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ABSTRACT OF THE DISSERTATION 

 

Of Biofilms and Treatment Trains: 

Removing 1,4-Dioxane and Co-contaminant Mixtures from Water 

 

by 

 

Nicholas Wade Johnson 

Doctor of Philosophy in Civil Engineering 

University of California, Los Angeles, 2020 

Professor Shaily Mahendra, Chair 

 

Addressing trace organic contaminants (TrOCs) in freshwater supplies is increasingly 

important to ensure continued water security as it becomes stressed by rising demand and climate 

change. While many physical-chemical technologies are ineffective or cost-prohibitive for 

removing these contaminants from water, biological treatment is becoming an appealing strategy 

due to generally lower energy and chemical requirements, resulting in improved sustainability 

and cost-effectiveness. The research presented in this dissertation describes the treatment of 

environmentally relevant mixtures of water contaminants using biodegradation by bacterial 

biofilms and treatment trains.  1,4-Dioxane, an industrial solvent and solvent stabilizer, which is 
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a probable carcinogen frequently detected in water supplies, was used as a model TrOC.  First, a 

propanotroph, Mycobacterium austroafricanum JOB5, grown planktonically or in biofilms, was 

demonstrated to cometabolically biotransform 1,4-dioxane in the presence of carcinogenic 

hexavalent chromium [Cr(VI)]. In both growth modes, extracellular polymeric substances 

shielded the cells and mitigated inhibitory effects of Cr(VI) at levels as high as 10 mg/L. Next, 

Pseudonocardia dioxanivorans CB1190 biofilms grown on ZSM-5 zeolite (bio-zeolite) were 

capable of sustaining their growth by biodegrading 1,4-dioxane in aqueous mixtures containing 

chlorinated volatile organic compounds (CVOCs). Isotherm modeling and molecular dynamics 

simulations helped characterize the adsorption mechanisms of 1,4-dioxane and how CVOCs 

affected the overall treatment performance of the system. Bio-zeolite was able to degrade 1,4-

dioxane in the presence of trichloroethene or cis-1,2-dichloroethene with little observable 

inhibition, but was inhibited by the presence of 5 mg/L 1,1-dichloroethene. Lastly, flow-through 

columns packed with granular activated carbon (GAC) bioaugmented with CB1190 biofilms 

(bio-GAC) were determined to remove 1,4-dioxane and CVOCs from water more effectively 

than abiotic GAC. Column reactors containing a bio-GAC/sand mixed bed removed 1,4-dioxane 

better than a stratified bed. Longer hydraulic retention times caused increased oxygen limitation 

due to oxygen adsorption by GAC. Additionally, appropriate application of nutrients was found 

to be crucial to bioreactor performance due to the presence of other microbes and possible 

adsorption by GAC. This research will be valuable for further developing more sustainable 

technologies to treat TrOC mixtures containing mixed-polarity compounds and present new 

directions for applying biological-physical treatment trains to address recalcitrant environmental 

contaminants. 
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Chapter 1 Introduction and Objectives 

1.1 Objectives and Scope 

With the advent of climate change and diminishing freshwater supplies, there is a need to 

develop effective and sustainable solutions for addressing environmental contamination. 1,4-

Dioxane, a cyclic ether and probable human carcinogen, has been raising concerns over the past 

several decades due to increasingly widespread detection in surface and groundwaters and 

improved understanding of its toxicological effects on human health. Cleanup however, is further 

complicated because 1,4-dioxane is rarely found alone and commonly co-occurs with chlorinated 

volatile organic compounds (CVOCs) as well as inorganic metals, such as hexavalent chromium 

[Cr(VI)], due to shared applications such as metal vapor degreasing. Because of the differences 

in physical and chemical properties of these chemicals, it is often challenging to effectively 

remediate environmental media that is contaminated with 1,4-dioxane and co-contaminants using 

a single treatment strategy. Additionally, these co-contaminants can sometimes impede treatment 

or pose additional challenges through antagonistic effects, such as inhibition in the case of 

biodegradation or chromium mobilization in the case of advanced oxidation processes. 

Biodegradation has been gaining recognition as a viable treatment alternative for 1,4-dioxane 

due to its effectiveness, lower energy and chemical requirements compared with other 

conventional remedies (e.g. advanced oxidation processes), and reduced potential for the 

formation of undesirable byproducts. In particular, biofilm processes, due to their ubiquity in the 

natural and built environments, as well as their abilities to promote biodegradation by helping 

microbes resist harsh conditions, such as the presence of inhibitory co-contaminants or hydraulic 

shear, are gaining greater attention in the field of environmental remediation. Additionally, 

treatment trains, which combine biodegradation with physical and/or chemical treatment 
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processes, are being increasingly considered as an improvement over conventional treatment 

alternatives due to their abilities to synergistically treat complex contaminant mixtures. 

The overall objective of this work was to the explore the potential for biofilms and 

biological treatment trains to degrade 1,4-dioxane in the presence of toxic or inhibitory co-

contaminants, including CVOCs and Cr(VI). In this dissertation, several related and increasingly 

complex systems were studied at bench-scale and are described below. 

Objective 1: To Characterize how biofilms grown on inert media can biodegrade 1,4-dioxane in 

the presence of Cr(VI). 

Objective 2: To quantify how biofilm grown on a zeolite (bio-zeolite) can biodegrade 1,4-

dioxane in the presence of CVOCs in batch reactors. 

Objective 3: To optimize column reactors containing bioaugmented granular activated carbon 

(bio-GAC) to treat mixtures of 1,4-dioxane and CVOCs. 

1.2 Dissertation Overview 

This dissertation is divided into five chapters. I brief summary of the current literature 

which sets up the research objectives is outlined in Chapter 1. Chapter 2 contains the results of 

batch and column studies used to quantify the ability of planktonic and fixed-film 

Mycobacterium austroafricanum JOB5 cells to cometabolize 1,4-dioxane in the presence of 

Cr(VI), which are included with permission from Science of the Total Environment (Johnson et 

al., 2020). The ability of Psuedonocardia dioxanivorans CB1190 grown on ZSM-5 bio-zeolite to 

remove 1,4-dioxane from mixtures containing CVOCs as well as the mechanistic exploration of 

the adsorption using molecular dynamics simulations is described in Chapter 3. The work 

presented in Chapter 3 is reproduced with permission from Liu, Y.; Johnson, N. W.; Liu, C.; 
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Chen, R.; Zhong, M.; Dong, Y.; Mahendra, S. Mechanisms of 1,4-Dioxane biodegradation and 

adsorption by bio-zeolite in the presence of chlorinated solvents: experimental and molecular 

dynamics simulation studies. Environmental Science & Technology 2019, 53: 14538−14547. 

Copyright 2019 American Chemical Society. The ability of flow-through columns containing 

bio-GAC to degrade 1,4-dioxane in mixtures with CVOCs is presented in Chapter 4. A summary 

of the results and significance to the field of environmental science and engineering along with 

suggestions for future research directions is presented in Chapter 5. Supporting information for 

Chapters 2 and 3 are included in Appendices A and B. 

1.3 References 

Johnson, N.W., Gedalanga, P.B., Zhao, L., Gu, B., Mahendra, S., 2020. Cometabolic 

biotransformation of 1,4-dioxane in mixtures with hexavalent chromium using attached 

and planktonic bacteria. Sci. Total Environ. 706, 135734. 
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Chapter 2  Cometabolic Biotransformation of 1,4-Dioxane in Mixtures with Hexavalent 

Chromium Using Attached and Planktonic Bacteria 

2.1 Introduction 

Recalcitrant contaminants of concern (CoCs), such as the cyclic ether 1,4-dioxane, a 

probable human carcinogen (IARC, 1999; Zhang et al., 2017), and hexavalent chromium 

[Cr(VI)], a known human carcinogen (Dayan and Paine, 2001), present challenges when 

identifying an appropriate strategy due to interactions among compounds and treatment 

processes. In the context of environmental remediation, many of the source zones or waste 

streams that involve high concentrations or single contaminants have already been addressed 

which leaves many sites with large dilute plumes (Adamson et al., 2014). These contamination 

scenarios at the low end of the concentration scale (in the range of approximately 10-10,000 

μg/L) are challenging to both economically and effectively treat (due to reduced kinetics and 

capital costs that do not necessarily scale to concentration levels) using conventional remedies 

(DiGuiseppi et al., 2016). The complexity found in contaminated groundwaters in terms of 

contaminant mixtures can impose further obstacles to conventional treatment strategies. 

While several studies have already characterized the inhibition of biological 1,4-dioxane 

treatment due to chlorinated solvent co-contaminants (Hand et al., 2015; Mahendra et al., 2013; 

Zhang et al., 2016; Zhao et al., 2018) and some transition metals (Pornwongthong et al., 2014; 

Zhao et al., 2018), there is limited information on the impact of heavy metals, particularly 

metallic oxyanions, such as Cr(VI). Chromium is an abundant natural element with speciation 

that can vary and includes the trivalent [Cr(III)] and hexavalent forms, the most common 

chemical states of chromium in groundwater (Kimbrough et al., 1999). Cr(III) is generally 

insoluble in water due to its tendency to form hydroxides, whereas Cr(VI) oxyanions tend to be 



5 
 

highly soluble and thus mobile (Cary, 1982). Cr(VI) is a known carcinogen (Dayan and Paine, 

2001) and, while no national regulatory standard exists specifically for Cr(VI), USEPA and 

California do have maximum contaminant levels in place for total chromium of 0.100 and 0.050 

mg/L, respectively (SWRCB, 2017). Researchers have demonstrated that hexavalent chromium 

can negatively impact microbial activity (Novotnik et al., 2014) and have found it in 

groundwater at concentrations exceeding regulatory standards (Ball and Izbicki, 2004; 

Hausladen et al., 2018; McPherson et al., 2005). Cr(VI) continues to be an important 

groundwater contaminant with sources of industrial manufacturing involving metal plating, 

leather tanning, mining and dressing, pigments (dyes) and refractory alloys (Barnhart, 1997; 

Kimbrough et al., 1999). A recent study surveyed California Geotracker and found that 7.7% of 

wells (both supply and monitoring) in California that reported levels greater than 10 μg/L Cr(VI) 

also contained 1,4-dioxane (Hausladen et al., 2018). The report suggested that the high 

correlation between 1,4-dioxane and Cr(VI) was likely due to 1,4-dioxane’s role as a solvent 

stabilizer and the historical use of said solvents (particularly 1,1,1-trichloroethane) for vapor 

degreasing and surface preparation for chrome plating (Hausladen et al., 2018).     

Previous studies have identified several bacterial strains that can detoxify Cr(VI)- or 1,4-

dioxane-contaminated environments using a diverse set of processes. For example, 

Mycobacterium sp. Can biosorb over 30 mg/g Cr(VI) (Srinath et al., 2002). Priester et al. (2006)) 

showed that Pseudomonas putida can reduce Cr(VI) and bind Cr(III) to extracellular polymeric 

substances (EPS) in wastewater treatment plants. Similarly, biodegradation of 1,4-dioxane has 

been established for cometabolic processes by Mycobacterium austroafricanum JOB5 (hereafter 

JOB5) and other monooxygenase-expressing bacteria (Mahendra and Alvarez-Cohen, 2006). 

