

PVA. It is water soluble and biodegradable, so it is regularly used in products like fertilizers, 

pesticides, and herbicides.128 An advantage of PVA as opposed to other immobilization matrices 

is that matrices composed of PVA have crystalline regions that act as physical crosslinks, which 

adds strength.130,131  
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Figure 2.4. Structural diagrams for PVA: (A) fully hydrolyzed; (B) partially hydrolyzed.129 

Using hydrogel beads made from PVA to immobilize cells is not a novel practice. These 

beads have a higher flexibility than beads made from natural polymers. Bead elasticity increases 

as the porosity increases.132 PVA immobilized microorganisms have been shown to survive the 

process of immobilization, but there is evidence of an initial loss of cell viability. Respiration 

rate for these beads increased over time, supporting that the microorganisms are able to grow up 

within the hydrogel matrix.133 Similarly to gellan gum and alginate, PVA has been shown to be 

an effective method for cell immobilization and biodegradation of a variety of contaminants of 

concern including phenanthrene, phenol, bisphenol A, nitrobenzene, dimethyl sulfoxide, alkanes, 

atrazine, and carbazole.134–141 

2.8 PVA/Sodium Alginate 

The combination of PVA and sodium alginate has commonly been used in hydrogels 

outside the realm of cell immobilization. It has been used in conjunction with antibacterial silver 

nanoparticles, nanohydroxyapatite, Provatex CP, clindamycin, nitrofurazone, graphene oxide, 

curcumin, and lutein.142–149 Much of this work is focused on pharmaceuticals rather than 

environmental remediation. This is because the PVA and alginate complex has been shown to 

effectively capture antibiotics and vitamins, which can then be released within the system over 
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time. While it falls under a different field, it is similar to using TBOS and T2BOS within a 

hydrogel to slowly release 1-butanol and 2-butanol.  

There is extensive evidence that the PVA and alginate complex is effective for cell 

immobilization. In some cases, this combination has been used with cells to produce specific 

compounds. Microorganisms immobilized in a PVA/alginate matrix have been used to produce 

ethanol, lactic acid, and glycolic acid.150–152 It has also been used for the degradation and 

removal of several compounds. Examples include biotransformation of fumaric acid, the removal 

of nitrogen from wastewater, the degradation of polycyclic aromatic hydrocarbons, ammonia 

oxidation, treatment of N,N-dimethylformamide, penicillin G degradation, and activated sludge 

immobilization for wastewater treatment.153–159 Using PVA and alginate can dependably 

immobilize cells for bioremediation, but it also leads to the production of a better overall 

hydrogel from a structural standpoint. This is important, as past studies and portions of the 

research completed within this thesis have demonstrated long-term issues with hydrogel 

integrity.11 PVA adds strength and crosslinking capacity to the hydrogel while alginate decreases 

the tendency of beads to agglomerate.160 

2.9 Embryonic Zebrafish Testing 

Zebrafish, Danio rerio, are an accepted biological model for toxicity testing with an 

extensive history of usage. This species is advantageous for a number of reasons. They are small 

and cheap, which allows for rapid, large studies to be conducted. They are a model organism 

because they are complex with metabolic pathways and organ systems that allow for a wide 

range of toxicological studies.161 Specifically, embryonic zebrafish testing was implemented as 

part of this thesis. Embryonic zebrafish assays are valuable as embryo development occurs ex 

vivo: outside of the parent. This allows for effects to be observed both easily and quickly. The 
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zebrafish only requires months to reach adulthood.162 Importantly, zebrafish embryos have 

functioning organs and a circulatory system by the 6th day after fertilization.163 This is especially 

relevant to this thesis as the embryonic zebrafish assays conducted were 5 days long. Even with 

such a short study period, it is possible to measure teratogenic effects. 

The developmental process of zebrafish embryos is well understood, and deviations from 

normal development should be easily discovered.164 The assay is able to measure lethality, 

teratogenicity, and phenotypic changes.161 Despite being a freshwater fish, zebrafish offer an 

acceptable alternative to mammalian studies that may have cost, time, difficulty, or ethical 

concerns. Researchers have found that the similarity between zebrafish and mammalian 

developmental toxicity studies ranges from 55-100%.165–167 Comparatively, the similarity 

between rats, mice, and rabbits is 56%.168 Specific zebrafish embryonic toxicity data for dioxane 

and cDCE, and products produced during their cometabolic treatment, is not readily available, 

and it is possible the data from this thesis is novel in that respect.  
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CHAPTER 3 – METHODS 

3.1 Chemicals 

A summary of the chemical compounds used within the following methods along with 

their manufacturers and purities is presented in Table 3.1. To use cDCE, a saturated stock 

solution was created. This was done by adding 1 mL of cDCE to a 27 mL vial. The vial was 

filled with DI water and capped with a butyl septum. The vial was allowed to equilibrate, and 

then the concentration of the aqueous phase was assumed to be the solubility limit for cDCE in 

water. This aqueous phase was used for cDCE additions in all experiments. 

Table 3.1. Summary of the chemical compounds used for the experiments conducted within this 

thesis, including manufacturer and purity. 

Compound Manufacturer Purity 

cDCE TCI >99.00% 

Dioxane Baker 99.00% 

Deuterated dioxane Sigma-Aldrich >99.00% 

Isobutane Gas Innovations 99.99% 

1-butanol Sigma-Aldrich 99.80% 

2-butanol Sigma-Aldrich 99.00% 

TBOS Gelest Inc. 97.00% 

T2BOS Gelest Inc. 95.00% 

Gellan gum C.P. Kelco -- 

  

3.2 Analytical Methods 

3.2.1 Headspace Sample Analysis 

Gas chromatographs (GC) were used to measure headspace levels of oxygen, cDCE, cis-

DCE epoxide, and isobutane. In all cases, a Hamilton 1710 Series Gastight Syringe was used to 

collect and inject 100 µL of headspace sample into the gas chromatograph. Oxygen (O2) was 

measured using a Hewlett Packard 5890 Series Gas Chromatograph with a thermal conductivity 

detector (GC-TCD) and a Supelco 60/80 Caroboxen 1000 capillary column. Helium was used as 
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the carrier gas, with a flow rate of 30 mL/min. O2 was measured using a ratio of the peak areas of 

O2 and nitrogen (N2), which had retention times of 4.1 and 4.3 minutes, respectively.  The oven 

temperature was maintained at 40°C. External standards for gas phase concentrations based on 

the eluted peak areas were used to determine headspace concentrations. 

cDCE and cDCE epoxide were both measured with a single method using a Hewlett 

Packard 6890 Series Gas Chromatograph equipped with a micro-electron capture detector (GC-

ECD) and an Agilent Technologies DB-624 UI capillary column. The carrier gas used was 

helium flowing at a rate of 15 mL/min. The isothermal oven temperature was kept at 50°C. 

cDCE and cDCE epoxide were eluted with retention times of 2.0 and 2.7 minutes, respectively. 

The standard used for cDCE yielded a limit of detection of 7 peak area, which corresponded to a 

gas concentration of 0.009 µM. The method was calibrated using external standards.  

Isobutane was measured using a Hewlett Packard 6890 Series Gas Chromatograph with a 

flame-ionization detector (GC-FID) and an Agilent Technologies 115-3432 GS-Q capillary 

column. Helium flowing at a rate of 15 mL/min was used as the carrier gas, and the oven 

temperature was 150°C. Isobutane had a retention time of 0.8 minutes. The method was 

calibrated using external standards. 

The method for converting liquid samples into headspace samples will be discussed in a 

future section. After determining the headspace concentration, liquid phase concentration was 

calculated using Equation 1: 

                                                                       𝐶𝐿 =
𝐶𝑔

𝐻𝑐𝑐
 , where,                                            Eqn 1 

              CL = Liquid Phase Concentration 

Cg = Gas Phase Concentration 

Hcc = Henry’s Law Constant 
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3.2.2 Liquid Sample Analysis 

Liquid phase concentrations of dioxane, 1-butanol, and 2-butanol were determined by 

first filling a 40 mL volatile organic analysis (VOA) vial with 25 mL of deionized (DI) water. 

For the dioxane measurement method, deuterated dioxane was used as an internal standard. 

Deuterated dioxane was added to the VOA vial such that the final concentration would be 5 

µg/L. Depending on the estimated dioxane concentration, 125 – 500 µL of batch bottle or 

column liquid phase sample was added to the VOA vial. For 1-butanol and 2-butanol, external 

standards were used to calibrate the method. A typical VOA vial in these cases would consist of 

50 µL of batch bottle or column sample and 25 mL of DI water.  

5 mL were removed from the VOA vials by a Teledyne Tekmar AQUATek100 

Autosampler, which then sent the samples to a Teledyne Tekmar Lumin PTC Purge and Trap. 

The samples were measured using a Hewlett Packard 6890 Gas Chromatograph equipped with a 

mass selective detector (GC-MS). Chromatographic separation was achieved using a Restk Rtx-

VMS capillary column. Single ion mode was used with the GC-MS to isolate the desired 

compound. Dioxane and deuterated dioxane had mass-to-charge (m/z) values of 88 and 96, 

respectively, with both peaks having a retention time of 7.1 minutes. 1-butanol and 2-butanol had 

m/z values of 56 and 45, respectively, with retention times of 5.2 and 5.9 minutes. Liquid 

concentrations were determined by comparing peak areas from samples to a standard curve of 

peak areas generated using known concentrations. Dioxane samples were diluted 50-200 times, 

such that the limit of detection was under 1 µg/L. 1-butanol and 2-butanol were diluted 400 

times, such that the limits of detection were 2 µg/L and 1 µg/L, respectively. 

Bromide concentrations were measured using a Dionex DX-500 ion chromatograph 

equipped with an electrical conductivity detector and a Dionex AS14 column. 0.6 mL liquid 
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samples were loaded into Dionex 0.5 mL PolyVials to ensure all vial space was filled. Dionex 

PolyVial filter caps were then inserted into the vials. Up to 8 of these vials were placed into a 

Dionex AS40 Autosampler rack, and the rack was placed on the Dionex AS40 Autosampler. The 

ion chromatograph was then run using an eluent composed of 0.37 g/L sodium carbonate and 

0.084 g/L sodium bicarbonate. The ion chromatograph results displayed bromide as a peak with 

a retention time of approximately 2 minutes. The peak area was measured to obtain a 

concentration value based on a calibration curve. Calibration curves were regularly obtained 

using bromide samples in DI water with known concentrations.  

Dissolved oxygen (DO) was initially measured for both the influent and effluent column 

media for the gellan gum bead packed column. The influent was measured by sampling 2-3 mL 

from the influent syringe directly into a VOA vial. A Hach sension156 liquid DO probe was used 

to measure the DO in mg/L. Effluent DO was measured by attaching a 5 mL disposable syringe 

to the column effluent line. After 2-3 hours, the syringe collected 2-3 mL of sample. This was 

then injected into a VOA vial and measured using the Hach sension156 liquid DO probe. It is 

important to note that while effluent DO values were typically in the 3-5 mg/L range, the true 

values were likely much closer to 0 mg/L. Based on tests with the disposable syringes, 2-3 hours 

was enough time for significant oxygen to diffuse into the sample. Even when the effluent had a 

strong sulfur odor, suggesting anaerobic activity, effluent DO levels were in the 3-5 mg/L range, 

which was determined to be the detection limit for DO when collecting samples for measurement 

from the gellan gum bead column. 

DO was measured using the same method for the PVA/SA bead packed column. Because 

this column was operated at twice the flow rate for the majority of its run time, the effluent could 

be collected more quickly prior to DO measurement. This meant there was less time for outside 
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oxygen to seep into the sample. As such, DO values around 2 mg/L, as opposed to 3-5 mg/L, 

were obtained in the presence of the sulfur odor, again suggesting anaerobic activity. ~2 mg/L 

was thus considered the detection limit for the PVA/SA column. 

3.3 Cell Culture and Harvest 

For the hydrogel beads used in this thesis, it was necessary to grow and harvest cells to 

use for co-encapsulation with SRSs. All encapsulated beads contained a pure culture of 

Rhodococcus rhodochrous strain ATCC 21198, which was initially obtained from Dr. Michael 

Hyman of North Carolina State University. Mineral salt media (MSM) plates with an added 

fungicide, nystatin at 24 mL/L of a 10,000 unit/mL solution, were used to streak plate Strain 

ATCC 21198. Plates were stored in an airtight canister with isobutane in a 30°C room. Microbial 

work was always done within a sterile laminar flow hood or biosafety cabinet. 

Growth reactors were prepared as the first step toward immobilizing cells. Each growth 

reactor was created using a 500 mL glass Wheaton bottle. 300 mL of phosphate buffer MSM was 

used as the base for each reactor (Table 3.2). In the laminar flow hood, a flamed culture loop was 

then used to transfer a loop of Strain ATCC 21198 from the MSM plate to each growth reactor. 

The growth reactors were capped, and 50 mL of isobutane was added into the reactor through the 

septum. The growth reactors were then stored in a 30°C room on a 150 revolutions per minute 

(rpm) shaker table. After 4-5 days, the growth reactors were opened in the laminar flow hood and 

a loop of liquid from each the reactors was streaked onto a tryptic soy glucose agar (TSGA) 

plate. This TSGA plate was divided such that each reactor had an isolated streak. The TSGA 

plate was sealed with parafilm and stored at 30°C to serve as a check for microbial 

contamination. The growth reactors were recapped and given an additional 50 mL of isobutane 
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through the septum, which is known as refreshing the reactors. They were then returned to the 

shaker table in the 30°C room. 

Table 3.2. Chemical composition of the phosphate and carbonate buffered MSM solutions. 

Compound 
Phosphate MSM 

Concentration (g/L) 

Carbonate MSM 

Concentration (g/L) 

NH4Cl 2.0 2.0 

MgCl2*6H2O 0.075 0.075 

(NH4)2SO4 0.10 0.10 

EDTA 0.010 0.010 

ZnSO4*7H2O 4.4E-03 4.4E-03 

CaCl2 1.0E-03 0.60 

MnCl2*4H2O 1.0E-03 1.0E-03 

FeSO4*7H2O 1.0E-03 1.0E-03 

(NH4)6Mo7O24*4H2O 2.2E-04 2.2E-04 

CuSO4*5H2O 3.0E-04 3.0E-04 

CoCl2*6H2O 3.4E-04 3.4E-04 

NaHCO3 -- 1.3 

K2HPO4 1.6 -- 

NaH2PO4 0.85 -- 

pH 7.0 7.0 

 

The day after refreshing, the reactors were placed in the laminar flow hood, along with 6 

disposable 250 mL centrifuge tubes. The contents of all reactors were poured with an even 

distribution into the centrifuge tubes. The centrifuge tubes were capped and moved to the 

centrifuge, where they were centrifuged for 15 minutes at 4000 relative centrifugal force (RCF). 

When the centrifuge cycle was complete, the supernatant from each tube was poured out as 

waste. 50 mL of 50 mM NaH2PO4 phosphate buffer was poured into each centrifuge bottle, and 

then the bottles were centrifuged again at the same settings. The supernatant was again poured 

out as waste, and 10 mL of the phosphate buffer was added to one of the centrifuge bottles. The 

bottle was shaken to resuspend the cells. This solution was poured into the next bottle, and those 

cells were then resuspended as well. This process was completed for all 6 bottles. The 
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concentrated cell solution remaining in the final bottle was then collected in a 50 mL Falcon tube 

and stored at 4°C.  