Other than Myers et al. (2018)), the majority of these studies have focused on the behavior of 
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these microorganisms in planktonic growth modes which may not accurately represent this 

phenomenon in groundwater treatment applications where biofilm growth may be the relevant 

growth mode. Because bacterial growth modes have distinct physiologies, they may have 

differential metabolic activity as well as EPS production, which could impact treatment 

performance, which necessitates not only the consideration of planktonic cells, but biofilms as 

well. 

This research presented in this chapter focused on exploring the potential of the 

cometabolic 1,4-dioxane-degrading bacteria JOB5 to biologically transform 1,4-dioxane in the 

presence of Cr(VI) when grown in biofilms on silica sand and in planktonic suspensions. The 

results of this study are expected to improve our understanding of contaminant interactions and 

help determine where biodegradation may be an effective alternative to treat recalcitrant organic 

pollutants even in mixtures with metal oxyanions in contaminated soils and waters. 

2.2 Materials and Methods 

2.2.1 Chemicals 

Na2Cr2O7 and 1,4-dioxane (99.8%, ACS grade) were purchased from Sigma-Aldrich (St. 

Louis, MO). All chemicals in the bacteria culture medium were ACS grade, purity > 99%. 

Propane (99.9%) was obtained from Matheson Tri-Gas (Basking Ridge, NJ). Silica sand (20-30 

mesh, ASTM C-778, Aqua Solutions, Inc.) used for biofilm growth was acid washed using 5% 

(vol conc. Acid/vol DI water) HCl to remove impurities and subsequently washed with deionized 

water to remove acid residue and acid-mobilized impurities. 

2.2.2 Culture Conditions 

Propane-oxidizing bacterial cells of JOB5 were grown in pre-sterilized, sealed bottles 

containing a ratio of 1 part nitrate mineral salts (NMS) medium (Whittenbury et al., 1970) to 4 
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parts headspace (to ensure sufficient oxygen mass transfer) with 25 % (v/v) filter-sterilized 

propane added (to ensure stoichiometric excess) into the headspace using sterile syringes. All 

bottles were incubated at 30˚C with 150 rpm agitation. To maintain aerobic conditions, all cell 

cultures were aerated with filter-sterilized air when the oxygen content fell below 10% as 

measured using an oxygen and carbon dioxide analyzer (Quantek Instrument, Grafton, MA) 

followed by adding 25% (v/v) propane into the headspace.  

2.2.3 Metabolism of Propane by JOB5 Cells in the Presence of Cr(VI) 

The influence of Cr(VI) on propane metabolism by planktonic JOB5 was investigated 

using batch reactors. JOB5 was prepared in NMS medium as described previously. When the 

OD600 was greater than 1.0, the culture was diluted with NMS medium to achieve an OD600 of 

0.1 and then placed in a sterile flask with stir bar to ensure it was completely mixed. For all 

experimental conditions, each 150 mL serum bottle contained 27 mL JOB5 culture and 3 mL 

Cr2O7
2- stock solution (or DI water). A range of Cr(VI) concentrations were chosen (0, 0.1, 1, 

and 10 mg/L) to test the dose-dependent response of JOB5 propane metabolism to hexavalent 

chromium. The Cr(VI)-free control contained 27 mL JOB5 culture with 3 mL of sterile DI water 

instead of Cr(VI) stock. Each bottle was closed with a blue butyl rubber stopper and aluminum 

crimp seal. At the start of the experiment, 6.4 mL of headspace was removed followed by the 

addition of 6.4 mL propane to achieve 5% (v/v) headspace propane with atmospheric pressure. 

The bottles were then incubated at 30°C and shaken at 150 rpm. Propane degradation was 

monitored by measuring propane over the course of the experiment. This experiment was 

conducted in triplicate. 
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2.2.4 Cometabolism of 1,4-Dioxane by JOB5 Biofilms in the Presence of Cr(VI) 

Three chromatographic columns (Kimble Kontes Chromaflex preparatory columns, 2.5 

cm I.D. x 30 cm L.) were used as reactors to test the ability of JOB5 biofilms to biodegrade 1,4-

dioxane in the presence of Cr(VI). A schematic of the column setup is presented as Figure A.1 in 

Appendix A. First, a solution of HCl in deionized water (5% vol conc. Acid/vol) was recirculated 

through each column to sterilize the inner surfaces of the experimental apparatuses. The column 

was then flushed with DI water to remove all acid residue. Autoclave-sterilized sand was then 

wet packed into each column. 

To inoculate the sand, JOB5 culture harvested during early exponential phase growth was 

added (5% v/v) into 500 mL Wheaton serum bottles with 200 mL NMS medium containing 10X 

KNO3. The KNO3 content was elevated to encourage EPS production (Figure A.2) as well as 

increase ionic strength to encourage initial adhesion of JOB5 cells (negative surface charge) with 

silica sand (negative surface charge) (Hori and Matsumoto, 2010). The bottles were sparged with 

air to saturate the solution with oxygen followed by the addition of 25% (v/v) headspace 

propane. One bottle containing JOB5 culture and propane was then connected to each sand-

packed column and recirculated in upflow for 14 days at a flow rate of 0.2 mL/min. Oxygen and 

carbon dioxide levels were monitored as a surrogate for microbial growth and activity. Halfway 

through the inoculation phase when the oxygen levels in the headspace dropped below 10%, 60 

mL of filtered ultra-high purity oxygen was added to each serum bottle to bring oxygen levels 

back up to approximately 21% in the headspace. 

Following the inoculation phase, 3 pore volumes of sterile, propane-free NMS medium 

was manually pushed through each column to remove planktonic cells and residual propane 

using disposable, sterile syringes. At this point the tubing was also changed to the following to 
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remove biofilms not directly associated with the column sand beds. In brief, PTFE 

(polytetrafluoroethylene) tubing was used for all tubing lines, except for the peristaltic pump 

tubing (silicone tubing) and the tubing used to make some connections between fittings, to 

prevent the sorption of 1,4-dioxane. A PTFE filter (0.2 μm membrane, Millipore) was placed 

directly before the column inlet to prevent contamination of the column biofilms. Polycarbonate 

3-way luer-lock valves (Cole-Parmer) were installed directly preceding the influent filter for 

sample collection. The influent and effluent tubing ends were pushed through rubber stoppers 

placed over the 1 L bottles containing the experimental solutions. Experimental solutions 

consisted of standard NMS medium containing 1000 μg/L 1,4-dioxane and 0, 1, 10 mg/L Cr(VI).  

Samples (10 mL) were collected by syringe initially and every 24 hours and analyzed for 

1,4-dioxane, Cr(VI), and total chromium.  At the conclusion of the experiment, solid samples 

were collected and evaluated for biomass content by qPCR and EPS content by a protein and 

polysaccharide assays. Solid sample collection was done by removing sand from both ends of the 

column using a sterile metal spatula as representative inlet and outlet samples, followed by 

removing sand until samples could be collected that were representative of the middle of the 

column bed. Biomass was assumed to not change significantly over the course of the experiment. 

Single columns were operated for each condition. 

2.2.5 Cometabolism of 1,4-Dioxane by Planktonic JOB5 in the Presence of Cr(VI) 

The influence of Cr(VI) on 1,4-dioxane cometabolism by JOB5 was investigated at a 1,4-

dioxane concentration of 1000 μg/L. JOB5 was prepared in NMS medium as described 

previously but collected at the end of a feeding cycle (cells in the late exponential phase) and an 

OD600 = 1.0. In all experimental conditions, each serum bottle contained 27 mL JOB5 culture, 3 

mL Cr2O7
2- stock solution, and 300 µL 1,4-dioxane stock solution. A range of Cr(VI) 
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concentrations were chosen (0 and 10 mg/L) to test the dose-dependent response of JOB5 1,4-

dioxane co-metabolism to hexavalent chromium. The Cr(VI)-free control only contained 30 mL 

JOB5 culture amended with 1,4-dioxane, while the abiotic control contained 30 mL of NMS 

medium with 1000 μg/L 1,4-dioxane. Each bottle was closed with a blue butyl rubber stopper 

and crimp-sealed with an aluminum cap. 1,4-Dioxane samples (200 μL) were collected every 24 

hours for the first 3 days and thereafter every 48 hours. 300 µL aqueous samples were collected 

into 2 mL screw cap tubes and stored at -80˚C until ready for total nucleic acids extraction. 

Biomass was assumed to not change significantly over the course of the experiment. This 

experiment was conducted in triplicate. 

2.2.6 EPS Extraction 

Potential adsorption of Cr(VI) and 1,4-dioxane to soluble EPS (S-EPS), loosely bound 

EPS (LB-EPS), and tightly bound EPS (TB-EPS; for biofilms only) produced by JOB5 cultures 

was also investigated. S-EPS were extracted from cell cultures using a modified method 

described by Tseng et al. (2015). Briefly, 1 mL of planktonic cell culture, 5 mL of column 

solution, or 1 g of bioaugmented sand in 5 mL of NMS medium was centrifuged at 7000 x g for 

10 min and the supernatant, representing the S-EPS fraction, was transferred to a sterile storage 

tube. An equal volume of NMS medium was then added to the tube containing the pellet and 

vortex mixed for 5-10 seconds to completely extract LB-EPS. Samples were centrifuged as 

before and the supernatant was retained for quantification of the LB-EPS fraction. TB-EPS were 

extracted from biofilm-coated sand using a modified thermal extraction method (Tseng et al., 

2015). After completing the previous extraction steps for S- and LB-EPS, an equal volume of 

NMS (preheated to 50°C) was added to the tube followed by immediate shearing using a vortex 

mixer for 1 min. The samples were then immediately transferred to a water bath and incubated at 
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60°C for 30 min. After centrifugation at 7000 x g for 10 min, the resulting supernatant was 

considered to contain TB-EPS. 

2.2.7 Analytical Methods 

1,4-Dioxane levels (0-1000 µg/L) in the reactors were quantified using an Agilent 6890 

gas chromatograph (GC) equipped with a mass spectrometry (MS) detector and a Supelco SPB-1 

Sulfur column (30 m x 0.32 mm id x 4 µm) or Restek Rxi-624Sil MS GC column (30 m x 0.25 

mm id x 1.4 µm). The collected aqueous sample was processed using a frozen microextraction 

procedure as described by Li et al. (2010) and the full GC-MS method has been previously 

described by Zhang et al. (2016).The method detection limit was 5 μg/L. 

Propane was measured with a Hewlett Packard 6890 gas chromatograph equipped with a 

flame ionization detector (GC-FID) fitted with a Restek® Stabilwax-DB capillary column (30 m 

x 0.53 mm x 1 μm). Briefly, 100 μL of headspace was taken directly from the experimental 

bottles using a gas tight analytical syringe and manually injected into the GC inlet. The injector 

and detector temperatures were set at 220°C (in splitless mode) and 250°C, respectively. The 

oven temperature was set to 40°C and held for a method runtime of 2 min. The carrier gas flow 

(helium) was set to 6.1 mL/min. 

Total and hexavalent chromium were measured using inductively coupled plasma-optical 

emission spectrometry (ICP-OES) and EPA Method 7196A, respectively. The details of the 

analysis are provided in Appendix A. The limit of detection was 0.01 and 0.05 mg/L, 

respectively, for ICP-OES and EPA Method 7196A, respectively. 

S-, LB-, and TB-EPS protein measurements were performed on the appropriate fraction 

using the Bradford protein assay, using bovine serum albumin as the standard, by adding 1:1 



12 
 

ratio of sample and Coomassie reagent. Samples were incubated at room temperature for 10 min 

and absorbance at 595 nm was measured using a Nanodrop spectrophotometer. The 

polysaccharide fraction of each EPS was quantified by a phenol-sulfuric acid colorimetric 

method (Dubois et al., 1956) using D-glucose as a standard solution in the range of 2 to 100 

mg/L. 

2.2.8 DNA Extraction and Quantification 

Total nucleic acids were extracted from samples using a modified phenol-chloroform 

extraction method as described previously (Gedalanga et al., 2014). Briefly, 500 μL of cell 

cultures were centrifuged at 13,000 x g for 3 min and the supernatant was discarded. After 

adding 250 μL of lysis buffer (50 mM sodium acetate, 10 mM EDTA [pH 5.1]), 100μl 10% 

sodium dodecyl sulfate, 1.0 ml pH 8.0 buffer-equilibrated phenol, and 1 g 100 μm-diameter 

zirconia-silica beads (Biospec Products, Bartlesville, OK), cells were lysed by heating to 65°C 

for 2 min, bead beating for 2 min with a Mini-Beadbeater 16 (Biospec Products, Bartlesville, 

OK), incubating at 65˚C for 8 min and beads beating again for 2 min. The lysate was collected 

by centrifugation at 13,000 x g for 5 min followed by phenol/chloroform/isoamyl alcohol 

purification and chloroform/isoamyl alcohol purification. Precipitation of total nucleic acids was 

performed by addition of 0.1 volume 3 M sodium acetate and 1 volume isopropanol followed by 

incubation at -20 °C overnight. Nucleic acid pellets were collected by centrifugation at 4°C for 

30 min at 20,000 g. The precipitate was washed with 70% ethanol and resuspended in 100 µl 

Dnase- and Rnase-free water. All samples were stored at -80°C until ready for use. 

The Universal 16s rRNA gene target (Harms et al., 2003) was quantified by quantitative 

polymerase chain reaction (qPCR) using an Applied Biosystems StepOne Plus (Life 

Technologies, Carlsbad, CA). Each reaction consisted of 20 µL containing: 1x Luminaris Color 
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HiGreen/HiROX qPCR Master Mix (Thermo Scientific, Waltham, MA), 0.3 mM of primers, and 

2 µL of DNA template. The cycling parameters to amplify the gene fragment included 50˚C for 2 

min, 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 s and 60˚C for 45 s. All reactions 

were accompanied by a melt curve analysis to confirm the specificity of qPCR products. 

2.2.9 Scanning Electron Microscopy and Energy-Dispersive X-ray Analyses 

Energy-dispersive X-ray (EDX) and scanning electron microscopy (SEM) analyses were 

performed to determine the morphology and elemental composition of planktonic JOB5 cells 

after exposure to 10 mg/L Cr(VI). After completion of the 1,4-dioxane degradation experiment 

that included varying levels of Cr(VI), planktonic JOB5 cells were prepared following our 

previously described methods for SEM/EDX analyses (Zhao et al., 2018). Briefly, one droplet of 

sample suspension was placed on a copper-grid with a carbon film, and then fixed with 2% 

paraformaldehyde and 2.5% glutaraldehyde. The sample was subsequently washed with 

sterilized ultrapure water, dehydrated sequentially using increasing proportions of ethanol (from 

25% to 100%), and air-dried. The copper-grid was then mounted onto a SEM stub and coated 

with carbon (to prevent electric charging), and subsequently imaged using a Hitachi S-4800 

FEG-SEM equipped with energy dispersive X-ray spectroscopy. The SEM was operated at an 

accelerating voltage of 7-15 kV, and a working distance of 7-10 mm. 

2.2.10 Rate and Rate Constant Calculations 

Rate calculations were performed by first using either Microsoft Excel or R software to 

perform linear regressions on the 1,4-dioxane degradation data. Excel was used when 

experimental replicates were performed, while R was used when only analytical replicates were 

available. First order rates were normalized by the biomass measured for each respective reactor. 

First order rate constants were converted to pseudo-first order rate constants by normalizing each 
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constant by either the average biomass (average of initial and final biomass in the case of batch 

experiments) or final biomass (in the case of the column experiments). Gene copies measured by 

qPCR were used as a representative measure of biomass. For ease of comparison, rates and rate 

constants were also normalized in terms of total protein content by using a correlation between 

gene copies and protein content (as determined using the Bradford protein assay after 

solubilizing whole cells using 3 M NaOH and incubating for 30 min). Propagation of error was 

used to combine standard error calculated for both biomass and concentration data to determine 

overall standard error values for rates and rate constants (where shown). A detailed description 

of the calculations performed can be found in Appendix A. 

2.3 Results 

2.3.1 Metabolism of Propane by JOB5 Cells in the Presence of Cr(VI) 

The metabolic transformation of propane by active JOB5 culture is presented in Figure 

2.1. The Cr(VI)-free control removed propane similarly to the 0.1 and 1 mg/L Cr(VI) conditions. 

In the 10 mg/L Cr(VI) condition, JOB5 degraded propane more slowly (P < 0.5) than each of the 

other three conditions. 
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Figure 2.1 Biodegradation of propane by JOB5 was unaffected by low levels of Cr(VI). JOB5 
planktonic batch reactors containing 0, 0.1, and 1 mg/L Cr(VI) were equally able to degrade 
propane, while 10 mg/L Cr(VI) inhibited JOB5 propane metabolism. Error bars represent the 
standard deviation of triplicate reactors. 

 

2.3.2 Cometabolism of 1,4-Dioxane by JOB5 Biofilms in the Presence of Cr(VI) 

The degradation of 1,4-dioxane observed during the recirculating biofilm column 

experiments is presented in Figure 2.2. JOB5 in the 1,4-dioxane-only column cometabolized 1,4-

dioxane from an average of 1056 μg/L down to an average of 391 μg/L in 9 days. JOB5 in the 

column with an added 1 mg/L Cr(VI) cometabolized 1,4-dioxane from an average of 1037 μg/L 

down to an average of 303 μg/L in 9 days. JOB5 in the column with an added 10 mg/L Cr(VI) 

cometabolized 1,4-dioxane from an average of 980 μg/L down to an average of 224 μg/L in 9 

days. 
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Figure 2.2 Biodegradation of 1,4-Dioxane in JOB5-Bioaugmented Sand Columns with no 
Cr(VI) removal. A) JOB5 biofilms grown on acid-washed silica sand resisted inhibition by 
Cr(VI) and biodegraded 1,4-dioxane. Single column experiments were conducted for each 
experimental condition. Error bars represent half the range of duplicate analytical measurements. 
B) No significant reduction in Cr(VI) was seen in either the low or high Cr(VI) conditions 
as evidenced by the minimal differences between Cr(VI) and total chromium 
measurements for all conditions. Cr(VI) likely appears slightly higher than total 
chromium due to slight differences in accuracy between the two measurement methods 
used. Error bars represent the standard deviation of triplicate analytical measurements for 
hexavalent chromium. 
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Samples taken at the end of each experiment were quantified for biomass estimation 

using qPCR and EPS fraction analyses (Figures 2.3A and 2.3C) for bulk solution and at various 

positions along the column (outlet, middle, inlet). For the qPCR analysis, samples were 

quantified by universal 16S rRNA amplification. EPS fractions were analyzed by using both 

polysaccharide and total protein measurements. Both analyses were consistent with each other in 

terms of relative amounts and distributions of both EPS and gene copies. Fewer than 1% of gene 

copies found at the various locations on the sand column (ranging from 8.4 x 109 to 4.4 x 1010 

copies/g sand across all columns) were detected in bulk solution (ranging from 1.6 x 107 to 2.2 x 

108 copies/g solution across all columns). Similar trends were observed for polysaccharide EPS 

analysis; however, a greater proportion of EPS was found in solution relative to the amount on 

the sand (approximately 0.01 mg/g solution compared with approximately 0.06 mg/g sand across 

all columns and EPS fractions). These proportions were approximately constant with no 

observable trends among EPS fraction, location, and Cr(VI) dose. EPS were also measured for 

total protein content, but it was found to be below the method detection limit of 1 mg/L for all 

EPS samples. Cr(VI) and total chromium were also measured to determine if chromium 

sequestration or reduction may have reduced toxic effects. Cr(VI) levels determined by 

colorimetric assay remained constant for the duration of the experiment (Figure 2.2). Total 

chromium levels measured by ICP-OES were consistent with the Cr(VI) levels measured by 

EPA Method 7196A, suggesting that no reduction of chromium from the Cr(VI) to Cr(III) redox 

states occurred during the experiment (Figure 2.1). 



18 
 

 

 

Figure 2.3 Biomass Quantification by qPCR and EPS Analyses. A) Biofilm biomass results 
from qPCR analysis using the universal 16S rRNA gene target for biofilm reactors. Error bars 
represent the standard deviation of triplicate qPCR reactions. B) Planktonic biomass results from 
qPCR analysis using the universal bacterial 16S rRNA gene target for planktonic reactors. Error 
bars represent the standard deviation of triplicate experimental reactors. C) Three EPS fractions 
(soluble, LB-EPS, and TB-EPS) were extracted from bulk liquid and sand (at three locations 
within each column: top, middle, and bottom) from the biofilm experiment. EPS was analyzed 
for both total polysaccharide and protein contents. Total protein content was found to be less 
than the lower limit of detection (< 1 mg/L) for all samples. Error bars represent the standard 
deviation of triplicate analytical measurements. 
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Initial transformation rates and rate constants were calculated using the first 5 timepoints 

and normalized to the gene copy numbers averaged over the entirety of each sand column (Table 

2.1). The rates show only a minor effect between 0 and 1 mg/L Cr(VI), with a decrease of the 

1,4-dioxane transformation from 4.2 ± x 10-11 to 3.8 x 10-11 μg/gene copy∙d. The rate was 

approximately halved when the Cr(VI) dose was increased from 1 to 10 mg/L [3.8 x 10-11 to 2.0 

x 10-11 μg/gene copy∙d]. Pseudo-first order rate constants were calculated as well. Apparent rate 

constants were initially calculated for the overall 1,4-dioxane removal trends using linearized 

forms of pseudo-first order rate laws and ranged from 6.0 x 10-14 to 2.9 x 10-14 L/copy∙d for 0-10 

mg/L Cr(VI). To account for the experimental setup potentially confounding these overall rate 

constants, additional calculations were performed using mass balance models for the system to 

remove any artifacts of the flow rate used on the rate constants. The recirculation reservoir was 

modeled as an ideal steady flow reactor (Eq. 2.1). 

𝑉 = 𝑄 × 𝐶 − 𝑄 × 𝐶       (2.1) 

Where Vreservoir is the volume of the reservoir, Cbulk is the 1,4-dioxane concentration of the 

solution in the reservoir, t is time, Q is the flow rate, and CCE is the 1,4-dioxane concentration of 

the column effluent. Because the amount of biomass measured in the reservoirs was ≤ 1% of the 

total biomass, the 1,4-dioxane biotransformation rates in the reservoirs were assumed to be 

negligible. The column was modeled as an ideal steady state plug flow reactor (Eq. 2.2), a model 

that has been used by other studies that investigated similar bioreactors (Campos et al., 2006; 

Dursun and Aksu, 2000; Yadav et al., 2014). 