To determine the total suspended solids (TSS) concentration of the concentrated cell 

solution, two weigh tins and two 45 µm membrane filter papers were first retrieved. One filter 

paper was placed in each weigh tin, and the combined mass was recorded for each. An 

Erlenmeyer vacuum flask and a filter funnel with tubing were then set up so a vacuum was 

formed with the filter funnel. One of the filter papers was placed on top of the funnel and slightly 

wetted to secure it. 400 µL of the concentrated cell solution was then pipetted on top of the 

vacuumed filter paper. The filter paper was then placed in one of the weigh tins and moved to the 

103°C drying oven. This process was then repeated for the second filter paper and weigh tin. 

After 20-30 minutes, both tins were moved to the desiccator and allowed to cool. The mass of 

each filter paper and weigh tin combination was recorded again, with the difference between the 

new mass and the original mass all divided by the 400 µL to find the TSS. The two TSS values 

were averaged to find the TSS of the remaining cell concentrate which was then used for 

hydrogel bead immobilization. 

3.4 Cell Immobilization 

3.4.1 Gellan Gum Beads 

Gellan gum beads with 21198 co-encapsulated with TBOS and T2BOS used in this study 

were created by Alisa Bealessio, a former student. The method for bead production of both 

TBOS and T2BOS gellan gum beads with 21198 is thoroughly described in the 2018 thesis of 

Mitchell Rasmussen11. Beads possessed 0.5 mg TSS/mL bead. The batch of TBOS and T2BOS 

beads were made 8 months and 3 months prior to their use in this work, respectively. Beads were 
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stored in the 4°C fridge after their production. All beads were washed 3 times with carbonate 

buffer media (Table 3.2) before beginning the experiments. 

3.4.2 Polyvinyl Alcohol/Sodium Alginate Beads 

Bead optimization tests were conducted in parallel to the studies in this thesis. Through 

this work, a polyvinyl alcohol/sodium alginate (PVA/SA) bead for use in these studies was 

developed using the following method. This method was obtained through personal 

communication with Conor Harris, who developed the fabrication method.169 A 4.6% (w/v) PVA 

solution was prepared by dissolving the appropriate amount of PVA in autoclaved water at 80°C. 

A 5.1% (w/v) sodium alginate solution was prepared by dissolving the appropriate amount of SA 

in autoclaved water at room temperature. The solutions were mixed at a 1:1 ratio with an 

impeller blade until fully combined. Span80, a nonionic surfactant, was added at a concentration 

of 0.1% (v/v) and followed by the addition of TBOS at a concentration of 10% (v/v). Once the 

solution was emulsified and homogeneous, 21198 cells were added at a concentration of 0.5 

mg/mL. The final concentration of PVA and SA was 2.0% (w/v) and 2.2% (w/v), respectively. 

This was selected due to this combination demonstrating bead durability while maintaining the 

ability for cometabolism of contaminants. The solution was then extruded through a syringe with 

an 18-gauge needle at 12 mL/hr into a crosslinking solution of boric acid (BA) and calcium 

chloride (CaCl2) at 3.0% (w/v) and 1.5% (w/v), respectively. The beads were crosslinked for 75 

minutes. Finally, beads were removed from the crosslinking solution and washed three times 

with DI water. The completed beads were stored in DI water at 4°C. The beads used within the 

column were stored for one night before packing. The beads used for the abiotic hydrolysis tests, 

described in Section 3.4, were stored for 3 weeks before being added to the batch bottles. 
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3.5 Batch Bottle Reactor Studies 

Batch reactor kinetic studies were completed using the gellan gum beads to confirm the 

long-term effectiveness of cometabolism and durability. This was done primarily to verify the 

results of a previous study completed by Mitchell Rasmussen, a former student, and the methods 

from this study were closely followed, with the primary difference being the mass of beads 

used.11 Ten 155mL glass Wheaton bottles with septa lids were originally filled with 100mL of 

carbonate buffer MSM (Table 3.2). 8 grams each of 5% (w/w) T2BOS beads were added to 7 of 

the bottles. 3 grams each of 5% (w/w) TBOS beads were added to 2 of the bottles due to there 

being a limited sample of these beads. The final bottle without beads served as an abiotic control 

to measure contaminant losses due to the septum or leakage. Two of the T2BOS bottles were 

made into poison controls by adding sodium azide to create a 0.2% (w/v) solution in the bottle. 

These would allow for measurement of the abiotic hydrolysis of T2BOS into 2-butanol. 10% of 

the headspace in 2 of the other T2BOS bottles was filled with acetylene to create controls that 

would block the monooxygenase enzymes and prohibit cometabolism.72,73 The final three 

T2BOS bottles and both TBOS bottles were live to assess metabolism and cometabolism. All 

construction steps were conducted in the laminar flow hood to avoid contamination. 

Controls were allowed to equilibrate for 1 hour before contaminant addition. Dioxane 

was added to each reactor to create an initial concentrate of ~200 µg/L. O2¸ 2-butanol, 1-butanol, 

and dioxane levels were measured at regular intervals throughout the course of the experiments. 

For liquid samples, approximately 1 mL of solution was removed from each bottle using a 

disposable 5 mL syringe. The 1 mL sample was then filtered using a 25 mm 1 µm VWR 

polytetrafluoroethylene (PTFE) membrane syringe filter into a 2 mL plastic sample tube. 0.2 µm 

filters were not used because bead particles rapidly clogged these filters and made them 
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unusable. The sample tubes were stored at 4°C, if they were not immediately used for analysis. 

cDCE at approximately 200 µg/L was added to all the bottles after 13 days of incubation. Once 

contaminants were depleted, further spikes of dioxane and cDCE were added throughout the 

course of the experiment. After 90 days, the non-control batch bottles were refreshed with media 

to return the volume to 100 mL in each bottle. The same process was repeated after 188 days, for 

the TBOS bottles only, in preparation for the zebrafish toxicity testing experiment. 

PVA/SA beads were also used to conduct an abiotic hydrolysis test for production of 1-

butanol. The setup for this was similar to the poison controls for the gellan gum beads. 100 mL 

of carbonate buffer MSM each was added to two 155 mL glass Wheaton bottles with septa lids. 

Two grams of the PVA/SA beads were added to each bottle. Sodium azide was then added to 

create a 0.2% (w/v) solution in each bottle. The bottles were placed in a 20°C room on a 100-rpm 

shaker table for the extent of the experiment. Liquid samples of 0.5-1 mL were taken regularly 

and filtered using 25 mm 0.2 µm VWR PTFE membrane syringe filters. The volume removed 

was logged in order to calculate the total mass of compounds within the bottles over time. 

Samples were stored in 2 mL plastic sample tubes. Generally, samples were analyzed 

immediately upon collection, but in some cases the tubes were stored for a short period of time at 

4°C. 1-butanol analysis was completed for the samples as described in the liquid sample analysis 

section. 

3.6 Column Experiments 

3.6.1 Gellan Gum Bead Column 

A column study was completed using the gellan gum beads to determine the long-term 

ability to cometabolize contaminants in a situation more similar to that of a PRB. The column 

study was conducted in a 20.3 cm long Ace Glass Inc. cylindrical glass column with a diameter 
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of 3.18 cm. The following procedure was used to pack the column and determine the porosity 

after packing. The column was weighed both empty and filled with water. It was then packed 

with 5% (w/w) T2BOS gellan gum beads within a laminar flow hood. Beads were rinsed with 

10x diluted phosphate buffer MSM (Table 3.2) prior to being added to the column. The bead-

filled column was then purged with nitrogen for an hour to drain as much liquid as possible. The 

column was weighed again before being filled with 10x diluted phosphate buffer MSM and then 

weighed a final time. These column masses were used to estimate a porosity and an HRT. The 

difference in the column mass between the column when filled with nitrogen purged beads and 

the column when filled with beads and media was determined. This difference represented the 

mass of liquid in the column, which was then divided by the density of liquid media to estimate 

the pore volume (PV).  The mass of liquid was divided by the combined mass of the beads and 

liquid to estimate the porosity.  

The column was then prepared for use in a bromide tracer study to measure retardation of 

compounds through the bead pack and for use in a study determining the long-term ability of the 

beads to cometabolize contaminants. The column was covered with aluminum foil and vertically 

attached to a frame. Plastic tubing was attached to the influent and effluent ends of the column 

using Swagelok connectors. All connectors were wrapped with Swagelok PTFE thread sealant to 

prevent leaks. A Hamilton 1000 Series 100 mL gastight glass syringe was attached to the influent 

line. This syringe was filled with 10x diluted phosphate buffer MSM (Table 3.2) and 30 mg/L 

bromide to complete a bromide tracer study. The syringe was connected to a ThermoScientific 

Orion M361 Sage Syringe Pump and operated at the rate of 1 mL/hr. The column effluent was 

attached to a 2 mL amber glass sample vial using a needle through the vial’s septum cap. This 
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allowed for effluent samples to easily be collected by switching out the glass vial. A diagram of 

the column set-up is shown in Figure 3.1.  

 

Figure 3.1. Diagram of the T2BOS gellan gum bead column set-up. 

The glass vial had another needle and tubing combination driven through its septum that 

allowed for effluent sample to be transferred from the sample vial to a 500 mL glass Wheaton 

Influent Media 

Effluent Waste 

Column 

Vial 
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bottle once the sample vial was filled. When the effluent collection bottle became full, it was 

autoclaved and its contents were poured into the proper hazardous waste disposal bin. The entire 

system was located under a hood operated at a low rate of ventilation. 

Initially, the media being fed into the column had no oxygen amendments. To counter a 

demonstrated oxygen deficiency, oxygen in the influent media was increased by making it 

saturated with O2 by purging the media bottle headspace with pure O2 and then attaching a 1 L 

gas bag filled with pure O2 to the bottle at 27 PV. After 34 PV, when it was determined there was 

still not enough DO to meet the column’s demands, the addition of 50 mg/L of hydrogen 

peroxide (H2O2) to the media replaced this method. It was lowered to 25 mg/L at 52 PV into the 

experiment and returned to 50 mg/L at 58 PV. When the column was paused for a stop-flow test 

at 88 PV, the H2O2 level was raised to 100 mg/L once the column was restarted after 27 days. 

Upon start-up of the column, the media being fed into it had approximately 30 mg/L of 

bromide in addition to the 10x diluted phosphate buffered MSM. Effluent samples were taken 

regularly to run on the ion chromatograph (IC) to generate a bromide breakthrough curve. 

Bromide analysis was completed as described in the liquid sample analysis section. This process 

was continued until the column’s effluent bromide level became constant, at which point the 

bromide was removed from the influent media. Bromide levels continued to be measured in the 

column effluent until the concentration fell below the detection limit. 

Once the bromide tracer test was complete, cDCE and dioxane were added to the influent 

of the column at concentrations of approximately 300 and 200 µg/L, respectively, at 52 PV. 

Addition was done by pipetting directly into the Hamilton 1000 Series 100 mL gastight glass 

syringe and was always done within a fume hood. Effluent sample vials were regularly collected 

to conduct both liquid and gas analysis. From the vials, samples were drawn up using a 
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disposable syringe and then filtered through a 25 mm 0.2 µm VWR PTFE syringe filter into a 2 

mL disposable sample tube. If not prepared for analysis immediately, these samples were stored 

in the 4°C refrigerator. Samples were ready for dioxane and 2-butanol analysis at this point, 

which was completed as described in Section 3.1.2. For cDCE analysis, 1 mL of each sample 

was injected into another 2 mL glass vial with a septum cap. These vials were vortexed for 1 

minute to allow for equilibration with the headspace and were then measured for cDCE as 

previously describedin Section 3.1.1. cDCE was removed from the influent media after the fast-

flow test at 78 PV. Dioxane was removed from the influent media when the column was 

restarted after the stop-flow experiment at 88 PV.  

To confirm that cDCE epoxide was being produced in the column, a fast-flow test was 

conducted at 75 PV of the column experiment. The influent media syringe was filled with 80 mL 

of 10x diluted phosphate buffer MSM, 50 mg/L H2O2, 300 µg/L cDCE, and 200 µg/L dioxane. 

This 80 mL was then injected into the column at a rate of 90 mL/hr instead of the regular 1 

mL/hr. Effluent media samples were collected in the usual 2 mL glass vials approximately every 

10 minutes until the influent syringe was emptied. Samples were analyzed for 2-butanol, 

dioxane, cDCE, and cDCE epoxide using the methods described in Section 3.1. The influent 

flow was then returned to 1 mL/hr. cDCE was removed from the column influent at this point, 78 

PV, leaving dioxane as the sole contaminant addition. 

At 88 PV of the gellan gum column experiment, flow was paused for 27 days. During this 

time, the column was left at room temperature with no alterations. No sampling occurred during 

this period. When the flow was resumed, dioxane was removed from the influent media. At that 

point, the influent feed solution consisted of 10x diluted phosphate buffer MSM and 100 mg/L 

H2O2. Flow was resumed at the normal 1 mL/hr rate. Effluent sampling was resumed for the 
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measurement of DO, dioxane, cDCE, cDCE epoxide, and 2-butanol levels. The column study 

was concluded at 78 PV. All adjustments made to the column are summarized in Table 3.3.  

Table 3.3. Summary of the influent feed solution adjustments made to the gellan gum bead 

column throughout its operation. Flow was paused for 27 days at 88 PV. 

Pore Volumes Flow Rate (mL/hr) DO/H2O2 (mg/L) cDCE (µg/L) Dioxane (µg/L) 

0 – 27 1.0 DO = 8.0 0 0 

27 – 34 1.0 DO = 15 0 0 

34 – 52 1.0 H2O2 = 50 0 0 

52 – 58 1.0 H2O2 = 25 300 200 

58 – 75 1.0 H2O2 = 50 300 200 

75 – 78 90 H2O2 = 50 300 200 

78 – 88 1.0 H2O2 = 50 0 200 

88 0 N/A N/A N/A 

88 – 117 1.0 H2O2 = 100 0 0 

 

3.6.2 PVA/SA Bead Column 

A column study was also completed using the PVA/SA beads co-encapsulated with 

TBOS and 21198 to determine the efficacy of long-term cometabolism of contaminants and to 

compare results to the gellan gum bead column as well as previous hydrogel bead column 

studies. This study was also completed to measure possible toxic products generated during 

cometabolism through the use of embryonic zebrafish toxicity studies. A 10.2 cm long Ace Glass 

Inc. glass column measuring 3.18 cm in diameter was packed with the beads and the porosity 

was estimated by weighing the column when filled with media and when filled with beads. The 

initial set-up of this column was very similar to the set-up of gellan gum bead column described 

in Section 3.5.1 and diagramed in Figure 3.1. Notable differences include that this column 

possessed 3 side ports with rubber endcaps from which spatial sampling could be conducted.  

These side ports protruded from the column such that the column was no longer a perfect 

cylinder. The influent solution used in this column was also different (Table 3.4) in order to 
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avoid toxicity to zebrafish embryos in control samples. The media was a combination of a 

synthetic groundwater formulation plus 200x diluted phosphate MSM supplying added nutrients. 