= −𝑘𝐶     (2.2) 
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Where C is the 1,4-dioxane concentration of the solution at a distance along the column, τcolumn is 

the hydraulic retention time of the column, and k is the first order rate constant for the 

biodegradation reaction mediated by the biofilm in the column. Integrating and combining the 

two equations gives the final expression used to extract the rate constant from the degradation 

time series data (Eq. 2.3). 

𝑘 =
×

    (2.3) 

Where Cbulk-t and Cbulk-0 are the bulk 1,4-dioxane concentrations at time, t, and time zero. A 

detailed derivation of the model is provided in Appendix A. Using this model to extract rate 

constants from bulk solution measurements yielded larger pseudo-first order rate constant values 

[1.5 x 10-12 to 6.9 x 10-13 L/copy∙d]. 
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2.3.3 Cometabolism of 1,4-Dioxane by Planktonic JOB5 in the Presence of Cr(VI) 

The degradation results of 1,4-dioxane observed during the batch planktonic experiments 

is presented in Figure 2.2. No difference was observed for 1,4-dioxane degradation curves with 0 

and 10 mg/L of Cr(VI), respectively. Additionally, the extents of degradation observed for these 

conditions were all similar with 1,4-dioxane being biodegraded to below detection within 12 

hours. No removal was observed in the abiotic control containing only 1,4-dioxane and Cr(VI). 

 

Figure 2.4 Planktonic JOB5 1,4-Dioxane Cometabolism is Uninhibited by up to 10 mg/L 
Cr(VI). Error bars represent the standard deviation of triplicate reactors. 

 

Biomass was quantified by qPCR through the amplification of the Bacterial universal 16S 

rRNA gene (Figure 2.3B). No significant changes were found between initial and final gene 

abundances within each condition. Additionally, gene abundances were similar across all 
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biological conditions. The abiotic control had measurable gene abundances below the level of 

quantification for the 16S rRNA primers (104 copies/mL). 

Initial transformation rates and rate constants were calculated using the first 5 timepoints 

and normalized to the average gene copy number from initial and final measurements (Table 

2.1). With Cr(VI) levels of 0 and 10 mg/L, the 1,4-dioxane degradation rates were (5.5 ± 0.065) 

x 10-7 and (6.3 ± 0.29) x 10-7 μg/gene copy∙d, respectively. Planktonic 1,4-dioxane 

biodegradation pseudo-first order rate constants were calculated in the same way as the apparent 

rate constants for the biofilm systems and were nearly identical for 0 and 10 mg/L Cr(VI) levels 

(1.5 ± 0.071) x 10-9 and (1.5 ± 0. 061) x 10-9 L/copy∙d, respectively]. 

2.3.4 SEM-EDX Analysis 

SEM-EDX analysis was used to determine the elemental composition of JOB5 cell grown 

in the presence of 10 mg/L Cr(VI) (Figure 2.5). Figure 2.5A is an EDX spectrum showing the 

detection and relative intensities of various elements, including C, O, Cu, S, Al, Si, and K, and 

Figure 2.5B shows the SEM photograph of the JOB5 sample that was analyzed. Figure 2.5C 

shows overlays of the elemental mapping on the original SEM photograph of the JOB5 cells for 

8 elements, including chromium. Relatively large peaks were detected for copper and carbon due 

to the use of the copper grid and carbon film for holding the sample. Small peaks, such as 

silicon, potassium, and sulfur, are typical of biological samples. Chromium was below the 

detection limit, suggesting that it was not accumulated in significant amounts in the cells. 
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Figure 2.5 JOB5 Cells Analyzed Using SEM-EDX Spectroscopy. A) Energy dispersive X-
ray (EDX) spectroscopy of the JOB5 sample. B) Scanning electron microscopic (SEM) 
image of the JOB5 cell sample without filtering. C) EDX analyses of elemental composition 
of the JOB5 sample. No chromium was detected in the sample, due to its low 
concentrations. Copper signal came from copper grids used for holding the sample. 

 

2.4 Discussion 

Co-contaminant impacts on the biotransformation of 1,4-dioxane have only recently 

begun to be considered. Much work has been done to determine the effect of the more obvious 

chlorinated solvent co-contaminants on 1,4-dioxane biodegradation, but relatively little work has 

been done that examines the impacts of metals. The published studies that have considered how 

transition metals may impact biodegradation have focused on metals such as Cu(II), Ni(II), 
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Zn(II), and Cd(II), some of  which are important bacterial micronutrients that can play roles as 

enzymatic cofactors (Pornwongthong et al., 2014). However, no previous studies have 

considered the potential impacts of chromium, an important water contaminant and human 

carcinogen, on the biodegradation of 1,4-dioxane. This is an important gap when the potential 

co-occurrence of 1,4-dioxane and hexavalent chromium is high considering their common 

denominator of chlorinated solvents that have historically been extensively used in vapor 

degreasing processes of metals and metal-plated products (Hausladen et al., 2018). Additionally, 

oxidative in-situ treatments for other contaminants of concern have the potential of mobilizing 

naturally occurring Cr(III) by oxidizing it to the stable and mobile Cr(VI), thus complicating 

other pre-existing contaminant plumes (Hausladen et al., 2018). 

2.4.1 Observed Inhibition of 1,4-Dioxane Cometabolism by JOB5 

This study considered the impact of Cr(VI) on the cometabolic biotransformation of 1,4-

dioxane by Mycobacterium austroafricanum JOB5, in both planktonic and biofilm growth 

modes. Cr(VI) did not greatly inhibit 1,4-dioxane cometabolism by JOB5 at levels typical of 

groundwater (0-1 mg/L) in both planktonic and biofilm systems. Mild inhibition was observed 

for biofilms when Cr(VI) was increased from 1 to 10 mg/L and no inhibition was observed for 

planktonic cultures at 10 mg/L. Beyond these observations, the pseudo-first order rate constants 

between the planktonic cultures and biofilms were considerably different (by factors of 103 and 

105 for apparent or model-extracted rate constants, respectively). While this is a relatively large 

difference, this phenomenon has been previously reported for the degradation of toluene by 

Pseudomonas putida 54G (with specific activities for planktonic cells being approximately 4 

times greater than those for attached cells) (Mirpuri et al., 1997) and for the degradation of 

chloroform by Methylosinus trichosporium OB3b in planktonic cultures (pseudo-first order rate 
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constants of 0.2-0.41 L/mg-VSS) (Speitel et al., 1993) and biofilms (pseudo-first order rate 

constants of ~0.0001-0.0018 L/mg-VSS) (Speitel and Leonard, 1992). Several factors likely play 

a role in this apparent rate discrepancy. The specific rates calculated during this study use gene 

abundance for normalization, which gives a total quantity of a specific gene target rather than the 

total number of active cells. It is possible that as Mirpuri et al. (1997) found, some of the cells 

within the biofilm are inactive, thus the gross quantification given by qPCR would overestimate 

the biomass used to calculate the rate and lead to rate underestimation. This could also be 

explained by what is understood about biofilms being physiologically distinct from planktonic 

cells, where gene expression may be considerably different between the two modes which could 

affect specific degradation rates (Chua et al., 2014). Additionally, the differences in the 

distribution of EPS possibly played a role with the S-EPS being well dispersed in planktonic 

reactors, while total EPS were mostly associated with the attached growth cells in the biofilm 

reactors (rather than dispersed throughout the entire systems). We also examined potential 

cellular toxicity in terms of primary substrate metabolism, ATP production, and growth (via 

qPCR) for planktonic cells. Propane metabolism curves showed a dose-dependent response, 

decreasing with increasing Cr(VI) (Figure 2.1), with a noticeable drop in rate at 10 mg/L Cr(VI). 

Additionally, decreasing trends in both ATP production and 16S rRNA gene copy numbers with 

increasing Cr(VI) doses (ranging from 0 to 10 mg/L) confirm Cr(VI) toxic effects on JOB5 

(Figure A.3). However, the exact mechanism of toxicity remains unknown. The inhibitory 

substrate concentration for Cr(VI) (IC50; defined as the level of Cr(VI) needed to reduce 

substrate transformation rates by 50%) was considerably higher for 1,4-dioxane cometabolism 

than propane metabolism (195.9 vs. 18.08-23.13 mg/L, respectively, Table A.2). 
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While our results indicate that beyond a certain level hexavalent chromium causes 

inhibitory effects on both 1,4-dioxane transformation and propane metabolism by JOB5, no 

effects were observed for Cr(VI) levels relevant to contaminated groundwater. Additionally, the 

observed effects of Cr(VI) on 1,4-dioxane degradation were not nearly as pronounced as those 

observed for other transition metals such as Cu(II), Ni(II), and Cd(II). Several different studies 

have examined the impacts of divalent copper ions on 1,4-dioxane transformation in both 

planktonic and biofilm growth modes (Pornwongthong et al., 2014; Zhao et al., 2018). 

Pornwongthong et al. (2014) found that the addition of 1 mg/L and 10 mg/L Cu(II) resulted in a 

40% and 90% decrease in respective 1,4-dioxane degradation relative to metal-free control rates 

for the 1,4-dioxane metabolizing strain Pseudonocardia dioxanivorans CB1190. Zhao et al. 

(2018) found that after the addition of 10 mg/L Cu(II) to groundwater containing 10 mg/L 1,4-

dioxane used as feedwater for CB1190-bioaugmented soil columns, relative removal decreased 

from 84% to 58%, an overall decrease in removal efficiency of 31%. While no studies have 

considered the effects of Ni(II) and Cd(II) on 1,4-dioxane biodegradation by bacterial biofilms, 

Pornwongthong et al. (2014) found that in addition to Cu(II), Ni(II) and Cd(II) could negatively 

impact planktonic metabolic 1,4-dioxane biodegradation rates by CB1190 by 35 and 36%, 

respectively, relative to metal-free rates. At environmentally relevant concentrations, Cr(VI) 

does not present much antagonistic potential to 1,4-dioxane cometabolic biotransformation by 

propanotrophs, such as JOB5. 

2.4.2 Inhibition Mitigation by Reduction 

While a number of other studies have found that Cr(VI) can negatively impact xenobiotic 

biodegradation, we found Cr(VI) to have little impact on cometabolic 1,4-dioxane 

biotransformation by either planktonic cells or biofilms. Reduction of Cr(VI) was investigated as 
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a potential mechanism of inhibition mitigation. Studies reported in the literature have 

demonstrated that Cr(VI) can be both intra- and extracellularly biologically reduced under both 

oxic and anoxic conditions (Ahemad, 2014). During experiments with Cr(VI), no precipitate was 

observed, suggesting that no extracellular biologically or abiotically catalyzed reduction was 

occurring. Because JOB5 is aerobic, the reactors were never placed under anoxic (and potentially 

reducing) conditions due to the microbial oxygen demand. Additionally, during the biofilm 

study, the levels of Cr(VI) were found to remain constant during the course of the experiment 

(Figure 2.2). When investigated using SEM-EDX, no chromium was found in samples of 

exposed planktonic JOB5 cells, suggesting that the adsorbed or precipitated Cr was very low, if 

any (Figure 2.5). Additionally, tests were conducted with permeabilized planktonic cells to 

determine if Cr(VI) was being intracellularly reduced to Cr(III), however no decrease in Cr(VI) 

was observed (Figure A.4). Lastly, we measured Cr(VI) and total chromium during the biofilm 

study to determine if Cr(VI) was being removed or potentially converted to another redox state. 

No decrease in Cr(VI) or total chromium was observed over the duration of the experiment 

(Figure 2.2). 