This column was packed with glass beads (120 4mm soda lime beads) to enable sampling of 

biofilms that might develop during column operation and to act as a filter for bead particle to 

prevent clogging. 50 were packed at the entrance of the column, 20 were spread within the 

PVA/SA bead pack, and 50 were packed at the end of the column. 

Table 3.4. Chemical composition of the initial influent feed solution used in the PVA/SA bead 

column study prior to the addition of H2O2, cDCE, and bromide. 

Compound Concentration (mg/L) 

(NH4)2SO4 0.50 

(NH4)6Mo7O24*4H2O 1.1E-03 

CaCl2 28 

CaSO4 95 

CoCl2*6H2O 1.7E-03 

CuSO4*5H2O 1.5E-03 

EDTA 5.0E-02 

FeCl2*4H2O 6.0E-02 

FeSO4*7H2O 5.0E-03 

K2HPO4 7.8 

KCl 1.2 

MgCl2*6H2O 0.38 

MgSO4 100 

MnCl2*4H2O 5.1E-03 

MnSO4*H2O 0.11 

NaF 0.35 

NaH2PO4 4.3 

NaH2PO4*H2O 4.0E-02 

NaHCO3 80 

NaNO2 0.20 

NH4Cl 10 

NH4NO3 0.60 

ZnSO4*7H2O 4.4 

 

The column was weighed while filled with dried beads and while filled with beads and 

media to determine the PV and porosity as described in the previous section. The volume of 1 
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PV was determined to be 28 mL. Before beginning flow through the column, a constant head test 

was conducted. This consisted of using a funnel filled with media at a constant head that was 

connected to tubing that ran through the bottom of the column and out of the top of the column. 

Effluent was collected in a graduated cylinder and tests were done at varying head differentials 

(16, 12.5, and 9 inches) in triplicate to determine the length of time for 20 mL to flow through 

the column. The goal of this was to collect data at column start-up and then to conduct the same 

test after a period of time running the column to determine changes in permeability. Once this 

test was completed, the column was started up with 50 mg/L H2O2, 200 µg/L cis-DCE, and 50 

mg/L bromide in the aforementioned media at a rate of 1 mL/hr. The bromide was added to 

complete a bromide tracer test and determine the column breakthrough curve. The media 

solution was added using a 100 mL Hamilton 1000 Series Gastight Syringe attached to a 

ThermoScientific Orion M361 Sage Syringe Pump. The column setup in terms of the methods 

for sample collection, influent addition, and general setup of the column and connected tubing 

was identical to that of the gellan gum bead column. Sampling for DO, cis-DCE and bromide 

was conducted as described previously in Section 3.5.1. Bromide was removed from the column 

influent when the effluent bromide levels reached a steady state. Bromide was measured in the 

column effluent until it fell below the detection level. 

In addition to influent and effluent samples, side port samples were also collected. This 

was done by taking 1 mL of sample, using a plastic 1 mL disposable syringe and needle, from 

each side port, working from the top port to the bottom port. Samples were filtered with a 25 mm 

0.2 µm VWR PTFE syringe filter before conducting sample analysis for cDCE, cDCE epoxide, 

and 1-butanol as described in Section 3.1. A summary of the changes made to the column over 

the course of its operation is presented in Table 3.5. 
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Table 3.5. Summary of the adjustments made to the PVA/SA bead column throughout its 

operation. Samples were collected for embryonic zebrafish toxicity testing at 30 PV and 97 PV. 

Pore Volumes Flow Rate (mL/hr) pH H2O2 (mg/L) cDCE (µg/L) 

0 – 6.9 1.0 7.0 50 200 

6.9 – 26 1.9 7.0 100 200 

26 – 44 1.9 7.0 200 200 

44 – 64 1.9 7.5 200 200 

64 – 88 1.9 7.5 250 200 

88 – 97 1.9 7.9 250 200 

 

3.7 Embryonic Zebrafish Toxicity Testing 

 Embryonic zebrafish toxicity testing was completed to measure possible toxic 

compounds generated in the process of aerobic cometabolism of contaminants. This was first 

done for the TBOS gellan gum batch bottles by taking samples prior, during, and after 

contaminant transformation. This was done by collecting 2 mL of sample from each of the 2 

bottles after a long period of exposure to no contaminants. These samples were collected in 2 mL 

screw-top glass vials with septum caps to avoid any headspace that could lead to volatilization of 

compounds. The TBOS bottles were then spiked with ~200 µg/L cDCE and samples were 

collected using the same method. After a significant amount of the cDCE had been transformed, 

samples were collected again. Once nearly all the cDCE was transformed but cDCE epoxide 

remained, more samples were collected. Final samples were taken when no cDCE or cDCE 

epoxide remained in the bottles. 

For the PVA/SA column, samples for embryonic zebrafish toxicity testing were initially 

collected at 30.1 PV. In an effort to avoid disrupting the column’s flow, only samples of 2 mL 

each were taken from the top and bottom ports as described in Section 3.5.2. 12 mL samples 

were collected from the influent by disconnecting the influent line from the column and speeding 
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up the syringe pump. 12 mL were collected from the effluent by replacing the normal 2 mL 

effluent sample vial with a 12 mL sample vial and allowing it to fill overnight. A second 

sampling period for the PVA/SA column was conducted at 96.5 PV, collecting only influent and 

effluent samples using the same method.  

Samples were then transported to the Sinnhuber Aquatic Research Laboratory located off 

the campus of Oregon State University for embryonic zebrafish testing. During transport and 

storage, samples were kept at 4°C or held on ice. The embryonic zebrafish toxicity testing was 

conducted by members of the Sinnhuber Aquatic Research Laboratory, and the full method is 

described thoroughly in Truong, et al. 2017.170 Embryos were evaluated for the presence or 

absence of mortality, a curved or bent axis, brain malformations or necrosis, malformed, missing, 

or smaller than normal eyes, snouts, or jaws, heart or yolk sac malformations, pericardial or yolk 

sac edema, malformations of the lower trunk, lack of circulation or improper swim bladder 

formation, notochord distortions, lack of pigmentation, nonresponse to touch, and whether the 

organism was upright or laying on its side. This information is summarized in Table 3.6. 

Statistical significance was also determined by the Sinnhuber Lab using Fisher’s exact test. 
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Table 3.6. Summary of embryonic zebrafish toxicity testing endpoints with abbreviations used in 

results plotting. 

Abbreviation Endpoint 
Timepoint 

(hpf) 

MO24 Mortality at 24 hpf 24 

SM24 Spontaneous movement 24 

MORT Dies between 24 and 120 hpf 120 

AXIS Curved or bent axis in either direction 120 

BRN Brain malformations or necrosis 120 

CRAN 
Malformed, missing, or smaller than normal eye, snout, and/or 

jaw 
120 

EDEM 
Heart and/or yolk sac malformation, pericardial or yolk sac 

edema (fluid around the heart) 
120 

LTRK Malformation of the lower trunk, including caudal fin region 120 

MUSC 
Lack of circulation, malformation or disorganized/missing 

somites, and improper swim bladder formation 
120 

NC_ Notochord distortion 120 

PIG_ Lack of pigmentation or overpigmentation 120 

TR Not responsive to touch 120 

SIDE Upright or laying on its side 120 

 

3.8 Bead Compression Testing 

Beads were tested for durability by conducting compression tests on individual beads. 

The method for this test currently not published, but it was obtained from personal 

communication its developer, Conor Harris.169 Compressibility of beads was measured for the 

gellan gum bead column on beads prior to use in the column and on beads taken from the 

influent and effluent sections of the column after shutdown. The basis of this test was to 

determine how much compression pressure the beads were able to endure individually as a way 
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of measuring the strength of the beads. Each bead was compressed between two parallel plates 

on an ARG2 rheometer. The stress (force/bead area) was measured versus the strain. The 

compressive modulus was determined as the slope of the linear reversible portion of the resultant 

data before the bead experienced deformation. 
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CHAPTER 4 – BATCH REACTOR STUDIES 

Batch bottle reactors were created to measure the long-term efficacy of gellan gum beads 

on the basis of their contaminant transformation potential and durability. These studies were 

similar to previous studies conducted using gellan gum beads.9 The main objectives here were to 

verify the results from these previous studies and to measure for potential toxicity created by the 

beads using embryonic zebrafish toxicity testing. Batch bottle reactors were created using gellan 

gum beads containing T2BOS TBOS as an SRS. Abiotic and acetylene controls were created that 

demonstrated that any significant loss of contaminant mass could be attributed to transformation 

by the 21198 encapsulated within the beads. The experimental reactors were exposed to several 

additions of dioxane and cDCE to measure the long-term ability to transform the contaminants 

through aerobic cometabolism. Bead durability was also quantitatively determined through 

observations. The full results of these batch bottle studies are thoroughly described in the 

following sections. 

4.1 T2BOS Batch Bottle Reactors 

Batch bottle reactors were prepared as described in the methods section (3.5), using 

isobutane grown 21198 coencapsulated with T2BOS in gellan gum hydrogel beads. 8 grams of 

beads with 0.5 mg TSS / g bead were added to each bottle. Dioxane was added at the time the 

reactors were created, and cDCE was added on day 13. Oxygen within the reactors was 

measured throughout the course of the study. Results for the mass of oxygen, dioxane, and cDCE 

within the T2BOS batch reactors and the measured cDCE peak area within the reactors are 

displayed in Figure 4.1. Oxygen results illustrate time periods where there may have been 

insufficient oxygen to transform contaminants. Results for the acetylene controls are displayed in 

Appendix A.1. 
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Figure 4.1. Mass of oxygen, dioxane, and cDCE, along with cDCE epoxide peak area, measured 

in the T2BOS batch reactors over time. Results from the abiotic control are also displayed. 

Media was refreshed in the non-control reactors on day 90. 

 

Dioxane did not significantly decrease in the experimental reactors until after the addition 

of oxygen on day 18. After 33 days of incubation, dioxane fell below detection in the triplicate 

reactors. A second addition of dioxane on day 60 led to complete depletion in the triplicate 

reactors on day 74. When the reactors were exposed to approximately 5 times the mass of 

dioxane on day 95, it took significantly longer to transform it. The reactors were at a low level of 

oxygen at the time of the first addition of cDCE. Significant transformation of cDCE did not 
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occur until additional oxygen was added on day 18. In the reactors T2BOS 1 and T2BOS 2, 

cDCE was transformed to below detection by day 25, while reactor T2BOS 3 reached this point 

by day 29. This is consistent with the dioxane results, which showed that T2BOS 3 took more 

time to transform the initial addition. cDCE epoxide formation, a transformation product of 

cDCE, was observed once cDCE levels began to decrease in the bottles. This supported that 

cDCE depletion was due to aerobic cometabolism from 21198 facilitated by the monooxygenase 

enzyme. This epoxide rapidly disappeared once the cDCE was depleted, which indicates that the 

21198 was also able to transform this compound. Peak area given by the GC-ECD was measured 

due to the lack of a cDCE epoxide standard. 

The first-order transformation rates for dioxane are summarized in Table 4.1. While the 

rates for the first two T2BOS reactors stayed relatively the same between the initial spike and the 

second addition, the rate increased by 8-fold for T2BOS 3. The biomass within this reactor likely 

increased over time. However, the rate was double in T2BOS 3 for the second addition when 

compared to T2BOS 1 and T2BOS 2. There was significant variability even between triplicate 

reactors. It should be noted that the final addition of dioxane was ~6 times as large as the 

previous two additions, which may have impacted the first-order rates of transformation as well 

as impacted the health of the biomass. 

Table 4.1. First-order dioxane transformation rates for the T2BOS gellan gum batch bottle 

reactors based on the day the contaminant was added. Rates are normalized to the initial mass of 

beads.  
T2BOS 1 T2BOS 2 T2BOS 3 

Day Rate (1/d-g bead) Rate (1/d-g bead) Rate (1/d-g bead) 

0 0.028 0.030 6.9E-03 

60 0.034 0.027 0.057 

95 9.8E-03 7.2E-03 8.0E-03 
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All three T2BOS non-control bottles were subjected to five additions of cDCE. The first 

order rates of transformation for these spikes are summarized in Table 4.2, normalized to the 

mass of beads initially in each reactor. Rates were not obtained for each addition in every bottle 

due to an insufficient number of data points in some cases.  

Table 4.2. First-order cDCE transformation rates for the T2BOS gellan gum batch bottle reactors 

based on the day the contaminant was added. Rates are normalized to the initial mass of beads.  
T2BOS 1 T2BOS 2 T2BOS 3 

Day Rate (1/d-g bead) Rate (1/d-g bead) Rate (1/d-g bead) 

13 0.028 8.0E-03 0.029 

32 0.11 0.13 0.11 

53 0.098 0.11 0.13 

60 0.048 0.047 0.082 

95 0.043 0.043 0.031 

 

As with dioxane, the rate of transformation increased from the first addition to the second 

addition for each of the three reactors. However, the rates then decreased with successive 

additions. The final addition of cDCE occurred concurrently with the largest addition of dioxane, 

which could partially explain the lower rates. It is possible this amount of dioxane negatively 

impacted the microbial biomass or moderately inhibited cDCE transformation. However, the 

media was refreshed on day 90 in these bottles, which should have led to more microbial growth 

due to an influx of nutrients. This was not evident based on either the cDCE or the oxygen 

results. With this final addition, the peak cDCE epoxide was lower than during any of the other 

additions, further supporting a lower rate of transformation and a smaller microbial community. 

A greater amount of cDCE epoxide would indicate that the cDCE was being transformed more 

rapidly. Conversely, the highest levels of cDCE epoxide were measured after the second cDCE 

addition, which is also when the highest rates of transformation were recorded. Oxygen levels 
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remained fairly constant after the final cDCE addition despite cometabolic transformation taking 

place.  

The rates of oxygen consumption for each addition are displayed in Table 4.3. For these 

batch bottle reactors, oxygen consumption followed a first-order trend. Oxygen consumption 

increased from the first addition to the second addition, suggesting a higher microbial presence. 

However, oxygen consumption decreased with successive additions. The rate eventually slowed 

such that a rate could not be estimated. It is speculated that the rate of oxygen consumption was 

lower than the rate that oxygen entered the reactors during liquid sampling due to a vacuum that 

developed and leaks through the septa. The septa had not been replaced and were punctured 

many times. 

Table 4.3. First-order rates for oxygen utilization within the T2BOS gellan gum bead batch bottle 

reactors normalized to the initial mass of beads.   
T2BOS 1 T2BOS 2 T2BOS 3 

Day of Spike Rate (1/d-g bead) Rate (1/d-g bead) Rate (1/d-g bead) 

0 9.0E-03 0.010 0.016 

18 0.029 0.028 0.020 

26 2.7E-03 2.5E-03 2.1E-03 

67 6.1E-04 5.6E-04 4.9E-04 

 

Figure 4.2 shows a comparison between the T2BOS 1 gellan gum bead batch bottle 

reactor at the start of the study and 47 days into batch incubation. In the image from the start 

date, there are translucent bead particles present. In the later image, the beads appeared as a 

filmy substance sitting on top of the media. The media itself also became cloudy, suggesting the 

beads had broken apart. The T2BOS beads used in this study were not structurally strong, and it 

is possible this affected the long-term effectivity of 21198 within the reactors.  
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Figure 4.2. Images of the T2BOS 1 gellan gum bead batch reactor taken at the start of the study 

(left) and taken 47 days into the study (right). 

 

There is also evidence that contaminant transformation had an impact on the beads’ 

integrity. Figure 4.3 shows a comparison of two batch bottles 140 days into the study. The image 

on the left is from the T2BOS 1 batch bottle, which at that point had been exposed to and 

transformed cDCE and dioxane multiple times. The image on the right is from an acetylene 

control reactor. This bottle had also been exposed to cDCE and dioxane, but the acetylene within 

the bottle inhibited the monooxygenase enzyme from conducting transformation by 

cometabolism (Appendix A.1). The acetylene controls consumed oxygen, which supported that 

microbial growth was taking place. The lack of a decrease in dioxane and no cDCE epoxide 

being observed indicated that these reactors were successfully inhibited from conducting aerobic 

cometabolism, despite their significant oxygen consumption. It is also notable that their oxygen 

consumption differed from the non-control reactors. While they similarly showed higher rates of 

consumption early on (<50 days), their oxygen consumption remained significantly more 
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consistent throughout the incubation period (Appendix A.1). This further indicates that the 

acetylene control reactors had a healthier microbial population than the non-control T2BOS 

reactors by the end of the incubation period.  

Figure 4.3. Images of the first T2BOS gellan gum bead non-control batch reactor (left) and the 

first T2BOS gellan gum bead acetylene control batch reactor (right) taken 140 days into the 

study. 

The beads in this acetylene control batch reactor in the picture were much more intact 

than in the T2BOS 1 bottle. The T2BOS 1 bottle was devoid of recognizable beads by this point, 

with the bottle instead containing a cloudy media solution. The trend was the same for all three 

T2BOS non-control reactors when compared to both T2BOS acetylene control reactors. This 

suggests that the transformation of contaminants through aerobic cometabolism may have 

impacted the structure of the beads. The epoxide formed during cDCE transformation may have 

contributed to this. The acetylene control reactors were also exposed to significantly less 

contaminants on a total mass basis, which also could have contributed. 
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4.2 TBOS Batch Bottle Reactors 

4.2.1 Dioxane and cDCE Rate Studies 

Reactors were also created using gellan gum beads with TBOS as an SRS to measure the 

long-term effectiveness of these beads and to compare results to the T2BOS batch reactors. 

Batch bottle reactors were prepared as described in the methods section (3.4), using isobutane 

grown 21198 coencapsulated with TBOS in gellan gum beads. Due to a limited amount of beads 

being available, only duplicate reactors were created and only 3 grams of beads with 0.5 mg TSS 

/ g bead were added to each reactor. As with the T2BOS bottles, dioxane was added upon 

creation of the bottles and cDCE was added on day 13. Oxygen consumption was monitored 

throughout, and oxygen was added to the bottles when oxygen reached the detection limit of 

~5% (v/v) of the headspace. Results for the mass of oxygen, dioxane, and cDCE within the 

T2BOS batch reactors and the measured cDCE peak area within the reactors are displayed in 

Figure 4.4. Oxygen results illustrate when the reactors had sufficient oxygen to carry out the 

cometabolic transformation. 
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Figure 4.4. Mass of oxygen, dioxane, and cDCE, along with cDCE epoxide peak area, measured 

in the TBOS batch reactors over time. Results from the abiotic control are also displayed. Media 

was refreshed in the non-control reactors on days 90 and 188. 

 

 Depletion of the dioxane took a significant amount of time, despite the presence of 

oxygen being observed initially. After adding oxygen on day 18, dioxane transformation rapidly 

occurred in the TBOS 1 reactor. There was a longer lag period for the TBOS 2 bottle, but the 

dioxane was essentially completed removed by day 60. The bottles were exposed to dioxane two 

more times, on days 60 and 95, with the last addition being approximately 6 times the mass of 

the previous two additions. In these final two additions, dioxane was rapidly transformed without 
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a lag period, suggesting the bottles had sufficient oxygen and biomass. The additions of oxygen 

on day 18 also helped initiate the cometabolic transformation of cDCE within the reactors. 

Consistent with the dioxane results, the lag period for cDCE transformation was longer for 

TBOS 2 than TBOS 1. A second addition of cDCE was made to TBOS 1 on day 32 while TBOS 

2 was still transforming the initial addition. cDCE was added to TBOS 1 and TBOS 2 six times 

and five times, respectively. All additions were of similar total mass. The final addition came 

after a two month long anaerobic period, but the reactors continued to show the ability to rapidly 

transform cDCE. However, the rate was significantly lower than the previous rate, likely 

indicating that the extended period without oxygen had a negative impact on biomass. The 

consistent appearance of cDCE epoxide following the additions of cDCE indicated that 

transformation was due to aerobic cometabolism. The results for the abiotic control show that the 

losses from the bottle for oxygen, dioxane, and cDCE were negligible.  

The first-order rates of transformation for each dioxane addition are presented in Table 

4.4, with rates omitted when there were insufficient data points. The rates are normalized to the 

mass of beads initially in each reactor. As there was a long delay, the rates for the first addition 

were obtained after the lag period. The rate of transformation increased significantly in both 

reactors from the first addition to the final addition, despite the final addition containing 

significantly more dioxane, which could have been harmful to the overall biomass. The final rate 

was 10-fold higher than the initial rate in TBOS 1, and the final rate was 17-fold higher than the 

initial rate in TBOS 2. These increases in transformation rates and the demonstrated consistent 

oxygen demand in both reactors (Figure 4.4) support that there was a significant increase in 

biomass within the reactors over time. 
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Table 4.4. First-order dioxane transformation rates for the TBOS gellan gum bead batch reactors 

by the day the contaminant was added. Rates are normalized to the initial mass of beads. Missing 

rate data is due to an insufficient number of data points being collected.  
TBOS 1 TBOS 2 

Day Rate (1/d-g bead) Rate (1/d-g bead) 

0 0.065 0.043 

60 -- -- 

95 0.64 0.73 

 

First-order rates of transformation for cDCE are summarized in Table 4.5. Rates were not 

calculated when the cDCE was transformed too rapidly to collect a sufficient number of data 

points. The rate of transformation of the initial addition was nearly twice as high for the first 

reactor compared to the second reactor. As the conditions they were exposed to were the same, 

this indicates some variance between the reactors. During this same period, the rate of oxygen 

consumption was also higher for TBOS 1 compared to TBOS 2. The rates of cDCE 

transformation indicate a greater microbial population was present in TBOS 1 in the early stages. 

However, final cDCE addition led to higher transformation rates in TBOS 2 than in TBOS 1. 

This suggests that the biomass of 21198 within the reactors changed significantly over time. This 

is evidence of that potential differences in the initial biomass was not hugely important for the 

long-term success of the hydrogel beads.   

Table 4.5. First-order cDCE transformation rates for the TBOS gellan gum bead batch reactors 

by the day the contaminant was added. Rates are normalized to the initial mass of beads. Missing 

rate data is due to an insufficient number of data points being collected.  
TBOS 1 TBOS 2 

Day Rate (1/d-g bead) Rate (1/d-g bead) 

13 0.14 0.084 

32 -- -- 

53 -- 1.0 

60 -- -- 

95 1.2 1.2 

188 0.32 0.52 
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The rates of utilization for each oxygen addition and the mean rates are summarized in 

Table 4.6, with rates excluded when there were insufficient data points. The rates were zero-

order for the TBOS reactors, which was a difference from the first-order rates demonstrated by 

the T2BOS reactors. From days 138 to 188, the bottles were depleted of oxygen. Despite this, the 

reactors immediately began consuming oxygen at a similar rate to previous spikes when oxygen 

was reintroduced (Figure 4.4). The rates of oxygen consumption were relatively consistent 

throughout the operating period of the reactors, indicating a steady microbial population being 

present. 

Table 4.6. Zero-order oxygen utilization rates for the TBOS gellan gum bead batch reactors by 

the day oxygen was added. Rates are normalized to the initial mass of beads. Missing rate data is 

due to an insufficient number of data points being collected.  
 TBOS 1 TBOS 2 

Day Rate (mmol/d-g bead) Rate (mmol/d-g bead) 

0 5.5E-03 6.8E-03 

18 1.5E-02 8.8E-03 

26 7.7E-03 5.7E-03 

53 8.4E-03 9.3E-03 

60 9.0E-03 1.1E-02 

90 -- -- 

95 8.3E-03 5.2E-03 

104 1.3E-02 7.8E-03 

118 1.1E-02 7.5E-03 

188 -- -- 

190 7.4E-03 7.1E-03 

Mean 9.5E-03 7.7E-03 

 

While the durability of the beads was an issue in the T2BOS bottles, it was not an issue to 

the same extent within the TBOS gellan gum batch bottles. Figure 4.5 shows an image of the 

TBOS 1 batch bottle at the end of the study. The beads shrunk considerably over the course of 

the study, but bead particles are still visible in this image, which was not true of the T2BOS 

beads. The orange tinge in this image is also evidence of significant 21198 growth, which is 
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consistent with the results from the dioxane and cDCE transformation.11 These bottles were 

made with the same gellan gum formulation as the T2BOS bottles aside from the slow-release 

substrate used. However, the two sets of  beads were made in separate batches. This suggests that 

unintended variations in the bead creation process may have led to the differences between the 

beads. 

Figure 4.5. Image of the TBOS 1 gellan gum bead batch reactor taken at the end of the batch 

bottle study. 

 

4.2.2 TBOS Batch Reactor Zebrafish Toxicity Study 

One goal from the bead batch bottle experiments was to determine whether the 

cometabolic transformation of contaminants leads to the generation of toxic products. To do this, 

an embryonic zebrafish toxicity study was conducted. On day 188 of the batch bottle 

experiments, cDCE was added to the two TBOS batch reactors for a final time. Before this 

addition, a sample was collected from each reactor to use as an initial sampling point in the 
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toxicity study, labelled “Control.” After adding cDCE to the reactors, samples were immediately 

collected and labelled “Peak” samples. Samples were also collected when there was a moderate 

amount of cDCE and cDCE epoxide present, labelled “Mid,” and when there was a low level of 

cDCE present but a considerable amount of epoxide, termed “Epoxide.” The mass of cDCE and 

the peak area of epoxide in the reactors are displayed in Figure 4.6, along with the labels for each 

sampling point. The process for this is more thoroughly described in the Methods section (3.6). 

These collected samples were all sent for embryonic zebrafish toxicity testing.  

Figure 4.6. Results of the final cDCE spike in the TBOS gellan gum batch bottles for cDCE 

concentrations and cDCE epoxide peak areas. Labels are provided for the time points when 

samples were collected for embryonic zebrafish toxicity testing. 

 

The results of the embryonic zebrafish toxicity study are shown in Figure 4.7. The 

methods for how these results were obtained and how significance was determined are described 

in the Methods section (3.7). The endpoints tested and their definitions are listed in Table 3.6. 

Studies were completed at 10x dilution and at 100x dilution. Parathion was used as a positive 

control.  
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Figure 4.7. Results for the embryonic zebrafish toxicity tests conducted using the TBOS gellan gum batch reactors. Results are 

provided for, from the top row of plots down, the two samples taken prior to cDCE addition, the two samples taken immediately 

following cDCE addition, the two samples taken after significant cDCE transformation, the two samples taken when cDCE was 

negligible, and a positive control. The result is more significant when there are greater number of red dots. The statistical analysis 

for this test is provided in the Methods section (3.7) and the tested endpoints are presented in Table 3.6.
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For the “Control” samples, significance was achieved for the malformed/missing/small 

eye, snout and/or jaw endpoint, the edema endpoint, and the any effect endpoint for “Control 1” 

at 10x dilution. “Control 2” showed significance for the any effect endpoint at 10x dilution. 

These controls were meant to be negative controls for toxicity, so these results make it difficult 

to draw conclusions from the rest of the samples. “Peak 1” showed significance for the 

malformed/missing/small eye, snout and/or jaw endpoint and the any effect endpoint for the 10x 

diluted sample. “Peak 2” showed significance for the edema endpoint, the brain malformation 

endpoint, the nonresponse to touch endpoint, and the any effect endpoint for the 10x diluted 

sample. “Mid 1” did not reach the significance threshold for any endpoints. “Mid 2” only 

showed significant results for the any effect endpoint at 10x dilution. Neither “Epoxide 1” or 

“Epoxide 2” reached any significance thresholds. Due to the samples taken prior to the cDCE 

spike showing significance for several endpoints, it is difficult to draw any conclusions about the 

toxicity of cDCE and its transformation products. The media itself was likely toxic to the 

zebrafish embryos. A proposed reasoning for this is that there was a build-up of 1-butanol within 

the bottles due to a lack of oxygen. These batch bottles had been anaerobic for two months, 

which would have allowed for a large build-up of 1-butanol within both bottles. Oxygen was 

added to the bottles right before the bottles were spiked, so there was likely still a substantial 

volume of 1-butanol remaining that had not yet been depleted by the 21198. A study on 

embryonic zebrafish toxicity showed evidence of moderate toxicity to zebrafish at levels as low 

as 50 mg/L 1-butanol.171 As the microorganisms had time to degrade the cDCE, they also had 

time to consume the 1-butanol. This would explain why toxicity decreased over time in the 

samples. Despite this, it is encouraging that the samples with the lowest level of cDCE after the 

cDCE spike did not show toxicity. This suggests that there is no highly toxic compound that 
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remains after cDCE is transformed, as this would have meant significant toxicity in the “Mid” 

and “Epoxide” samples. Further testing with media free of 1-butanol would allow for better 

confirmation of this. 

4.3 Batch Bottle Reactor Comparisons 

The T2BOS gellan gum batch reactors and the TBOS gellan gum batch reactors exhibited 

significant differences over the course of their incubation periods. The primary difference can be 

seen by comparing their oxygen consumption data. Figure 4.8 displays the total oxygen 

consumption for the T2BOS and TBOS reactors. The T2BOS bottles rapidly utilized oxygen in 

the early stages of incubation before leveling off after about 50 days. In the later stages, oxygen 

consumption was so low that it was recorded as a slight negative because the vacuums within the 

reactor bottles were pulling in more oxygen during liquid sampling than was being consumed by 

the 21198 within the bottles. There was also potential leakage through the septa that had not been 

replaced. In contrast, the oxygen consumption for the TBOS bottles was fairly linear throughout 

the entire monitoring period, only flatlining when the bottles ran out of oxygen, which is 

especially evident from days 138 to 188. Initially, the T2BOS reactors consumed more total 

oxygen than the TBOS bottles. This trend lasted until ~50 days into the experiment, from which 

point the TBOS reactors consumed significantly more oxygen. 
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Figure 4.8. Total oxygen consumed (mmol) by each T2BOS and TBOS gellan gum batch reactor 

over the monitoring period. An abiotic control without added biomass is also displayed.  