2.4.3 Inhibition Mitigation by EPS 

Metal sequestration by biosorption has been demonstrated by a number of studies. Metals 

have been shown to be sorbed by both cells and EPS (Gupta and Diwan, 2017; Jobby et al., 

2018). Experiments with washed, heat killed, and dried planktonic cells demonstrated no Cr(VI) 

removal by cell membranes (Figure A.5). S-EPS produced by planktonic cells were found to be 

capable of binding Cr(VI) and preventing color development using EPA method 7196A 

suggesting a level of sorption or chelation ability (Figure A.6). These results suggest that S-EPS 

(for planktonic studies) and total EPS (for biofilm studies), which are comprised primarily of 
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polysaccharides and nucleic acids (Figure A.5, Table A.1), are responsible for binding Cr(VI) or 

limiting biofilm cells’ exposure, respectively, and thus limiting 1,4-dioxane-biodegradation 

inhibition due to Cr(VI). This is consistent with work done on EPS derived from activated sludge 

that found EPS are capable of sorbing Cu, Cd, and Pb (Comte et al., 2008; Guibaud et al., 2009). 

Chromate has been demonstrated to enter bacterial cells via active transport through sulfate 

transport systems, specifically sulfate permeases (Aguilar-Barajas et al., 2011; Ahemad, 2014; 

Cervantes et al., 2001). These transport systems are specific with respect to sulfate and 

thiosulfate, but are also capable of transporting their structural analogs such as the oxyanions 

selenate, tungstate, molybdate, and chromate (Aguilar-Barajas et al., 2011). If Cr(VI), in the 

form of chromate, is bound to EPS, steric hindrances would prevent transmembrane transport, 

thus preventing uptake by the cells and resulting toxicity. While this prevents cellular uptake and 

downstream toxic effects, it does not sequester Cr(VI) irreversibly. As previously stated, JOB5-

produced S-EPS primarily consist of polysaccharides, a rich carbon and energy source. We 

considered the possibility of breakdown of S-EPS by resting JOB5 cells without primary 

substrate, but found no evidence suggesting that JOB5 could use EPS as a growth substrate 

(Figure A.7). Additionally, while no Cr(VI) removal was observed in the biofilm experiment, it 

is well understood that the EPS that form the matrix of biofilms can impede the penetration of 

antimicrobial agents from bulk solution to the cells within the biofilm structure, thus mitigating 

exposure (Davies, 2003). 

While EPS play a role in mitigating biotransformation inhibition by JOB5, it is possible 

that other mechanisms could also play a role. Several studies have found that other Mycobacteria 

are capable of resistance to other heavy metals including Cu, Hg, and Zn through metal ion 

efflux pumps, which is one of the more common forms of metal resistance in addition to 
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reduction strategies (Erardi et al., 1987; Meissner and Falkinham, 1984; Nies, 2003). It is 

possible that JOB5 carries genes that enable this type of resistance for chromium, however the 

full genome of this microorganism has not yet been sequenced. Other less common resistance 

strategies exist, however due to our direct observations of the role that EPS play in binding 

Cr(VI), these resistance mechanisms were not investigated. 

2.4.4 Environmental Applications 

Cometabolic biotransformation remains a viable 1,4-dioxane treatment strategy for 

contaminated water, even with presence of elevated levels of co-contaminants, such as Cr(VI). 

Overall, we found only minor impacts of Cr(VI) on both extents and rates of 1,4-dioxane 

transformation by Mycobacterium austroafricanum JOB5 at environmentally relevant levels [0-

10 mg/L Cr(VI) for biofilms and planktonic cells]. Thus, this treatment method could still be 

used for in-situ groundwater remediation applications for the biodegradation of 1,4-dioxane, and 

possibly other organic contaminants of concern. There are several considerations that should be 

made, however, to exploit cometabolic biodegradation to the fullest, namely the role that EPS 

play and how they are produced by the bacterium in question. 

While Cr(VI) has been demonstrated in this study to bind with EPS, this should not be 

considered a viable Cr(VI) sequestration strategy. Although we found that JOB5 was likely not 

remobilizing Cr(VI) bound to EPS by biodegrading that same EPS, this may not be the case in 

mixed microbial communities. Because EPS are composed of macromolecules (primarily 

polysaccharides in the case of JOB5-produced EPS), in a field or engineered application under 

mixed culture conditions, it is very likely that other microbial community members would be 

able to utilize EPS as a growth substrate which could remobilize Cr(VI) as a free oxyanion. 
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Additional findings important to the application of JOB5 cometabolism to 1,4-dioxane 

contamination are the effects of nutrients and oxygen on EPS production. As previously stated, 

10x KNO3 was selected for biofilm experiments because this level of nitrogen encourages more 

EPS production, which aided (at least in part) biofilm formation on silica sand. The nitrogen to 

phosphorus (N/P) ratio can have significant ramifications for the levels of EPS produced by 

microorganisms (Figure A.2). Additionally, oxygen deficiency was found to encourage EPS 

production by JOB5 (Figure A.8). Elevated EPS levels can have implications for xenobiotic 

degradation. We found that 1,4-dioxane cometabolism by JOB5 was impeded in a dose-

dependent manner by the incremental addition of more EPS (Figure A.9). So while EPS appear 

to play a role in mitigating Cr(VI) toxicity, too much may impede biodegradation of the target 

organic contaminants of concern, such as 1,4-dioxane. 

2.5 Conclusion 

1,4-Dioxane cometabolism by Mycobacterium austroafricanum JOB5 is resistant to 

hexavalent chromium inhibition. Most studies focus on planktonic culture behavior when 

examining biotransformation potential, however in most natural or engineered systems, some 

combination of planktonic cells and biofilms exists. To this end, we considered how Cr(VI) 

would impact both planktonic cells and biofilms. Planktonic JOB5 cells were completely 

uninhibited at levels below 10 mg/L Cr(VI), while JOB5 biofilms experienced minor inhibition 

at 10 mg/L Cr(VI). This suggests that in a system containing both 1,4-dioxane and Cr(VI) at 

environmentally relevant levels, where bacterial cells were in both growth modes, cometabolic 

biodegradation would be able to proceed without inhibition. This is surprising considering that 

Cr(VI) is a known toxicant for many bacteria and is in stark contrast to other metal ions such as 

Cu(II), Ni(II), and Cd(II) which have demonstrated greater inhibitory effects on 1,4-dioxane 
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biodegradation at similar levels, even though they are essential nutrients as well as catalytic 

substituents of enzymatic cofactors. While the complete mechanism of resistance remains to be 

explored, EPS are found to play a role in mitigating Cr(VI) inhibition either by binding with 

freely dissolved Cr(VI) or by impeding its ability to penetrate biofilms. While this is beneficial in 

this case, too much EPS can also slow biodegradation kinetics, so it is important to consider 

factors that may increase EPS production, such as elevated N/P ratios and oxygen limitation. 

Finally, while Cr(VI) was shown to be sorbed by EPS, this should not be taken as a means of 

removing Cr(VI) without a mechanism to remove the Cr(VI)-EPS complex from water (that 

exists for processes such as activated sludge). If employed carefully, cometabolic biodegradation 

remains an excellent treatment approach for 1,4-dioxane-contaminated waters that contain 

elevated levels of Cr(VI) in various environments and distribution systems. 
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Chapter 3 Mechanisms of 1,4-Dioxane Biodegradation and Adsorption by Bio-zeolite in 

the Presence of Chlorinated Solvents: Experimental and Molecular Dynamics Simulation 

Studies 

3.1 Introduction 

1,4-Dioxane is a cyclic ether which is recognized as an environmental pollutant and 

probable human carcinogen (IARC, 1999).  It has been historically used as a stabilizer for 1,1,1-

trichloroethane (Doherty, 2000), which has caused it to commonly co-occur with a variety of 

chlorinated volatile organic compounds (CVOCs) in contaminated groundwater through 

historical use and handling (Adamson et al., 2015; Adamson et al., 2014; Anderson et al., 2012; 

Mohr et al., 2010). Due to its high aqueous miscibility and low Henry’s law constant (4.88×10-6 

atm∙m3/mol), 1,4-dioxane is highly mobile and persistent in the environment and challenging to 

separate from aqueous solutions (Mohr et al., 2010). Chemical oxidation has been investigated 

for the removal of 1,4-dioxane (Chitra et al., 2012; Vescovi et al., 2010; Zhao et al., 2014; Zhong 

et al., 2015), but requires large chemical and energy inputs with the potential for generating 

harmful transformation products (DiGuiseppi et al., 2016; Li et al., 2018).  

1,4-Dioxane biodegradation mediated by various microorganisms has been well 

documented (Zhang et al., 2017). While biodegradation of 1,4-dioxane has been demonstrated as 

an effective treatment mechanism with pure cultures (Mahendra and Alvarez-Cohen, 2005; 

Mahendra and Alvarez-Cohen, 2006; Mahendra et al., 2007; Zhao et al., 2018), mixed cultures 

(Polasko et al., 2018), and indigenous microorganisms (Gedalanga et al., 2016), one of its 

primary drawbacks is the sensitivity of microbial activity to environmental conditions, including 

inhibitory co-contaminants such as CVOCs (Mahendra et al., 2013; Zhang et al., 2016). 
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Until recently, adsorption was thought to be an ineffective means of removing 1,4-

dioxane from water due to its high aqueous solubility and low octanol-water partitioning 

coefficient (McGuire and Suffet, 1978; McGuire et al., 1978; Mohr et al., 2010). Some 

adsorbents have been studied for 1,4-dioxane removal capabilities, such as activated carbon  

(Norit 1240 GAC; adsorption capacity of  ~38 mg/g) (Myers et al., 2018), a synthetic polymeric 

adsorbent (Ambersorb 560; adsorption capacity of ~40 mg/g at aqueous equilibrium 

concentration of 80 mg/L) (Woodard et al., 2014), and a titanium silicalite zeolite  (TS-1; 

maximum adsorption capacity of 85.17 mg/g) (Chen et al., 2019). However, few adsorbents have 

been reported that provide sufficient capacity for 1,4-dioxane or have considered their removal 

capabilities in the presence of CVOCs.  

ZSM-5 (MFI framework) is a class of zeolite which has been widely explored due to its 

hydrophobic characteristics, shape selectivity, and pore system, and ability to catalyze 

hydrocarbon cracking reactions (Rodeghero et al., 2016). Three different active sites, including 

straight channels, sinusoidal channels, and channel intersections, have been identified as 

available adsorption sites (Brogaard et al., 2013). ZSM-5 has properties that promote the 

adsorption of many organic compounds, such as methyl tert-butyl ether, toluene, and CVOCs 

(Chen et al., 2012; Martucci et al., 2015; Zaitan et al., 2016; Zhang et al., 2018). One study has 

found evidence that 1,2-dichloroethane (DCA) molecules can adsorb to zeolites by means of 

water-mediated hydrogen bonds, to form DCA–water complexes (Martucci et al., 2015). 