 

Figure 4.9 and Figure 4.10 showcase this by displaying the rates of oxygen utilization for 

each reactor based on the day the addition was made normalized to the initial bead mass. The 

rates cannot be directly compared due to the first-order trend of the T2BOS reactors and the 

zero-order trend of the TBOS reactors. The rates fell off sharply for the T2BOS reactors over 

time while they stayed relatively stable for the TBOS reactors, even after the TBOS reactors 

experienced 2 months of anaerobic conditions. One possibility is that the contaminant additions 

were more stressful for the T2BOS biomass due to the longer exposure due to their lower 

transformation rates when compared to the TBOS reactors. This also meant that there was also a 

longer period of exposure to cDCE epoxide, which could lead to additional toxicity.  
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Figure 4.9. First-order oxygen consumption rates for the T2BOS gellan gum batch reactors 

normalized to the initial bead mass. Later spikes are excluded due to rates of utilization being 

lower than the rate oxygen entered the batch bottles through the vacuum created while 

conducting liquid sampling. 

 

 
Figure 4.10. Zero-order oxygen consumption rates for the TBOS gellan gum batch reactors 

normalized to the initial bead mass. 
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The first-order transformation rates of dioxane are displayed for each of the batch 

reactors in Figure 4.11 by the day of the addition and normalized to the initial bead mass. For the 

first addition, the T2BOS and TBOS reactors had similar rates. However, the rates for the 

T2BOS reactors did not increase significantly for the second addition and decreased significantly 

for the final addition. The TBOS reactors instead showed a large increase in rate of 

transformation by the final addition. Rates were not determined for the TBOS reactors at 60 days 

due to an insufficient number of data points, but this does also indicate a faster rate than the 

T2BOS reactors, as they were sampled concurrently. This is consistent with the oxygen data as 

well. The constant oxygen demand exhibited in the TBOS reactors indicated a consistently 

increasing biomass within the bottles, and this rate data supports that. The dioxane introduced to 

all reactors at 95 days was ~6 times the mass of the previous two additions, and this may have 

negatively affected the biomass within the reactors. 

Figure 4.11. First-order dioxane transformation rates for the T2BOS and TBOS gellan gum bead 

batch reactors normalized to the initial bead mass. 
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The first-order cDCE transformation rates for each reactor are displayed in Figure 4.12 

by the day of the addition and are normalized to the initial bead mass. Missing TBOS values are 

due to insufficient data points to calculate a rate. Because the T2BOS and TBOS reactors were 

sampled at the same time, this does suggest that the TBOS reactors had faster rates in these 

cases. There are no T2BOS values for the addition at 188 days because this addition was 

exclusive to the TBOS reactors.  

Figure 4.12. First-order cDCE transformation rates for the T2BOS and TBOS gellan gum bead 

batch reactors normalized to the initial bead mass. Missing TBOS data can be attributed to 

insufficient data points. There is no T2BOS data for the addition at 188 days as this was 

exclusive to the TBOS batch reactors. 

 

As with the dioxane rates, the cDCE transformation rates were similar in the early stages 

between TBOS and T2BOS reactors. However, there was a more significant difference between 

the T2BOS and TBOS rates for the first addition of cDCE than for the first addition of dioxane. 

It took until the second addition for the T2BOS rates to match the transformation rates of the first 
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addition for the TBOS bottles. The T2BOS rates then did not increase for the third addition, at 53 

days, and then decreased for the fourth and fifth additions at 60 and 95 days, respectively. In 

contrast, the TBOS rates increased significantly by the fifth additions at 95 days. The rates 

measured for this addition were approximately 30 times larger for the TBOS reactors than for the 

T2BOS reactors. This is consistent with the dioxane rate data, which indicated significantly 

higher rates of transformation in the TBOS reactors during the final dioxane addition. As 

previously mentioned, the TBOS reactors showed consistent oxygen demand throughout the 

study, suggesting steady 21198 growth. The T2BOS reactors did not demonstrate significant 

oxygen demand in the later stages of the study, after approximately 50 days of incubation. These 

cDCE transformation rates further support that the TBOS reactors were significantly more 

bioactive by the end of the study. The decrease in rates seen in the TBOS reactors for the 

addition at 188 days was likely due to the reactors spending 2 months without oxygen. While this 

may have negatively impacted biomass, the transformation rates at 188 days for the TBOS 

reactors were still higher than the T2BOS reactors demonstrated at any time point. In both the 

TBOS and the T2BOS reactors, cDCE was transformed at approximately twice the rate of 

dioxane when additions were made concurrently, suggesting cDCE is more readily transformed 

through aerobic cometabolism. 

A previous study conducted by Rasmussen at al (2020) demonstrated significantly 

different results than the batch reactor studies presented here, although it should be noted that 

1,1,1-TCA was present in these studies.9 This study, completed using both T2BOS gellan gum 

beads and TBOS gellan gum beads co-encapsulated with 21198, did not have the bead durability 

issues observed in the T2BOS beads here. The beads did not fall apart like they did in this study. 

The bead formulation was the same, so this suggests that there was an issue with the fabrication. 
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The previous study did observe decreasing rates of transformation in the T2BOS reactors like 

this study. The rates of transformation for cDCE and dioxane were on the same order of 

magnitude between both studies for the T2BOS reactors. This was also true of the TBOS reactors 

for the first contaminant additions. However, the previous study observed decreasing rates of 

transformation for the TBOS reactors, while increasing transformation rates were observed here. 

Oxygen consumption was consistent between the two studies, with TBOS reactors necessitating 

significantly more oxygen additions over the course of the incubation periods. The results from 

these batch reactors presented here are consistent with the abiotic hydrolysis studies conducted 

by Rasmussen et al., indicating higher rates of substrate release and biomass growth when TBOS 

was present compared to T2BOS.  
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CHAPTER 5 – COLUMN STUDIES 

Two separate column studies were conducted to determine the long-term contaminant 

transformation efficacy of 21198 coencapsulated beads. The first study was conducted using a 

T2BOS gellan gum bead pack, with the same batch of beads used for the reactor studies in 

Section 4.1. The objectives for this study were to measure the long-term ability to transform 

dioxane and cDCE through aerobic cometabolism, as well as to determine the effects this process 

had on bead durability. The second study was conducted using a TBOS PVA/SA gellan gum 

bead pack. The objectives for the second column study were to measure the long-term ability to 

transform cDCE through aerobic cometabolism and to determine, using embryonic zebrafish 

toxicity tests, whether this process released any toxic byproducts. Further objectives were to 

measure bead durability and changes to the permeability of the column over time. The full results 

for these two column studies are presented in the following sections.  

5.1 Gellan Gum Bead Column 

The gellan gum bead column was fabricated as described in the Methods section (3.5.1) 

using gellan gum beads co-encapsulated with isobutane grown 21198 and T2BOS. This was the 

same batch of beads used for the batch reactor studies in Section 4.1. An image of the column 

before startup is shown in Figure 5.1. Upon column startup, contaminants were not added to the 

column. The initial goal was to conduct a bromide tracer experiment to determine the retardation 

factor that the beads would have on contaminants. The pore volume (PV) of the column was 

measured as 26 mL, and at a flow rate of 1 mL/hr, an estimated 0.92 PV of influent feed solution 

was injected into the column each day. The influent feed solution was 10x diluted phosphate 

buffer MSM (Table 3.2). 
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Figure 5.1. Image of the T2BOS gellan gum bead column taken at the start of its operation. 

For the bromide tracer test, 30 mg/L of bromide was added to the influent feed solution, 

which was then fed into the column using the influent syringe. The results of the bromide tracer 

test are displayed in Figure 5.2. The dashed line represents when bromide was removed from the 

influent feed solution. Approximately 10 days were required for the effluent bromide 

concentration to reach a steady state. The average HRT was obtained by determining the number 

of PVs for the effluent concentration to reach 50% of the influent concentration, which was 5.4 



66 

 

 

PVs. It took 5.4 times as long for the bromide to pass through the column than PV estimated 

based on the measured porosity. While bromide is not the same compound as dioxane and cDCE, 

the results indicate that the flow of contaminants through the column should be retarded. This is 

likely the result of diffusion into the gellan gum beads, which is consistent with observations 

from a previous similar column study conducted using gellan gum beads.172 The elution curve of 

the bromide differed from the breakthrough curve. Once bromide was removed from the influent 

feed at 14 PV, bromide fell below detection level in the effluent after only 6.9 PV. It reached 

50% of the steady state concentration 3.2 PV after bromide was eliminated from the influent feed 

solution. Bromide appeared to more readily diffuse out of the beads than diffuse into the beads.  

Figure 5.2. Bromide concentrations measured during the gellan gum bead column bromide tracer 

test versus the pore volumes of flow. The dashed line represents when bromide was removed 

from the influent feed solution. 

 

The physical transport parameters of the gellan gum bead column are summarized in 

Table 5.1. The bromide retardation factor was 5.4, based on the results of the bromide tracer 
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study. This retardation factor may vary based on the contaminant. It does demonstrate that 

bromide diffused into the hydrogel bead pack which resulted in retarded transport. While the 

HRT was determined to be 26 hours based on the estimated porosity of the bead pack, the 

retarded transport time based on the bromide tracer study would be 5.4 times as long.  

Table 5.1. Summary of the physical transport parameters determined for the gellan gum bead 

column. 

Parameter Value Units 

Column Length 20 cm 

Cross Sectional Area 7.9 cm2/hr 

Mass of Beads 92 g 

Volume 120 mL 

Pore Volume 26 mL 

Porosity 0.22 -- 

Flow Rate 1.0 mL/hr 

Superficial Velocity 0.13 cm/hr 

Average Linear Velocity 0.78 cm/hr 

Retention Time 26 hr 

Bromide Retardation Factor 5.4 -- 

 

During this bromide tracer study, the beads were not exposed to contaminants. In the first 

phase of the column, the main objective was to conduct the bromide tracer test and ensure that 

enough oxygen was present such that the microorganisms were able to deplete all the 2-butanol 

being created through the hydrolysis of T2BOS. A summarization of adjustments made to the 

column influent during this period is presented in Table 5.2.  Figure 5.3 shows the results for 2-

butanol and DO concentrations before contaminants were added at 52 PV.  
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Table 5.2. Summary of the adjustments made to the gellan gum bead column from 0 to 52 PV. 

The initial influent feed solution had no added oxygen or contaminants. 

Pore Volumes Flow Rate (mL/hr) DO/H2O2 (mg/L) cDCE (µg/L) Dioxane (µg/L) 

0 – 27 1.0 DO = 8.0 0 0 

27 – 34 1.0 DO = 15 0 0 

34 – 52 1.0 H2O2 = 50 0 0 

 

 

Figure 5.3. Effluent 2-butanol and DO concentration history for 0 to 53 PV. A summary of the 

adjustments made to the column during this period is contained in Table 5.2. No DO 

measurements were made from 0 to 31 PV. Error bars represent standard deviations of triplicate 

samples. 

 

Initially, effluent 2-butanol was ~100 mg/L. The high level of 2-butanol likely resulted 

from the beads used to pack the column being fabricated months prior, so the T2BOS likely 

hydrolyzed over a long storage period. The beads were stored at 4°C, which likely slowed the 

rate of hydrolysis. The beads were rinsed multiple times before use, but it is likely that 
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significant 2-butanol remained trapped within the hydrogel beads along with T2BOS. 2-butanol 

levels steadily dropped over time until about 20 PV, where the concentration leveled off at ~25 

mg/L. DO was not measured during this time period, but the odor coming from the column 

effluent suggested anoxic conditions existed in the column. When the influent DO was increased 

at 27 PV by using oxygen saturated media (~15 mg/L), 2-butanol levels rose in the effluent. This 

may have indicated that previously some anaerobic 2-butanol consumption was taking place. 

However, when 50 mg/L of hydrogen peroxide (H2O2) was added to the influent media at 34 PV, 

the effluent 2-butanol concentration quickly fell below detection (~5 µg/L). The DO in the 

effluent also rapidly increased from 2.5 mg/L to over 15 mg/L. The low level of 2-butanol and 

excess DO indicated successful biostimulation of 21198 in the hydrogel beads, suggesting that 

the column was prepared for aerobic cometabolism of contaminants.  

cDCE and dioxane were added to the column influent feed solution at 52 PV. 

Approximately 300 µg/L of cDCE and 200 µg/L of dioxane were continuously added. At the 

same time, influent hydrogen peroxide was decreased from 50 mg/L to 25 mg/L because of the 

high effluent DO concentrations. A summary of the adjustments made to the column from 52 PV 

to 117 PV, the remainder of its operating period, is provided in Table 5.3. The results for the 

column from 51 PV to 89 PV are displayed in Figure 5.4.  
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Table 5.3. Summary of the adjustments made to the gellan gum bead column from 52 to 117 PV. 

Flow was paused for 27 days at 88 PV. 

Pore Volumes Flow Rate (mL/hr)  H2O2 (mg/L) cDCE (µg/L) Dioxane (µg/L) 

52 – 58 1.0  H2O2 = 25 300 200 

58 – 75 1.0  H2O2 = 50 300 200 

75 – 78 90  H2O2 = 50 300 200 

78 – 88 1.0  H2O2 = 50 0 200 

88 0  N/A N/A N/A 

88 – 117 1.0  H2O2 = 100 0 0 

 

Figure 5.4. Concentration histories for influent and effluent cDCE and dioxane, as well as 

effluent 2-butanol and dissolved oxygen for the gellan gum column study from 51 PV to 89 PV. 

Adjustments to the column during this period are summarized in Table 5.3. Error bars represent 

standard deviations for triplicate samples. 

 

Immediately upon adding the contaminants to the influent feed solution, the DO began to 

drop in the effluent. As a result, H2O2 was returned to 50 mg/L in the influent at 58 PV. Despite 
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this increase, DO did not rise in the effluent, and 2-butanol began to increase in the effluent. 2-

butanol eventually reached an effluent concentration of ~50 mg/L at ~65 PV before it stopped 

increasing. Breakthrough of dioxane was also observed in the effluent. By 62 PV, the column 

influent and effluent had similar concentrations of dioxane. The column was packed using the 

same batch of beads used in the batch reactors (Section 4.1) which had demonstrated the ability 

to transform dioxane, however there was no evidence of dioxane transformation taking place in 

the gellan gum bead column. However, cDCE breakthrough did not occur in the effluent, 

providing evidence of transformation for cDCE. Due to this, essentially all (>99%) influent 

cDCE from 52 to 75 PV was estimated to have been transformed by the 21198 within the 

hydrogel bead pack. The presence of 2-butanol or cDCE may have had an inhibitory effect on 

dioxane transformation. While no detectable cDCE broke through the column by 75 PV, there 

was also no measured cDCE epoxide up to this point. The presence of cDCE epoxide would 

provide a better indication that aerobic cometabolism was occurring, rather than purely 

adsorption of cDCE to the hydrogel beads. A high-flow study was designed which would rapidly 

increase the flow rate of media into the column in an effort to ensure the breakthrough of cDCE 

and cDCE epoxide.  

For this high-flow study, the flow rate was increased from 1 mL/hr to 90 mL/hr. 3 PV 

were pumped into the column over the course of 53 minutes. The results of this study are 

displayed within Figure 5.4 from 75 to 78 PV. A zoomed in version of this high-flow period 

displaying exclusively cDCE and cDCE epoxide results is shown in Figure 5.5. 
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Figure 5.5. Effluent concentrations of cDCE and effluent peak areas of cDCE epoxide during the 

course of the high flow study for the gellan gum bead column.  

 

During this period, cDCE broke through the column as intended. In addition, peak areas 

of cDCE epoxide were detectable for the first time, with the peak areas on the GC-ECD 

increasing from 0 to 25 over the course of the fast flow study. The presence of the epoxide 

supported that cDCE was being transformed through aerobic cometabolism by 21198 rather than 

solely sorbed to the beads.  

Effluent dioxane stayed relatively steady during the high-flow study. 2-butanol decreased 

while the flow rate was increased. This was likely due to the lower HRT, which allowed for less 

time for 2-butanol to be released via the abiotic hydrolysis within the beads. At 78 PV, the flow 

was reduced to back 1 mL/hr and cDCE was removed from the influent to evaluate if dioxane 

was transformed in the absence of cDCE and if 2-butanol utilization was inhibited by cDCE. The 

effluent cDCE level remained steady at ~50 µg/L from 78 PV to 88 PV. Over this time period, 

cDCE epoxide levels in the effluent were in the range of 10-15 peak area. This suggests that 

either transformation of cDCE was continuing to occur at a low rate, or some sorbed cDCE 
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epoxide was being released. With no cDCE entering the column, cDCE was eluting from the 

column that had been trapped by the hydrogel beads during the high-flow event. Introducing so 

much cDCE to the entire length of the column so rapidly and exposing cells to cDCE epoxide 

may have damaged the microbial population. There was no evidence of dioxane transformation 

at this time. DO remained near the detection limit, and the sulfur odor was still present in the 

effluent. Oxygen demand thus remained high despite the possible damage done to 21198 during 

the high-flow study.  

At 88 PV, a stop-flow study was conducted to investigate the effect of a long period of 

anoxic conditions. This stop-flow period lasted for 27 days. During this time, the column 

received no influent media, and no effluent samples were taken. Figure 5.6 shows an image of 

the column prior to stopping the flow as compared to immediately before flow resumption. With 

no flow and no DO, hydrolyzed 2-butanol was allowed to build up within the column. The 

yellow color of the column, which is especially visible at the bottom, after the stop flow study 

may be attributable to the high levels of 2-butanol.  
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Figure 5.6. Images of the T2BOS gellan gum bead column prior to stopping flow (left: taken 

12/10/2021) and immediately before resuming flow (right: taken 1/6/2022). 

 

The column flow was resumed at 1 mL/hr with H2O2 increased to 100 mg/L. The results 

of this final phase of the column study are displayed in Figure 5.7. No cDCE or dioxane was 

added to the influent feed during this phase. The high 2-butanol concentrations measured initially 

when flow was resumed are consistent with the prolonged stop-flow period for the abiotic 

hydrolysis to occur.  
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Figure 5.7. Concentration histories for influent and effluent cDCE and dioxane, as well as 

effluent 2-butanol and DO for the final phase of the gellan gum bead column study (87 to 117 

PV). A 27 day stop-flow study was conducted at 88 PV and dioxane was removed from the 

influent media at this time. Error bars represent standard deviations of triplicate samples. 

 

Upon flow resumption, the 2-butanol concentration decreased over time from ~150 mg/L 

to ~25 mg/L. Effluent cDCE remained in the range of ~50 to ~100 µg/L despite there being no 

cDCE added to the influent feed solution since 78 PV. While low levels of cDCE epoxide were 

detected prior to the stop flow period, no epoxide was measured once flow was resumed. The 

biomass may have been significantly impacted, or transformation may have been occurring in the 

bottom section of the column. The effluent cDCE concentration fell below detection level by 114 

PV. Dioxane was quickly eluted from the column once it was removed from the influent, 

decreasing from ~200 µg/L at 88 PV to below detection by 97 PV. Dioxane being completely 

eluted from the column much more rapidly than cDCE is evidence that cDCE more readily sorbs 
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to the bead matrix. This suggests that a bromide tracer test may not be an accurate representation 

of the sorption tendencies of contaminants within the column, since there is a significant 

difference between how cDCE and dioxane were eluted from the column.  

A mass balance was completed for the contaminants by estimating the total masses added 

to the influent feed solution and the total masses eluted from the column. None of the influent 

dioxane was successfully transformed by the 21198 within column. However, 71.5% of the 

influent cDCE was removed. This provides evidence that aerobic cometabolism was occurring 

and preventing cDCE breakthrough up until the high-flow study disrupted column operation. 

Figure 5.8 shows images of the column taken on the first day of its operation and at the 

end of its operation. A dark spot is evident near the bottom of the column at the end of the study. 

Oxygen demand remained high within the column after the stop flow period even though there 

was no evidence of transformation taking place. Effluent DO remained near the detection limit 

(~4 mg/L). It is possible that contamination was responsible for this oxygen demand and the dark 

spot on the column. While steps were taken to avoid contamination, the column was not operated 

under aseptic conditions. The dark spot may also have been due to a large number of dead cells, 

as this portion of the column would have been exposed to the highest concentrations of cDCE, 

cDCE epoxide, and dioxane throughout the column’s period of operation. Streak plating liquid 

samples from the column onto TSGA plates yielded inconclusive results as far as the presence of 

contamination (Appendix A.2). 
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Figure 5.8. Images of the T2BOS gellan gum bead column from the start of operation (left: 0 

PV) and the end of operation (right: 117 PV). The red arrow indicates the darkened area that 

became more prevalent over time. 

 

The durability of the gellan gum beads used within this column was measured by 

conducting compression tests on the beads used to pack the column and on bead samples taken 

from the influent and effluent sections of the column after shutdown. The results of these 
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compression tests are displayed in Figure 5.9. Assuming compressibility is a marker for bead 

strength, the beads were used to pack the column were much stronger than after their use in the 

column. The beads from the effluent section may have had slightly more strength on average 

than those from the influent section, but with the error bars indicate no significant difference. 

One possible reason for this slight strength difference could have been that the beads near the 

influent were exposed to more DO, resulting in more microbial growth. More contaminant 

transformation likely occurred in this section as well. The results in Section 4.1 showed evidence 

that the process of transformation may be partially responsible for bead degradation. All the 

beads from the column showed decreased strength. This may mean that the growth of 

microorganisms can also negatively impact the solid matrix. Long term exposure to 

contaminants, nutrients, and oxygen had a major effect on how strong the beads were, but it is 

unclear how large a role each of these had. 

Figure 5.9. Bead compression test results for the gellan gum bead column. From left to right, 

results are for beads taken prior to column start-up, after column shutdown from the influent 

portion of the column, and after column shutdown from the effluent section of the column. Error 

bars represent standard deviations of triplicate tests. 
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5.2 Polyvinyl Alcohol/Sodium Alginate Bead Column 

5.2.1 Column Operation 

While the research for this thesis was being conducted, parallel work was being 

conducted in an attempt to optimize beads, mainly to improve durability. One iteration of beads 

developed during that work was then used for this column experiment. The PVA/SA bead 

column was packed as described in the Methods section (3.5.2) using polyvinyl alcohol/sodium 

alginate beads coencapsulated with isobutane grown 21198 (0.5 mg TSS/g bead) and TBOS 

(10% v/v). Aside from the beads and SRS used, this column differed from the column used for 

the gellan gum bead study in that it had three sampling ports on the side that allowed for 

sampling within the column. An image of the column prior to beginning operation is provided in 

Figure 5.10. 

Figure 5.10. Image of the PVA/SA bead column taken prior to column operation. 
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Before beginning flow through the column, a constant head test was conducted. The goal 

of this test was to measure changes in flow rate through the column at different heads. Doing the 

same test after the column operation was concluded would allow for an estimate in the changes 

of permeability between column startup and column shutdown. A constant head was maintained 

while 20 mL of media was allowed to flow through the bottom of the column and out of the top 

of the column. The results from this test are shown in Figure 5.11. As expected, the flow rate 

through the column was slower when the difference in head was smaller, consistent with Darcy’s 

Law. Slower flow rates in this repeated test could mean a loss of conductivity resulting from 

bead degradation and clogging. Faster flower rates, higher conductivity, could mean that 

preferential flow pathways have formed.  

Figure 5.11. Flow rate through the PVA/SA bead column versus the change in head measured 

prior to column operation. Error bars represent standard deviations of triplicate tests.  

 

As with the gellan gum bead column, a bromide tracer test was conducted. The pore 

volume based on weight measurements was determined to be 28 mL. The column was initially 
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operated at 1.0 mL/hr. This equates to a flow rate of 0.86 PV per day. Unlike with the previous 

column, the beads in this column were fabricated the day before packing the column. Due to this, 

cDCE was added to the influent syringe at 0 PV because the beads should have had active 

biomass. At the same time, the bromide tracer test was conducted. The results from the bromide 

tracer study are presented in Figure 5.12. The vertical dashed line represents when bromide was 

removed from the column’s influent media. The horizontal solid line represents the average 

influent bromide concentration, which was 47 mg/L.  

Figure 5.12. Bromide concentration history for the PVA/SA bead column. The solid horizontal 

line represents the average influent bromide. The dashed horizontal line demarcates when 

bromide was removed from the influent. The flow rate was also increased from 1.0 mL/hr to 1.9 

mL/hr at this point. 

 

The effluent bromide concentration reached 50% of the influent bromide concentration at 

about 1.8 PV, resulting in an estimated bromide retardation factor of 1.8. It took about 5.2 PV for 

the effluent concentration to level off at the average influent concentration. The bromide was 
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removed from the influent media at 6.9 PV. At the same time, the flow rate was nearly doubled 

to 1.9 mL/hr, or 1.7 pore volumes per day. This was done as part of an effort to decrease effluent 

1-butanol levels, which is discussed later. As with the previous column, bromide was rapidly 

eluted from the column. By approximately 8.5 PV, the effluent concentration had returned to 

50% of the earlier influent bromide concentration. The elution tail was more drawn out for these 

beads than with the gellan gum beads. Bromide did not return to below detection in the effluent 

until 17 PV. It took nearly 10 PV for the bromide to completely leave the system, compared to 

6.9 PV for the gellan gum column. Both the bromide tracer tests conducted using the gellan gum 

bead column and using the PVA/SA bead column support that transport through the column is 

retarded due to bromide diffusion into the beads. 

The physical transport parameters of the PVA/SA bead column are summarized in Table 

5.4. The bromide retardation factor was determined to be 1.8, which was significantly lower than 

the value of 5.4 calculated for the gellan gum bead column. This suggests that bromide transport 

may have been less retarded by the PVA/SA bead column. This is mainly a measurement of a 

combination of the porosity of fluid flow and retardation due to diffusion into the hydrogel bed 

and the hydrogel internal porosity.  

 

 

 

 

 

Table 5.4. Summary of the physical transport parameters determined for the PVA/SA bead 

column. Values are displayed for the initial phase when flow was 1.0 mL/hr and for the next 

phase when flow was 1.9 mL/hr. 
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Parameter Phase 1 Phase 2 Units 

Pore Volumes 0 - 6.9 6.9 - 97 -- 

Column Length 10 10 cm 

Cross Sectional Area 7.9 7.9 cm2/hr 

Mass of Beads 48 48 g 

Volume 67 67 mL 

Pore Volume 28 28 mL 

Porosity 0.37 0.37 -- 

Flow Rate 1.0 1.9 mL/hr 

Superficial Velocity 0.13 0.24 cm/hr 

Average Linear Velocity 0.36 0.70 cm/hr 

Retention Time 28 14 hr 

Bromide Retardation Factor 1.8 1.8 -- 

 

The PVA/SA bead column was exposed to cDCE immediately. cDCE, cDCE epoxide, 1-

butanol, and DO concentrations were measured in samples from the column effluent, top port, 

middle port, and bottom port, as well as the influent solution. Table 5.5 has a summary of the 

changes made to the column up until 44 PV.  The results for the measurements from 0 PV to 44 

PV are presented in Figure 5.13.  

Table 5.5. Summary of the adjustments made to the PVA/SA bead column from 0 to 44 PV. 

Samples were collected for embryonic zebrafish toxicity testing at 30 PV. 

Pore Volumes Flow Rate (mL/hr) pH H2O2 (mg/L) cDCE (µg/L) 

0 – 6.9 1.0 7.0 50 200 

6.9 – 26 1.9 7.0 100 200 

26 – 44 1.9 7.0 200 200 
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Figure 5.13. Concentration histories of cDCE, cDCE epoxide, 1-butanol, and DO for the 

PVA/SA bead column from 0 PV to 44 PV. Results are displayed for the column effluent, top 

port, middle port, bottom port, and influent. Column adjustments are summarized in Table 5.5. 

The red line represents a 5-sample rolling mean for influent cDCE. Error bars represent standard 

deviations for triplicate samples. 

 

Initially, there was no breakthrough of cDCE, but there was a gradual increase in effluent 

cDCE epoxide beginning at approximately 18 PV. This provided support that aerobic 

cometabolism of cDCE was taking place. The DO concentration remained near the detection 

limit (~2 mg/L) during this early period. This was reflected by high levels of 1-butanol in the 

effluent (~200 mg/L). In order to supply more DO, H2O2 was doubled at 26 PV. This resulted in 

a slow decline in effluent 1-butanol from ~200 mg/L to ~100 mg/L. It also resulted in an increase 

of DO from the near detection limit in the effluent to a steady state concentration of ~14 mg/L. 

Despite the excess DO, the 1-butanol concentration remained at ~100 mg/L.  
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In an effort to measure possible toxicity generated by the process of aerobic 

cometabolism, 5 mL of sample were taken from the column side ports at 30 PV to use in 

embryonic zebrafish toxicity testing. This much liquid sampling may have had an impact on the 

column, which contained 28 mL of pore volume. Starting at ~35 PV, cDCE was detected in the 

side port samples taken closest to the influent at a concentration approximately equal to the 

influent concentration (~175 µg/L). cDCE was also detected in the middle port samples at this 

point, at approximately half the concentration of the influent feed. This further indicated that 

some combination of transformation and retardation was occurring. cDCE was detected at ~50 

µg/L in the effluent by ~37 PV. cDCE remained at approximately this level in the effluent until 

44 PV, again indicating that transformation was occurring.  

cDCE epoxide initially was detected in the column effluent at ~18 PV. The epoxide 

continued to increase in the column effluent until 44 PV. The epoxide was generally measured 

highest in the bottom and middle port samples. This indicated that 21198 stimulation had 

occurred at the bottom of the column, as the epoxide is a product of aerobic cometabolism. The 

epoxide generally decreased slightly in the top port and effluent samples, which may have been 

due to transformation of the epoxide or abiotic degradation. The epoxide also increased in the 

effluent throughout this period.  

Due to the significant presence of cDCE, cDCE epoxide, and 1-butanol throughout the 

column by 44 PV, there was concern about the microbial health of the bead pack. The pH of the 

effluent was ~6.0, so the column influent pH was increased from 7.0 to 7.5 at 44 PV by 

decreasing the volume of hydrochloric acid in the media in an effort to slow TBOS hydrolysis 

and increase microbial growth. Table 5.6 describes the changes made to the column over this 

period. Figure 5.14 displays the next phase of the PVA/SA column from 43 to 100 PV and  
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Table 5.6. Summary of the adjustments made to the PVA/SA bead column from 44 to 97 PV. 

Samples were collected for embryonic zebrafish toxicity testing at 97 PV. 