However, the adsorption of 1,4-dioxane on ZSM-5 has not been studied in-depth and the specific 

adsorption mechanisms controlling the efficiency and selectivity of 1,4-dioxane, especially in the 

presence of important environmental co-contaminants, have not been fully investigated yet. 
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A newer approach to treating recalcitrant environmental contaminants is combining 

physical or chemical treatments with biological processes to create synergies that increase 

overall removal efficiency and sustainability relative to the individual processes. Several 

successful examples of this have combined chemical oxidation,(Miao et al., 2019; Miao et al., 

2018) electrochemical oxidation (Jasmann et al., 2017), and adsorption (Chen et al., 2019; Myers 

et al., 2018) with biodegradation for 1,4-dioxane treatment. While abiotic adsorption is in many 

cases an effective removal mechanism for recalcitrant environmental contaminants, it does have 

some drawbacks as previously discussed, namely the capacity of the adsorbent. Several 

additional drawbacks of abiotic adsorption are the inherent reversibility of the adsorption process 

and the non-destructive nature of adsorption as a contaminant treatment process (McGuire and 

Suffet, 1978; Myers et al., 2018). Bioaugmenting adsorbents such as zeolite or granular activated 

carbon (GAC) has been attempted for other groundwater contaminants or in applications such as 

wastewater treatment as a way of improving the biodegradation or adsorption processes (Myers 

et al., 2018; Sun et al., 2003). Our recent study considered using bioaugmented GAC (bio-GAC) 

to treat 1,4-dioxane in contrast with abiotic GAC, and found that bio-GAC was able to remove 

1,4-dioxane from water to lower levels with an extended capacity when compared with an equal 

mass of abiotic GAC (Myers et al., 2018). Furthermore, bio-GAC drastically reduced the amount 

of 1,4-dioxane that was able to desorb with successive water washing steps when compared with 

abiotic GAC due to the destructive mechanism of biodegradation (Myers et al., 2018). In 

addition to this, bacterial cultures have been used in several instances to bioregenerate (Aktaş 

and Çeçen, 2007; Chen et al., 2019) exhausted adsorbents as an alternative to energy- or 

chemically-intensive methods (Alvarez et al., 2004; Dahri et al., 2014; Sharif et al., 2017; Xin-

hui et al., 2012; Yaghmaeian et al., 2014). Several studies have considered growing biofilms on 
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zeolites as a possible means of improving wastewater treatment (Bai et al., 2011; Bai et al., 

2010) or metal removal from contaminated water (Lameiras et al., 2008; Quintelas et al., 2013; 

Quintelas et al., 2009). However, little consideration has been given to the detailed mechanisms 

of the adsorption process for mixtures that contain both hydrophilic and hydrophobic 

contaminants and how the adsorption mechanisms control how bio-zeolite systems would 

perform in said mixtures. 

The mechanistic understanding of the adsorption processes of 1,4-dioxane would also 

promote the development of better adsorbents for 1,4-dioxane. Although linear, Freundlich, 

Langmuir, partition-adsorption, and Polanyi theory-based models have been commonly used to 

explore adsorption mechanisms, Polanyi theory-based models tend to have better fits than other 

adsorption models (Yang et al., 2006a; Yang et al., 2008; Yang and Xing, 2010; Yang et al., 

2006b). Polanyi introduced the adsorption potential theory, which is recognized as one of the 

most powerful available theories for understanding aqueous adsorption on energetically 

heterogeneous surfaces (Polanyi, 1914). The Polanyi theory based Dubinin-Ashtakhov (DA) 

model was developed using the adsorption potential theory and has parameters that are related to 

the physicochemical properties of both adsorbate and adsorbent, and the parameter Ed represents 

the adsorption energy of a given solute, which is usually believed to express all the interaction 

forces responsible for adsorption (Crittenden et al., 1999; Pan and Zhang, 2014). Recently, 

several modified DA models were developed that consider characteristic energies EH and Ea 

which are believed to reflect the contributions of specific adsorbate-adsorbent interactions and 

the overall adsorbate-adsorbent interactions, respectively (Pan and Zhang, 2012, 2014). Recent 

advances in molecular simulation techniques allows the extraction of the structural, dynamic, and 

energetic parameters approaching atomic scale characterization. Density functional theory (DFT) 
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calculation results have been used to show that the tight fits between the guest-host pairs 

promoted the adsorption of many compounds with similar sizes (5.7 ~ 5.9 Å) into zeolite 

channels (Hendriks et al., 2017). However, very few studies have considered how 1,4-dioxane 

molecules distribute along the porous network of zeolites, especially in the presence of CVOCs.  

The objectives of the research presented in this chapter were to measure and model the 

adsorption of 1,4-dioxane, in mixtures with select CVOCs, on abiotic and bioaugmented ZSM-5 

zeolite. These results would be valuable to the design of synthetic zeolite adsorbents for various 

emerging contaminants as well as demonstrating the applicability of bioaugmented adsorbents 

for irreversibly removing contaminant mixtures from water supplies.  

3.2 Materials and Methods 

3.2.1 Chemicals and Materials 

1,4-Dioxane (99.5% super dry solution), trichloroethene (TCE), cis-1,2-dichloroethene 

(cDCE), and 1,1-dichloroethene (1,1-DCE) were purchased from Sigma Aldrich. A series of 

powdered ZSM-5 (hereafter referred to as zeolite) were supplied by Tianjin Nankai University 

Catalyst Co., Ltd with Si/Al ratios of 38, 50, 150, 200 and 300, and are denoted as ZSM-5(38), 

ZSM-5(50), ZSM-5(150), ZSM-5(200) and ZSM-5(300). Granular ZSM-5 (diameter from 0.420-

0.840 mm) with Si/Al ratios of 200 was also supplied by Tianjin Nankai University Catalyst Co., 

Ltd, and is denoted as ZSM-5(200G). All other chemicals were analytical-grade reagents. 

3.2.2 Culture Conditions 

The 1,4-dioxane-metabolizing bacterium Pseudonocardia dioxanivorans CB1190 was 

grown as a stock of pure culture in sterile baffled flasks containing ammonium mineral salts 

(AMS) medium (Parales et al., 1994) with 1,4-dioxane added as the primary carbon and energy 

source. The culture was grown with a liquid-to-headspace ratio of 1:4 to ensure adequate oxygen 
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transfer into suspension. The experimental culture was inoculated with 5% (v/v) of the actively 

growing stock culture and was then allowed to grow with 3 amendments of 1.13 mmol/L 1,4-

dioxane. Each subsequent 1,4-dioxane amendment was only added after the previous amendment 

had been degraded to below detection limit as measured by a gas chromatograph-flame 

ionization detector (GC-FID) (0.0057 mmol/L). After the final amendment had been 

biodegraded, the culture was diluted with additional sterile AMS medium to a final volume of 1 

L. The culture was then ready for experimental use. 

3.2.3 Abiotic Zeolite Batch Experiments 

All experiments were carried out in sterile bottles with screw caps. One of the six 

varieties of zeolite was added into each bottle along with 25 mL aqueous solution with different 

1,4-dioxane concentrations (0.2-0.7 mmol/L). The bottles were shaken at 150 rpm/min at 298 K. 

The equilibrium concentrations of 1,4-dioxane were determined by GC-FID. 

The adsorption kinetics were determined with 1.13 mmol/L and 5.67 mmol/L 1,4-

dioxane. Aliquots of 25 ml 1,4-dioxane solution were added to each bottle containing 

0.1000±0.00005 g ZSM-5. The effects of solution chemistry including pH and solvents were also 

investigated, and the related description can be found in Appendix B. All experiments were 

performed in triplicate. 

3.2.4 Bio-zeolite Batch Experiments 

The experiment was conducted in two phases: a bioaugmentation phase followed by the 

experimental phase. First, 150 mL serum bottles containing 0.0200 ± 0.00005 g of ZSM-5(200) 

(crushed and sieved to have grains with maximum diameters of 0.420-0.840 mm) were autoclave 

sterilized. Next, 30 mL of CB1190 culture amended with 1.13 mmol/L (100 mg/L) 1,4-dioxane 

was added to each bottle, which was then immediately sealed with a blue butyl rubber stopper 
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and aluminum crimp seal. The bottles were incubated at 303 K and shaken at 150 rpm for 7 days 

to allow the bacteria to adhere to and grow on the zeolite surface. The bottles were monitored for 

degradation activity by GC-FID and amended with 1.13 mmol/L 1,4-dioxane when the 

concentration in the bottles dropped below the detection limit of the instrument. After 7 days, the 

bottles were unsealed and the now bioaugmented zeolite was transferred to new sterile serum 

bottles and gently washed with approximately 2 volumes of AMS medium to remove any flocs 

and planktonic bacteria. 

The experimental phase began when 24 mL of AMS containing 0.0113 mmol/L 1,4-

dioxane was added to the bottles containing the bioaugmented ZSM-5 with appropriate volumes 

of CVOC stocks to achieve desired initial concentrations (Table B.1). After addition of the 

CVOCs, the bottles were promptly sealed with 20 mm blue butyl rubber stoppers and aluminum 

crimp seals. 1,4-Dioxane samples (250 μL) were taken immediately and then at 1, 3, 7, 9, 24, and 

every 24 hours thereafter.  

3.2.5 Competitive Adsorption of 1,4-Dioxane and CVOCs 

Adsorption equilibrium experiments were performed in a series of Boston round bottles 

(120 mL) fitted with Mininert valve caps, containing 0.0200 ± 0.00005 g ZSM-5(200G) and 25 

mL solution. Single-solute adsorption experiments were conducted with the initial concentrations 

range from 0.2 to 0.7 mmol/L. The binary-solute competitive system was prepared by mixing 

1,4-dioxane and CVOCs at a 1:1 molar ratio. The initial concentrations of 1,4-dioxane or 

CVOCs ranged from 0.2 to 0.7 mmol/L. The bottles were then shaken at 150 rpm and 298 K. 

The equilibrium concentrations of 1,4-dioxane and CVOCs were determined by GC-FID. The 

experiments were performed in triplicate vials. 
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3.2.6 Adsorption Isotherm Models 

Many isotherms models including Langmuir, Freundlich and Toth have been widely and 

successfully used to describe adsorption isotherms. Recently, nonlinear regression modeling has 

been shown to more accurately describe the experiment systems than linear regression analysis 

of linearized models (Liu et al., 2016). Nonlinear Langmuir, nonlinear Freundlich, Toth, DA, and 

modified DA models using coefficient of determination (r2) and mean weighted square errors 

(MWSE) were selected for fitting the experimental data and the adsorption models are shown in 

Table B.2.  

3.2.7 Molecular Dynamics Simulations 

A zeolite-water two-phase periodic system was constructed as shown in Figure B.1, 

where the unsubstituted zeolite ZSM-5 structure was used. A supercell consisting of 1×5×2 unit 

cells was cleaved along the 010 plane, and the broken edges were compensated with OH groups 

to keep the surface charge neutral. A water slab with a width of ~100 Å was inserted between the 

cleaved edges to make a zeolite-water two-phase unit cell under periodic boundary conditions. 

Adsorption free energy profiles at 298 K were calculated from trajectories using the adaptive 

biasing force (ABF) accelerated molecular dynamics (MD) method (Fiorin et al., 2013). The free 

energy of the adsorption process, that is, a 1,4-dioxane or CVOC molecule reversibly moving 

from the aqueous phase to the straight channel of ZSM-5 was investigated. The reaction 

coordinate was designated as the x-axis, with its origin located at the x-position of surface 

protons on the cleaved zeolite edge.  