Pore Volumes Flow Rate (mL/hr) pH H2O2 (mg/L) cDCE (µg/L) 

44 – 64 1.9 7.5 200 200 

64 – 88 1.9 7.5 250 200 

88 – 97 1.9 7.9 250 200 

 

Figure 5.14. Concentration histories of cDCE, cDCE epoxide, 1-butanol, and DO for the 

PVA/SA bead column from 43 PV to 97 PV. Results are displayed for the column effluent, top 

port, middle port, bottom port, and influent. Column adjustments are summarized in Table 5.6. 

The red line represents a 5-sample rolling mean for influent cDCE. Error bars represent standard 

deviations for triplicate samples. 

 

The column immediately responded to this increase in pH. The effluent butanol 

decreased from ~115 mg/L to ~75 mg/L by ~50 PV. The effluent DO also decreased, going from 
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~12 mg/L to the detection limit by ~62 PV. This is evidence of an increase in microbial biomass, 

as the column went from a surplus of dissolved oxygen to being oxygen limited. It is also 

possible that the pH affected the hydrolysis rate of the TBOS within the beads. A previous study 

found that neutral pH led to the lowest hydrolysis rate of TBOS, while hydrolysis increased 

under both more acidic and more basic conditions.173  

cDCE was not immediately influenced by this increase in pH, as the effluent cDCE 

continued to rise until ~50 PV. It remained steady until the influent H2O2 was increased to 250 

mg/L at 64 PV. However, the cDCE concentration measured at the bottom sampling port 

decreased from ~175 µg/L to ~50 µg/L from 44 PV to 64 PV. This suggests that the pH change 

did impact cometabolism within the column, despite effluent cDCE remaining relatively 

unchanged. This supports the increase in microbial biomass indicated by the decrease in DO. A 

long-term decrease in effluent cDCE was observed in the column effluent from 64 PV to 80 PV 

following an increase in H2O2 to 250 mg/L. This further indicated that biomass within the 

column was increasing through this period, represented by an increase in aerobic cometabolism 

of cDCE. This is also supported by the cDCE epoxide results. The effluent epoxide level did not 

immediately respond to the pH increase at 44 PV, but the increase in H2O2 at 64 PV led to a 

steady decrease in cDCE epoxide measurements in all port samples and in the column effluent. 

As the biomass of 21198 increased within the hydrogel bed, the rate of aerobic cometabolism 

increased. The process of cometabolism was capable of transforming both cDCE and its 

epoxide.20 At 53 PV, cDCE epoxide was measured at ~100 peak area in the sampling port closest 

to the influent of the column. By 75 PV, this had decreased to a steady level of ~25 peak area. 

This suggested that the biomass was transforming the cDCE epoxide as well, as the HRT was 

unchanged. The decreases in cDCE, cDCE epoxide, and DO all coinciding with one another is 
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evidence that an increased microbial population resulted in the increase in transformation of both 

cDCE and cDCE epoxide. 

Increasing the H2O2 at 64 PV did not cause notable changes to effluent 1-butanol or DO. 

From 43 PV to 97 PV, 1-butanol was consistently near zero in the bottom port before increasing 

in successive port samples, consistent with continued hydrolysis of TBOS into 1-butanol. The 

bottom portion of the column was most microbially active, as indicated by the development of 

the orange color in Figure 5.16. The limited decrease in cDCE and cDCE epoxide when going 

from the bottom port sample to the effluent is further evidence that the column was not well 

stimulated throughout, but rather only near the region up until the bottom sampling port. Despite 

this, greater than 95% removal of cDCE was achieved by the end of the operating period.  

Figure 5.15 displays the 1-butanol concentrations averaged over the period from 64 PV to 

88 PV, when the results were relatively consistent spatially and following the increase to 250 

mg/L of H2O2. The results for the bottom port were near zero, and 1-butanol increased at each 

sampling point successively along the column. This indicates that 1-butanol was hydrolyzed 

throughout the column. Only the bottom port had sufficient oxygen and microbial growth to 

utilize the majority of it. The near-linear increase in 1-butanol between the bottom to top ports is 

consistent with a zero-order rate of release of 1-butanol. The results are consistent with the zero-

order rate of hydrolysis observed in batch reactor tests presented later in Figure 5.20.  
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Figure 5.15. Average 1-butanol concentrations for port and effluent sampling in the PVA/SA 

bead column from 64 PV to 88 PV. Error bars represent standard deviations. 

 

Figure 5.16 shows a comparison of pictures taken of the column at 0 PV, 63 PV, and 96 

PV. The orange near the bottom of the column is evidence of growth of 211989. This orange 

section growing more distinct by the final image shows that this portion continued to grow more 

active over time. However, significant growth was not evident throughout the rest of the column. 

This is supported by the data in Figures 5.14 and 5.15, as most transformation and substrate 

usage occurred by the bottom sampling port, especially after 85 PV.  
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Figure 5.16. Images of the PVA/SA bead column taken, from left to right, at 0, 63, and 96 PV.  

5.2.2 Column Sample Embryonic Zebrafish Toxicity Tests 

One objective from the PVA/SA column study was to determine whether there were toxic 

byproducts generated through cometabolism of cDCE by 21198. To study this, embryonic 

zebrafish assays were conducted to measure for significant toxicity produced by column 

samples. Samples were collected for embryonic zebrafish toxicity studies at 30 PV and at 97 PV. 

At 30 PV, samples were collected from the influent, effluent, bottom port, and side port. The 

influent sample was collected prior to H2O2 addition, as it was theorized this alone would lead to 

significant toxicity. However, cDCE and all other compounds in the influent solution were 

present. At the time of sampling, cDCE was measured near the detection limit in all sampling 

points and cDCE epoxide was measured at ~35 peak area in the side port samples and in the 

column effluent. The results from this toxicity test for both undiluted and 10x diluted samples are 

displayed in Figure 5.17.  
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Figure 5.17. Results for the embryonic zebrafish toxicity tests conducted using samples from the PVA/SA bead column at 30 PV. 

Results are provided for, from the top row of plots down, the bottom port, effluent, influent, the top port, and a positive poisoned 

control. Each row shows the plotted results for each tested endpoint. The qualitative descriptions for each endpoint are provided in 

Table 3.6. For the column samples, each individual plot shows results for, from left to right, a negative control, 10x diluted sample, 

and undiluted sample. Red dots symbolize points over the significance threshold for that endpoint in particular. The result is more 

significant when there are greater number of red dots. The statistical analysis for this test is provided in the Methods section (3.7). 
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Out of the four sampling points, the sole point that demonstrated toxicity above the 

significance threshold was the column effluent for the any effect endpoint. Since cDCE was 

much lower in the effluent sample than in the influent, and the influent sample showed no 

significant toxicity, cDCE was likely not the cause of the toxicity. The other main difference 

between the influent and effluent was that the effluent had ~120 mg/L of 1-butanol at this point 

in the column’s operation. A previous study showed that 1-butanol was toxic to zebrafish at 50 

mg/L.171 Due to this, 1-butanol was considered a possible cause of the effluent toxicity. 

However, this is not supported by the results for the top sampling port. The 1-butanol 

concentration was essentially equal in the top sampling port to the effluent sample, but the top 

sampling port did not demonstrate significant toxicity. One reason for this could be that fewer 

zebrafish were tested using the side port samples because of a limited sample volume. As the 

effluent sample only reached the significance threshold by one zebrafish, the smaller sample size 

for the top sampling port may have been significant.  

To provide further support for 1-butanol being the cause of the toxicity, influent and 

effluent column samples were taken for embryonic zebrafish toxicity testing at 97 PV. At this 

point, the concentration of 1-butanol in the column effluent was ~60 mg/L, significantly lower 

than in the previous zebrafish test. Effluent cDCE was measured to be ~5 µg/L and effluent 

cDCE epoxide was measured to be ~20 peak area, slightly lower than during the previous 

toxicity test. For this test, the influent sample was collected after the addition of H2O2 to confirm 

its toxicity. The results from this toxicity test are given in Figure 5.18. 
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Figure 5.18. The results for the embryonic zebrafish toxicity tests conducted using samples from the PVA/SA bead column at 97 

PV. Results are provided for, from the top row of plots down, the effluent, influent, and a positive poisoned control. Each row 

shows the plotted results for each tested endpoint. The qualitative descriptions for each endpoint are provided in Table 6. For the 

column samples, each individual plot shows results for, from left to right, a negative control, 10x diluted sample, and undiluted 

sample. Red dots symbolize points over the significance threshold for that endpoint in particular. The result is more significant 

when there are a greater number of red dots. The statistical analysis for this test is provided in the Methods section (3.7). 
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In this case, the undiluted influent sample reached the significance threshold for the 24-

hour mortality endpoint, the mortality endpoint, and the any effect endpoint. It far exceeded the 

threshold in the mortality endpoint, clearly demonstrating the toxicity of this sample. The 

primary difference between this influent sample and the previous influent sample at 30 PV, 

which showed no significant toxicity, was that this influent sample had added 250 mg/L of added 

H2O2. The significant H2O2 concentration of the influent was likely the cause of the toxicity in 

the influent sample. 

The effluent sample did not show significant toxicity for any of the tested endpoints. 

There was ~50% less 1-butanol and ~57% less cDCE epoxide measured in this effluent sample 

than in the previous column effluent sample that did show slight toxicity. In the previous sample, 

only the effluent sample met the significance threshold despite 1-butanol being approximately 

equal in the previous top port sample and cDCE epoxide being approximately equal in all 

previous samples. Due to this, it is difficult to draw any conclusions as to the cause of the 

toxicity demonstrated by the effluent sample at 30 PV. The toxicity tests conducted using the 

TBOS batch reactors (Section 4.2.2) showed decreasing toxicity when going from the early 

samples to the later samples, which aligned with going from significant 1-butanol, allowed to 

generated over 2 months of anoxic conditions, to lower 1-butanol. 1-butanol may be causing 

toxicity, but conclusions cannot be made based on these three toxicity studies. Overall, there is 

not strong evidence that the process of aerobic cometabolism by 21198 within hydrogel beads 

generates significantly toxic byproducts. However, 1-butanol overproduction may be drawback 

of TBOS as an SRS.  In addition to significant oxygen demand, there is also the possible toxicity 

caused from high 1-butanol concentrations. 
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5.3 Column Studies Discussion 

A previously published study on gellan gum bead columns demonstrated several 

differences from the column studies conducted for this thesis.172 One of the columns from this 

previous study used a very similar setup to the gellan gum bead column in this thesis, using 

gellan gum bead co-encapsulated with T2BOS and 21198 and the same influent feed solution. In 

the previous column study, H2O2 was not required to meet the 2-butanol demands. The 2-butanol 

concentration decreased ~0.3 mg/L after a period of ~40 PV of biostimulation. The influent 

solution was aerated with 15 mg/L of DO, which was sufficient for biostimulation throughout the 

column and transformation of essentially all (>99%) influent cDCE and dioxane.  

In contrast, 50 mg/L H2O2 was needed to drive the 2-butanol level to the detection limit 

in the T2BOS gellan gum bead column study conducted for this thesis (Section 5.1). The 2-

butanol concentration also increased in the effluent once contaminants were added to the column, 

ranging from ~20 to ~50 mg/L. This was approximately 10-fold higher than the previous study 

observed at any point. In the results presented here, transformation of cDCE was observed 

without transformation of dioxane. In the previous study, dioxane, cDCE, and 1,1,1-TCA were 

all effectively transformed with over 99% removal achieved. This further supports that there was 

something fundamentally different about the gellan gum beads used for the studies presented 

here, despite the formulation and method of creation being identical. There needs to be an 

investigation into why the previous study observed both cDCE and dioxane transformation, 

while the column presented here only demonstrated cDCE transformation. This is especially 

necessary as batch reactor studies using the same beads (Section 4.1) indicated transformation of 

both compounds. 2-butanol may have an inhibitory effect on dioxane transformation. In the 

previous study, 2-butanol was utilized to very low concentrations. 
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The previous study also investigated two columns composed of gellan gum beads 

coencapsulated with TBOS and 21198. These previous columns were able to achieve growth of 

21198 throughout the whole column, indicated by an orange tint, compared to the column in 

Section 5.2.1 only having significant growth of 21198 in the bottom portion of the column 

(Figure 5.16). These previous columns also only necessitated the addition of 100 mg/L of H2O2 

to bring 1-butanol levels below detection in the effluent. Comparatively, the PVA/SA TBOS 

column operated for this thesis demonstrated a minimum effluent 1-butanol concentration of ~50 

mg/L, even after the addition of up to 300 mg/L of H2O2. One reason for this may be that the 

PVA/SA beads hydrolyze TBOS significantly faster than the gellan gum beads. However, this is 

not supported by the results from abiotic hydrolysis tests (Section 5.4), which showed that the 

PVA/SA beads released 1-butanol 4 times more slowly than the bead formulations used in the 

columns from this previous study.  

Another possibility is that the difference in influent solution led to a significant difference 

in the rate of TBOS hydrolysis. The previous column studies used 10x diluted phosphate buffer 

MSM, while the PVA/SA column study conducted here used an influent solution formulated to 

more closely align with groundwater. The influent feed solution in the previous studies was 

buffered at a pH of 7.0, which was also measured in the effluent. The influent solution used in 

the PVA/SA column study here entered at 7.0, 7.5, and 7.9 pH, depending on the time period, 

and the column effluent was slightly acidic (~6.0 to 6.4 pH). The beads in the PVA/SA bead 

column experienced a range of pH values, and pH is known to affect the rate of TBOS 

hydrolysis.173 Neutral pH has the lowest rate of hydrolysis, which could explain why the 

previous column studies were able to demonstrate effluent 1-butanol levels below detection. 
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Future studies should further investigate the effects that changes to the solution composition and 

pH buffering capacity have on the co-encapsulated bead systems. 

The previous column studies using gellan gum beads coencapsulated with TBOS and 

21198 demonstrated an ability to transform >99% of influent cDCE after 10 PV.172 Full 

biostimulation of the column, represented by a strong orange coloration throughout, was evident 

by 100 PV. However, the TBOS PVA/SA column study presented here necessitated 80 PV to 

achieve >95% transformation of cDCE. The orange color demonstrating 21198 growth was only 

observed in the bottom section of the column (Figure 5.16), indicating that full biostimulation 

was not achieved. Another possibility for the lower transformation efficiency demonstrated by 

the PVA/SA bead column may be a lower retardation factor compared to the gellan gum 

hydrogel beads (Section 5.2.1), which would lead to contaminants transporting through the bead 

pack more rapidly.  

5.4 Abiotic Hydrolysis Studies 

Abiotic hydrolysis studies were conducted for the T2BOS gellan gum beads and the 

PVA/SA TBOS beads in an effort to determine the rate that 2-butanol and 1-butanol were being 

released within the two columns packed for this thesis. These tests were done by poisoning 2 g 

beads in 100 mL of carbonate buffer MSM and then measuring the 2-butanol and 1-butanol 

generated over time as described in Rasmussen (2018).11 The results for the T2BOS gellan gum 

batch bottles are displayed in Figure 5.19. Both batch bottles were created identically, and the 

replicate results were near-identical. These batch bottles averaged a 2-butanol generation rate of 

0.027 µmol/d-g bead. This rate of production was nearly twice as high as the previous study 

conducted using the same bead formulation and buffered solution, which had an estimated rate of 

0.015 µmol/d-g bead.11 This provides further evidence that this batch of gellan gum beads was 
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structurally different from the batches used in previous studies, despite the formulation and 

method for creation being identical. It should be noted that different students fabricated the beads 

between the studies, and the study completed here used beads that had been stored at 4°C for 

about 2 months. 

Figure 5.19. 2-butanol concentrations measured over time during the abiotic hydrolysis study 

conducted on the T2BOS gellan gum beads. Both batch reactors were set up identically. 

 

For the PVA/SA beads used in the column study (Section 5.2), the abiotic hydrolysis test 

was the same. The carbonate buffer MSM was used to be able to compare results to previous 

abiotic hydrolysis studies done with gellan gum beads coencapsulated with TBOS. The results 

from this study are presented in Figure 5.20. The results from both reactors were similar, with an 

average zero-order 1-butanol generation rate of 0.16 µmol/d-g bead. This rate was approximately 

4 times slower than the rate of 0.65 µmol/d-g bead demonstrated by the TBOS gellan gum beads 

in a previous study.11 This may be evidence of the increased durability of the PVA/SA beads, as 
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the slower rate could show that these beads are stronger and more densely cross-linked. The 

difference could result from the gellan gum beads having more TBOS exposed to water, leading 

to higher rates of hydrolysis.73 

 

Figure 5.20. 1-butanol concentrations measured over time during the abiotic hydrolysis study 

conducted on the TBOS PVA/SA gum beads. Both batch reactors were set up identically. Error 

bars represent standard deviations of triplicate samples.  

 

These results are inconsistent with the column studies completed previously (Azizian et 

al., 2022) and here (Sections 5.1 and 5.2), as these previous studies using gellan gum beads had 

significantly lower effluent 1-butanol and 2-butanol concentrations throughout the studies.172 

This contrasts with both abiotic hydrolysis tests, which found lower rates of T2BOS and TBOS 

hydrolysis in the batch reactors here than in previous studies. It would be expected that if the 

column studies presented here are hydrolyzing the SRSs at a faster rate, that would be reflected 

in the batch reactors.  
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The hydrolysis rates were used to estimate the maximum butanol concentrations in the 

effluent samples of the column by multiplying the rates by the mass of beads per volume of 

liquid within the column, as determined by weight measurements prior to column start-up. This 

result was then multiplied by the HRT and the ratio of the column porosity to the batch reactor 

porosity to estimate a maximum butanol concentration, assuming that none of the butanol was 

utilized by 21198. These porosities were determined by column weight measurements and the 

bead volume compared to the media volume in the batch reactors. The maximum 1-butanol that 

would have been generated by the TBOS PVA/SA bead column, if it was hydrolyzing TBOS at 

the same rate as the batch reactors, would have been ~390 mg/L. The actual maximum 

concentrations found in the column study here were ~200 mg/L, about half of that. This would 

make sense, as much of the 1-butanol was likely being utilized by the 21198. 

Using the same estimations, the maximum 2-butanol concentrations for the T2BOS 

gellan gum bead column should have been ~17 mg/L, assuming none of it was utilized by 21198. 

The actual maximum concentrations observed during steady flow were ~50 mg/L, ~3 times the 

estimate. This indicates that the beads within the columns were likely hydrolyzing their 

respective SRSs at a much higher rate than observed in the batch reactors. This may be partially 

due to the higher rate of bead degradation observed in beads that were actively transforming 

contaminants (Section 4.1), like they would have been in the column. Further abiotic hydrolysis 

tests using varying solution compositions at a range of pH values would be beneficial for 

determining more conclusive reasoning for differences in hydrolysis between beads.   
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CHAPTER 6 – CONCLUSIONS 

In assessing the long-term efficacy of gellan gum encapsulated Rhodococcus 

rhodochrous strain ATCC 21198, the results were mixed. The batch bottle reactors containing 

either T2BOS or TBOS gellan gum beads were able to transform essentially all added cDCE and 

dioxane. This verifies the results of previous research into this method of cell 

immobilization.8,11,73 The rates of contaminant transformation were similar between T2BOS and 

TBOS bead reactors during the first addition. However, T2BOS batch reactors had significantly 

slower transformation rates than the TBOS batch bottles by the end of the study. This contrasts 

with previous research, which showed that 2-butanol as a substrate promotes faster 

transformation rates of dioxane than 1-butanol in the case of 21198.73 However, this work was 

conducted in suspension as opposed to with hydrogel beads. A faster rate of TBOS hydrolysis 

compared to T2BOS likely resulted in a higher biomass within the batch reactors, which also led 

to less exposure time to possibly toxic cDCE epoxide. This faster hydrolysis rate is supported by 

previous research.9 

The T2BOS gellan gum beads demonstrated slowing oxygen consumption rates over 

time, while the TBOS gellan gum beads remained relatively consistent in their oxygen use. 

Successive spikes of cDCE and dioxane may have impacted the long-term health of 21198 in the 

T2BOS beads. The TBOS reactors also showed the ability to withstand a two month long 

anaerobic period. Transformation and oxygen consumption rates decreased after this period, but 

this provides evidence of significant biomass that developed within the beads. 

Issues with long-term gellan gum bead efficacy were largely found with the durability of 

the beads. By day 47 of the T2BOS gellan gum batch reactor study, the beads had fallen apart, as 

discussed in Section 4.1. This diverges from previous research using this same bead formulation 
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which did not have bead durability problems.9,11 Similarly, the TBOS gellan gum bead batch 

reactor study (Section 4.2) did not have this issue. This suggests that the bead fabrication method 

is not completely reproducible, and slight issues with the heating step may have caused issues for 

the beads long term. It should be noted that the beads used in this study were scaled-up in the 

amounts fabricated compared to the original study of Rasmussen et al, (2020)9. Developing a 

more easily replicable bead creation process was part of the work conducted in parallel with this 

thesis, which is where the PVA/SA beads were developed. 

The column packed with gellan gum beads showed long-term success at transforming 

cDCE at ~300 µg/L. Essentially complete transformation was achieved until the high-flow test 

was conducted at 75 PV. Rapid exposure to cDCE and cDCE epoxide throughout the entire 

column during this test may have influenced bead efficacy. By the end of the study, a total of 

71.5% of the cDCE that entered the column was transformed. However, a mass balance found 

that essentially no dioxane entering the column was transformed. This diverges from the results 

from the batch reactor studies, which showed the ability to transform both contaminants. This 

suggests that dioxane transformation in the column may have been inhibited by the presence of 

2-butanol. Similarly to the batch reactors, the gellan gum bead column demonstrated issues with 

bead durability. Compression tests conducted on beads pre- and post-use in the column showed 

that the beads were approximately 40x stronger prior to their use within the column. 

The gellan gum bead column with T2BOS did not demonstrate an ability to recover from 

exposure to high levels of cDCE epoxide throughout the column during and after the high-flow 

rate test. Despite continuously adding media with high levels of hydrogen peroxide and nutrients, 

there was no evidence of cDCE or dioxane transformation after the stop-flow period. This 

corresponded with the T2BOS gellan gum batch bottle studies which showed evidence that 
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successive contaminant additions gradually harmed the microbial population as indicated by 

lower contaminant transformation and oxygen consumption rates. 

The column packed with PVA/SA beads with TBOS was successful in achieving over 

95% transformation of ~200 µg/L cDCE after a period of biostimulation and adjustments to 

influent H2O2 and pH. The majority of this transformation took place prior to flow reaching the 

first sampling port. Pictures of the column supported that this portion of the column had higher 

biomass than the rest of the column based on orange coloration. Increasing the pH from 7.0 to 

7.5 in the influent solution stimulated microbial growth, evidenced by a decrease in effluent 1-

butanol and dissolved oxygen. High levels (>200 mg/L) of H2O2 were required for significant 

transformation to occur. However, this was still not sufficient in reducing 1-butanol to negligible 

levels. 1-butanol was released more rapidly than the microorganisms could utilize it with the 

given DO and nutrient conditions. TBOS may be an issue as an SRS for this reason, but it does 

show evidence of promoting effective microbial growth. This column showed a resilience to high 

levels (>100 peak area) of cDCE epoxide, demonstrating an ability to decrease these levels and 

to continue transforming cDCE after exposure.  

There were advantages to both TBOS and T2BOS as SRSs. For TBOS, the beads 

displayed evidence of higher microbial biomass in the form of higher transformation rates and 

oxygen consumption. For the T2BOS beads, their lower oxygen consumption was beneficial in 

requiring fewer oxygen addtions. This would be useful in real-world applications where adding 

oxygen would be challenging. The goal of PRBs is to have them passively perform treatment. 

However, the T2BOS beads did not show the resilience that the TBOS beads did when exposed 

to high levels of contaminants or prolonged periods without oxygen. 
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Embryonic zebrafish toxicity tests were inconclusive in regards to possible toxicity 

generated through use of the beads. Toxicity decreased from the start of the batch reactor toxicity 

tests to the end, even when no cDCE was initially present. It is possible that the assumed high 

levels of 1-butanol that were present at the beginning of the study, which decreased throughout 

the course of the study, were responsible for the toxicity. For the PVA/SA bead column, the only 

sample that reached the significance threshold for toxicity was from the column effluent, where 

the 1-butanol concentration was ~125 mg/L. 1-butanol has been shown to toxic to zebrafish 

embryos at levels as low as 50 mg/L, which was exceeded by ~75 mg/L in the column 

effluent.171 However, the top port sample with a similar 1-butanol concentration did not show 

significant toxicity. There is not enough data to declare that the beads and the process of aerobic 

cometabolism do not generate toxicity, but there is also nothing that points to the generation of 

an unknown hazardous byproduct.  



105 

 

 

CHAPTER 7 – FUTURE WORK 

This thesis discovered a number of issues related to the co-encapsulated hydrogel beads, 

both fabricated from gellan gum and PVA/SA, that should be investigated further. A better 

understanding of how the beads react to certain environmental conditions should be obtained. To 

do this, abiotic hydrolysis tests should be conducted in various media solutions at various pH 

levels. It is likely that the rates of 1-butanol and 2-butanol release are affected by these 

conditions, but this needs to be quantified. This thesis showed a marked difference in hydrolysis 

rates from previous studies. Hydrolysis tests should also be performed using groundwater from 

different contaminated sites. 

In addition, further tests should be conducted in regard to bead durability. This thesis 

demonstrated that beads are not structurally sound in the long-term in every situation. The 

mechanism for this breakdown should be investigated. Possibilities include microbial growth 

overwhelming the solid matrix, the contaminants or their degradation products affecting the 

matrix, or the beads themselves being used in transformation or respiration. Determining the 

method for this structural failure will allow for an understanding of suitable environments for the 

beads. 

A method to better quantify the mass of microorganisms within the beads would be 

useful as well. Currently, it is assumed that microbial growth is high when the beads become 

orange tinted. A microbial method that allows for one to easily measure that biomass would 

allow for stronger evidence that microbial growth occurs long-term.  

The gellan gum T2BOS beads within the column study did not demonstrate any ability to 

transform dioxane. This was in direct contradiction to previous gellan gum bead studies and the 

batch bottle work conducted for this thesis. One possibility for this inhibited transformation 
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could be that 2-butanol levels were never negligible when dioxane was being added to the 

column. Future work should investigate whether 2-butanol inhibits dioxane transformation, as 

this would be a significant issue with using T2BOS as an SRS. This would mean that there 

would always need to be an extensive amount of oxygen present to ensure that 2-butanol was 

depleted so that dioxane transformation could occur. The reasoning for why earlier column tests 

with gellan gum beads with T2BOS were successful in transforming dioxane, while the column 

study presented here was not, needs to be investigated. 

The PVA/SA TBOS bead column is still in operation. It would also be useful to add 

dioxane to this column. 1-butanol levels are still an issue with this column, but it has shown the 

ability to transform more than 95% of influent cDCE. If it does not show the ability to transform 

any dioxane, this would suggest that 1-butanol could inhibit dioxane transformation as well. 

Changing the influent solution formulation could also be beneficial, as using a more buffered 

solution may decrease the rate of TBOS hydrolysis. 

Once these potential problems are addressed, future bead work may benefit from 

focusing on T2BOS as the primary SRS as opposed to TBOS, as the oxygen demand of TBOS 

beads may not be feasible in a real-world scenario. However, results from studies conducted for 

this thesis found that T2BOS beads tend to lead to microbial populations that are less resilient to 

long-term contaminant exposure and long periods with limited oxygen. Testing beads that use a 

combination of TBOS and T2BOS could be beneficial, as this may lead to a bead that fosters a 

high level of microbial growth due to the TBOS and that has a significantly lower oxygen 

demand due to the T2BOS. It would be necessary to conduct several studies to determine the 

ideal ratio between the two. 
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Finally, future work should settle the bead formulation. This thesis and past work have 

investigated gellan gum and PVA/SA beads of varying formulations. Using bead durability 

information, a best formulation should be decided upon that will allow for future work to 

consistently use one bead formulation that is easy to replicate. Once this formulation has been 

determined, it should be used in column studies similar to the ones presented here to verify long-

term efficacy and for a comparison of results. From there, a larger scale test should be conducted 

that more closely models the soil and groundwater media in real environmental settings. 

Concurrently to the work presented here, a study is being conducted using a larger aquifer model 

and TBOS gellan gum beads in an attempt to have a more representative environment. These 

results may provide the evidence necessary to then move toward in situ testing.  
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APPENDICES 

A.1. Batch Reactor Acetylene Control Results 

 For the T2BOS gellan gum bead batch reactors, duplicate acetylene controls were created 

and monitored throughout the incubation period. Acetylene acts to inhibit the monooxygenase 

enzyme responsible for aerobic cometabolism of dioxane and cDCE. The results for these batch 

reactors are presented in Figure A.1. Dioxane and cDCE slightly decreased throughout the 

incubation period, but the lack of cDCE epoxide generation indicated this was likely not due to 

aerobic cometabolism. Steady oxygen consumption suggested that the 21198 microbial 

population was still alive in the reactors throughout the incubation period, despite the lack of 

contaminant transformation.  

Figure A.1. Oxygen, dioxane, and cDCE mass histories and cDCE epoxide peak area histories 

measured in the T2BOS gellan gum acetylene control batch reactors. 
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 The total oxygen consumption for these batch reactors is presented in Figure A.2. 

Compared to the non-control reactors, oxygen consumption remained significantly more 

consistent. This suggests that the biomass within the acetylene control reactors was larger in the 

later stages of incubation than in the non-control reactors. This may have been due to a lack of 

exposure to cDCE epoxide, which is potentially harmful, or due to less exposure to contaminants 

on a total mass basis. 

 

Figure A.2. Total oxygen consumed by the T2BOS gellan gum acetylene control batch reactors 

over time. 
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A.2. T2BOS Gellan Gum Bead Column Streak Plating 

 Due to a darkened spot becoming visible in the later stages of the T2BOS gellan gum 

bead column operation, liquid sampled from the column influent and column effluent sections 

was streak plated onto TSGA plates and incubated at 30°C as a way to check for contamination. 

The results from these streak plates are pictured in Figure A.3. Orange tinted growth is evident, 

which is indicative of 21198 growth, but the results overall are inconclusive as to whether there 

was contamination due to a lack of individual colonies. 

Figure A.3. Pictures of streak plating onto TSGA plates of liquid taken from the column influent 

section (left) and the column effluent section (right). 

 

 