The molecular dynamics package LAMMPS (Sandia National Laboratory, ver. Aug-

2017) was used to run the all-atom molecular simulations with extended polymer consistent 

force field (PCFF) and the zeolite structure and hydroxyl edge groups were kept flexible during 
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the simulation (Plimpton, 1995). The simulation setup, including the forcefield parameters, MD 

parameters, and simulation protocol, was described in details in Appendix B which was adopted 

from our previous work (Liu et al., 2015). Additional evaluations regarding method accuracy of 

the extended PCFF are included in Appendix B (Table B.3 and Figure B.2), suggesting that the 

MD calculations were consistent with observed experimental energetics with reasonable 

accuracy (deviations of -0.8 to -9.8 kJ/mol for most organics). 

3.2.8 Analytical Methods 

1,4-Dioxane concentrations ranging from 0.0113 – 11.3 mmol/L were measured using a 

Hewlett-Packard 6890 GC-FID (Hewlett-Packard, Atlanta, GA) with a Restek® Stabilwax-DB 

capillary column (30 m × 0.53 mm ID × 1 µm; Restek, Bellefonte, PA) as described in 

Pornwongthong et al. (2014) (Pornwongthong et al., 2014). The detailed method is presented in 

Appendix B.  

1,4-Dioxane concentrations lower than 0.0113 mmol/L were analyzed using a Hewlett-

Packard 6890 GC fitted with a mass spectrometer (GC-MS) as described in Zhang et al. (2016). 

Prior to analysis, aqueous samples were extracted into dichloromethane using a previously 

described frozen micro extraction method (Li et al., 2011). TCE, 1,1-DCE, and cDCE were 

quantified according to Zhang et al. (2016). 

3.3 Results and Discussion 

3.3.1 Adsorption of 1,4-Dioxane onto Zeolite 

The adsorption isotherms of 1,4-dioxane onto zeolite with different ratios of Si/Al are 

shown in Figure 3.1. The adsorption capacity of 1,4-dioxane was observed to increase with 

increasing Si/Al ratios. Langmuir, Freundlich, Toth, DA, and modified DA isotherm models 

were used to describe the adsorption process and the parameters are shown in Tables B.4-B.9. 
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Langmuir, Toth, DA, and modified DA isotherm models all fit the experimental data well. For 

the DA and the modified DA models, the parameter Q0/a/H represents the maximum adsorption 

capacity.(Yang and Xing, 2010) The order of Q0/a/H of these zeolites is ZSM-5(300) > ZSM-

5(200) > ZSM-5(150) > ZSM-5(200G) > ZSM-5(50) > ZSM-5(38). The Ed/0/H values for ZSM-

5(50) and ZSM-5(38) are low, but the Ed/0/H values for the other zeolites are similar. 

1,4-Dioxane rapidly adsorbed (Figure B.3) to the hydrophobic zeolite despite its size 

(critical diameter: 5.8 Å) being slightly larger than the micropores of the zeolite (5.6 Å). The 

differences between the overall adsorbate-adsorbent interactions and specific adsorbate-

adsorbent interactions (Ea – EH) represent nonspecific interactions. These differences are all 

similar for ZSM-5(150), ZSM-5(200 G), ZSM-5(200) and ZSM-5(300), which means the 

contribution of nonspecific interactions for adsorption of 1,4-dioxane are similar. Nitrogen gas 

adsorption-desorption isotherms and pore size distributions (PSDs) from N2 adsorption on the 

zeolite are shown in Figures B.4-B.5, and the parameters are shown in Table 3.1. For these four 

Si/Al ratios, a good correlation was found between adsorption capacity for 1,4-dioxane and 

micropore volumes and surface area of the zeolite. The linear regression results between Q0, the 

maximum theoretical adsorption capacity, and surface area and micropore volumes of the zeolite 

for 1,4-dioxane at the 95% confidence intervals is 

Q0=0.0040×BET+0.9958×Vmicro-0.5426  (r2=0.9947)  (3.1) 

This linear intrinsic relationship suggests that the pore-filling mechanism plays an important role 

for the adsorption of 1,4-dioxane on ZSM-5.   
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Table 3.1 BET and pore volumes of ZSM-5. 

Parameters ZSM-
5(38) 

ZSM-
5(50) 

ZSM-
5(150) 

ZSM-
5(200G) 

ZSM-
5(200) 

ZSM-
5(300) 

BET(m2/g) 350.3 337.7 337.5 325.9 418.3 406.5 

t-plot Micropore Area 
(m2/g) 

178.9 215.9 189.5 94.4 251.5 218.7 

Total Pore Volume 

(mL/g) 

0.3703 0.3316 0.3717 0.3930 0.4141 0.3811 

t-plot Micropore Volume 

(mL/g) 

0.0921 0.1109 0.0981 0.0388 0.1234 0.1081 

DFT Micropore Volume 

<1.94 nm (mL/g) 

0.1672 0.1669 0.1601 0.1496 0.1914 0.1891 

DFT Total pore Volume 

<51.40 (mL/g) 

0.3131 0.2781 0.3051 0.3332 0.3507 0.3379 

 
  

Although ZSM-5(38) and ZSM-5(50) have higher surface areas and micropore volumes 

than ZSM-5(200G), their adsorption capacities for 1,4-dioxane are much lower than that of 

ZSM-5(200G). The differences between Ea and EH for ZSM-5(38) and ZSM-5(50) are also 

smaller than the tested zeolites with higher Si/Al ratios, which is consistent with the fact that 

increasing the backbone Si content of zeolites increases the hydrophobic siloxane linkages 

(Nakamoto and Takahashi, 1982), causing the increase in adsorption capacity of 1,4-dioxane. 

Furthermore, the addition of exchangeable cations in the channels that compensate for the charge 

deficit due to Al substitution renders the accessible volume of micropores by obstructing the 

adsorption and diffusion of guest molecules as the Al content increases, which was consistent 

with the observation that lower BET and micropore volume caused lower Q0 at lower Si/Al 

ratios. However, comparatively the pore structural changes caused by bond length or angle 
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changes from Si-O to Al-O would be negligible as suggested by the small bond length and angle 

changes calculated by forcefield (bond lengths of 1.62 vs 1.72 Å, for Si-O and Al-O, and bond 

angles of 173.8 vs. 162.4 for Si-O-Si and Si-O-Al, respectively). Together, it was suggested that 

hydrophobic interactions induced by the primary structural changes in backbone siloxane 

linkages and accessible inner-pore volumes at different Si/Al ratios play an important role during 

the adsorption process. To determine the existence of hydrogen bonds between hydrophobic 

zeolite and 1,4-dioxane, the adsorption of 1,4-dioxane in two non-aqueous solvents, n-hexane 

and methanol, was investigated (Figure B.6). 1,4-Dioxane adsorption on ZSM-5(200G) 

decreased significantly in both n-hexane and methanol relative to its adsorption in water (Figure 

B.6A). Due to the strong hydrophobic nature of the zeolite channels, n-hexane or methanol 

adsorbed onto the zeolite strongly, decreasing the amount of 1,4-dioxane adsorbed. FTIR spectra 

of 1,4-dioxane adsorbed ZSM-5 in aqueous, methanol, and hexane solutions are shown in Figure 

B.6B. The CH2 stretching vibrations of 1,4-dioxane adsorbed to ZSM-5 in n-hexane, methanol, 

and aqueous solutions were at 2960.8, 2970.5 and 2976.1 cm-1, respectively, which was reported 

as 2968 cm-1 for aqueous 1,4-dioxane (Chapman and Hester, 1997). This shows the presence of 

hydrogen bonds formed through CH2 groups of 1,4-dioxane with water and is consistent with 

similar findings reported in the literature (Borowski et al., 2016). Combined with the 

significantly greater adsorption of 1,4-dioxane in aqueous solution than in methanol or hexane 

solutions (Figure B.6A), this suggests that these 1,4-dioxane-water complexes are adsorbing to 

the zeolite. 

1,4-Dioxane rapidly adsorbed on the zeolite, with distribution coefficients (Kd) for 1,4-

dioxane from pH ~2.0 to ~12.0 in aqueous solution shown in Figure B.7A. The equilibrium pH 

of an acidic solution was higher than its initial pH value, and the equilibrium pH value of a basic 
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solution was lower than its initial pH value, demonstrating the buffer capabilities of the zeolite 

over the entire pH range. No change in LogKd values were observed except at an initial pH of 

12.1. Kd decreased by approximately 0.2 log units at equilibrium pH 10.6. Electrolytes (Na+, 

Ca2+ and Fe3+) and soluble organic matter (Fulvic acid) were also found to have minor effects on 

the adsorption 1,4-dioxane onto ZSM-5 (Figure B.7B).  

 

 

Figure 3.1 Adsorption of 1,4-dioxane onto zeolite: the equilibrium adsorption capacity of (■) 
ZSM-5(38), (●) ZSM-5(50), (▲) ZSM-5(150), (▼) ZSM-5(200G), (◄) ZSM-5(200), and (►) 
ZSM-5(300) can reach 0.255, 0.258, 0.890, 0.779, 1.22, 1.19 mmol/g, respectively. Error bars 
represent the standard deviation of experimental triplicates. 

 

3.3.2 1,4-Dioxane Removal by Bio-zeolite 

The time series data of 1,4-dioxane adsorption and biodegradation by abiotic and bio- 

zeolite are presented in Figure 3.2 and Figure B.8. The reactors initially included 0.0113 mmol/L 

of 1,4-dioxane, however, noticeable rapid initial increases can be seen in both Figures 3.2A and 

3.2B. During the preparation of the bio-zeolites using high loading of 1,4-dioxane, some amount 

of 1,4-dioxane remained adsorbed to ZSM-5. At the start of the experiment, this adsorbed 1,4-
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dioxane likely desorbed through a combination of adsorption equilibrium as well as displacement 

by CVOCs. Abiotic zeolite was able to reduce 1,4-dioxane levels from 0.0113 mmol/L to 0.0021 

mmol/L (0.18 mg/L) with no CVOCs present (best-case abiotic condition for 1,4-dioxane 

removal due to lack of adsorbate competition). Bio-zeolite was able to repeatedly biodegrade 

1,4-dioxane to below this level (Figure 3.2A) at 5.4 days, and again by day 8 (after 1,4-dioxane 

levels were spiked to 0.012 mmol/L on day 6). When 0.05 mmol/L of either cDCE or TCE were 

combined with 1,4-dioxane, the time series plots closely match the 1,4-dioxane-only bio-zeolite 

condition (Figure 3.2A) and degradation proceeded to levels below the abiotic zeolite removal 

capabilities. These observations suggest that the system was able to preferentially adsorb TCE or 

cDCE, allowing 1,4-dioxane biodegradation by sequestering inhibitory CVOCs at starting 

concentrations that have been observed to inhibit 1,4-dioxane biotransformation in previous 

studies using both planktonic and attached CB1190 cultures.(Zhang et al., 2016; Zhao et al., 

2018) When mixtures consisting of 1,4-dioxane and 1,1-DCE, with or without cDCE and/or 

TCE, were introduced into bio-zeolite reactors, biodegradation was completely halted (Figure 

3.2B). This not only validates previous findings of the inhibitory effects of 1,1-DCE on 1,4-

dioxane (Zhang et al., 2016; Zhao et al., 2018), but illustrates the ability of the bio-zeolite system 

to degrade 1,4-dioxane in CVOC mixtures may be impacted by the adsorption mechanism and 

relative affinities of each compound for the zeolite. Our results qualitatively follow those from 

other studies in that biofilms grown on adsorbents or introducing exhausted adsorbents to 

planktonic microbes, which are capable of biodegrading the contaminants, the capacity of the 

adsorbent can be extended beyond its abiotic capacity (without performing a conventional 

regeneration process) (Chen et al., 2019; Myers et al., 2018). Additionally, CB1190 has been 

demonstrated to be capable of degrading cDCE (Polasko et al., 2018), which suggests that 
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CB1190 bio-zeolite would be capable of extending the system’s removal capacity over time for 

both 1,4-dioxane and cDCE. Additionally, as demonstrated in our previous work with bio-GAC, 

by adding biodegradation, the process becomes an irreversible, destructive technology, whereas 

purely abiotic adsorption has the potential for contaminant release (Myers et al., 2018). 

 

Figure 3.2 Bio-zeolite removes 1,4-dioxane in CVOC mixtures. (A) Bio-zeolite degrades 1,4-
dioxane (even in the presence of 0.05 mmol/L cDCE or TCE) to levels below the removal 
capabilities of abiotic zeolite. (B) Bio-zeolite degradation of 1,4-dioxane is inhibited by 1,1-DCE 
or any CVOC mixture that includes 1,1-DCE. The error bars represent the standard deviation of 
experimental triplicates. 
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3.3.3 Competitive Adsorption of 1,4-Dioxane and CVOCs on Zeolite 

1,4-Dioxane adsorption onto zeolite in the presence and absence of CVOCs (TCE, cDCE, 

1,1-DCE) is shown in Figure 3.3. The order of adsorption capacity of organic compounds onto 

zeolite for single-solute systems is TCE > cDCE > 1,4-dioxane > 1,1-DCE. 1,4-Dioxane 

adsorption appears to decrease in the presence of CVOCs (especially at higher CVOC 

concentrations). The order of the effect of CVOCs on adsorption capacity of 1,4-dioxane 

adsorbed on zeolite: TCE > cDCE > 1,1-DCE. For both single-solute and binary-solute systems, 

Langmuir, Toth, DA, and modified DA models fit the data well (parameters shown in Tables 

B.10-B.14). The DA and the modified DA models were selected to gain insights into the 

adsorption process due to their inclusion of the physicochemical properties of both adsorbate and 

adsorbent. For the DA model, the adsorption potential is defined as the change of Gibbs free 

energy upon adsorption which is determined as the respective pure liquid state of the solute as 

the reference state, while Ed values indicate the adsorption affinity and all interaction forces 

responsible for adsorption including solute-solute interaction and adsorbate-adsorbent 

interactions (Yang and Xing, 2010). In order to quantify adsorbate-adsorbent interactions, the 

modified DA models converting aqueous adsorption to the corresponding adsorption from air 

and n-hexadecane were built (Pan and Zhang, 2014). In the modified DA models, Ea/H represents 

the ratio of the energy contribution of the overall adsorbate-adsorbent interactions and the 

specific adsorbate-adsorbent interactions to the overall adsorption energy (Pan and Zhang, 2014).  

For single solute systems, Qa/H for TCE is the largest and Qa/H for 1,1-DCE is smallest, while 

Ea/H for 1,4-dioxane is the largest and Ea/H for 1,1-DCE is the smallest (Tables B.13-B.14). 

Generally higher energy represents higher adsorption affinity (Carter et al., 1995). Although the 

1,4-dioxane–ZSM-5 interaction is overall the strongest compared with the other adsorbates (Ea 
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for 1,4-dioxane is the largest), the adsorption capacity is relatively low. This may be due to 

strong 1,4-dioxane-water interactions that are consistent with its high solubility. Among the three 

CVOCs, Ea/H for 1,1-DCE is the lowest, and thus has the low adsorption affinity, which means 

that 1,1-DCE has relatively low competitive ability with 1,4-dioxane for zeolite sites. That is 

why the observed adsorption capacity of 1,4-dioxane on ZSM-5 in the presence of 1,1-DCE is 

the highest of the binary 1,4-dioxane-CVOC systems tested. 

 

 

 

Figure 3.3 Multicomponent adsorption isotherms of 1,4-dioxane and CVOCs on zeolite. (A) 
Competitive adsorption 1,4-dioxane and TCE onto zeolite. (B) Competitive adsorption 1,4-
dioxane and cDCE onto zeolite. (C) Competitive adsorption 1,4-dioxane and 1,1-DCE onto 
zeolite. Error bars represent the standard deviation of experimental triplicates. 
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In order to obtain the relative contribution of individual interactions to the adsorbate-

adsorbent energy, multicomponent linear regression modelling was conducted (Eq. 3.2 and 3.3) 

to establish the linear relationships combining Ea/H and solute descriptors with 95% confidence 

intervals (physicochemical properties 1,4-dioxane and CVOCs are listed in Table B.15). 

Ea=43.369(±10.254)×V+29.205(±5.0640)×π*+14.119(±3.3707)×β-18.071(±7.5401) 

 (r2=0.9887) (3.2) 

EH=26.794(±4.5370)×π*+14.695(±2.7680)×β+7.3828(±1.9775)  (r2=0.9843) (3.3) 

The ratio of different interactions in Ea is estimated in Figure B.9. The terms V, π* and β 

are jointly responsible for the overall adsorbate-adsorbent interactions (Ea). The V term has a 

large coefficient indicating the large contributions of pore filling and London dispersive forces to 

adsorption. The π* coefficient is larger than that of β indicating that polarizability (or dipolarity) 

is a larger contribution to adsorption than hydrogen-bonding ability. The contributions of term β 

to specific interaction, EH, are almost the same as for Ea.  

The multicomponent linear regression model that combines the difference between Ea 

and EH and solute descriptors with 95% confidence intervals is shown in Eq 4. 

𝐸 -EH=36.077(±0.1485)×V+1.0608(±0.0734)×π*+0.6884(±0.0488)×β-20.293(±0.1092) 

 r2=0.9999 (3.4) 

The term V is primarily responsible for the nonspecific interactions, while β and π* provide 

relatively lower contributions.  

As suggested by the multicomponent linear relationships between characteristic energy 

and solute descriptors, pore filling and London dispersive forces are major contributions to the 

adsorbate-adsorbent energy, followed by smaller contributions from molecule polarizability and 
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hydrogen bonding. For 1,4-dioxane, the contribution of hydrogen bonding to all adsorbate-

adsorbent energy is about 23% (Figure B.9). But for CVOCs, the contribution of hydrogen 

bonding to all adsorbate-adsorbent energy (< 4 %) was much smaller. The hydrogen-bond 

basicity of 1,4-dioxane is much larger than that of CVOCs, which means that 1,4-dioxane could 

form strong hydrogen bonds that CVOCs cannot compete with as a result of the greater 

electronegativity of oxygen than chlorine. The order of molecular volume is TCE > 1,4-dioxane 

> cDCE = 1,1-DCE. Although the values of V and β of 1,1-DCE are the same as that of cDCE, 

the polarizability of 1,1-DCE (π*=0.34) is lower than that of cDCE (π*=0.61), thus the 

adsorbate-adsorbent interaction energy for 1,1-DCE is lower for cDCE.  Therefore, 1,4-

dioxane’s adsorption capacity is higher in the presence of 1,1-DCE than cDCE. Although the 

values of π* and β of TCE are close to those for 1,1-DCE, the amount 1,4-dioxane adsorbed is 

lower in the presence of 1,1-DCE than TCE due to TCE’s larger molecular volume, V.  

The competitive adsorption effects help explain some of the phenomena observed during 

the bio-zeolite batch experiments. The observed increases of 1,4-dioxane shortly after the start of 

the experiment are likely due to the competitive adsorption behavior of 1,4-dioxane, TCE, 

cDCE, and 1,1-DCE for sites on the zeolite framework and the desorption of 1,4-dioxane used to 

bioaugment the zeolite with biofilms. As previously mentioned, because high 1,4-dioxane 

loading was used as the primary carbon source for biofilm growth on the zeolite, some 1,4-

dioxane was expected to be adsorbed during this bioaugmentation process. TCE and cDCE both 

showed strong competition with 1,4-dioxane for adsorption sites (Figure 3.3), suggesting that 

they would be capable of displacing adsorbed 1,4-dioxane, similar to other identified solvent 

regeneration processes (Guo et al., 2011). Competition combined with equilibrium dynamics 

(high loading during bioaugmentation followed by low loading during the experimental phase) 
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can explain the sharp initial increase in 1,4-dioxane observed (Figure 3.2). That is why the 

concentration of 1,4-dioxane increased in the solution during the first hour of the experiment. In 

contrast, 1,1-DCE and 1,4-dioxane were found to have similar affinities for the zeolite. The 1,4-

dioxane adsorbed during the bioaugmentation phase would prevent 1,1-DCE adsorption and thus 

cause 1,1-DCE-mediated inhibition of 1,4-dioxane biodegradation. Further optimization and 

careful consideration are required to apply this system to 1,4-dioxane/CVOC conditions that 

contain 1,1-DCE at levels greater than 0.01 mmol/L, due to competition between 1,1-DCE and 

1,4-dioxane for adsorption sites. However, this system is capable of biodegrading 1,4-dioxane in 

the presence of TCE or cDCE. 

3.3.4 Molecular Dynamics Simulations 

MD simulations were conducted to confirm conclusions drawn from DA modeling and 

better understand the mechanism of 1,4-dioxane and CVOC adsorption onto zeolite and how it 

may impact abiotic adsorption or performance of the bio-zeolite system. The estimated van der 

Waals dimensions of all molecules are listed in Table B.16. Only cDCE has two dimensions 

(5.3×3.5 Å) smaller than the straight pore diameter (~5.6 Å) of the zeolite, while 1,1-DCE and 

1,4-dioxane have the second smallest dimension (5.8 Å), which is similar to the pore diameter. In 

contrast, the dimensions of TCE are slightly larger than all other molecules due to its three 

chlorine substituents. Thus, these molecules may experience different interactions when they 

incorporate into the straight channels of the zeolite. Therefore, the structural and thermodynamic 

differences in the adsorption of 1,4-dioxane and CVOCs by the zeolite was further evaluated by 

MD simulations using a model where a molecule of 1,4-dioxane or CVOC was moved from the 

aqueous phase into the straight channel reversibly, passing two intersections with the sinusoidal 

channels of the zeolite (Figure 3.4).  
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Figure 3.4 Snapshots of 1,4-dioxane and CVOCs adsorption processes into a straight channel of 
ZSM-5 zeolite by molecular dynamics simulation. (top) The molecule of different adsorbates 
was first placed in the water phase ~10 Å away from the interface and was moved slowly into the 
straight channel of the zeolite for 15 Å, passing approximately two intersections of the straight 
channel with the sinusoidal channels. The corresponding PMF free energy profile derived from 
ABF simulation was plotted (bottom). Molecules are displayed as van der Waals spheres with 
different colors accordingly. 

 

The adsorption free energy profile along the reaction coordinate was directly estimated by ABF 

methods (Table B.17), which conceptually corresponds to the transfer of the first adsorbate 

molecule from bulk water to zeolite pores. The molecule was first trapped into a local minimum 

on the zeolite edge at the distance of ~1.55 Å with 1,4-dioxane being more energetically 
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favorable compared to CVOCs (-8.67 vs. -1.3 ~ 0.8 kJ/moL), likely due to the stronger H-

bonding between the oxygen atoms on 1,4-dioxane and zeolite edge OH groups. The activation 

barrier of the molecules entering the straight channel was 19.7, 5.2, 2.7, and 11.5 kJ/mol for 1,4-

dioxane, 1,1-DCE, cDCE, and TCE, respectively, largely consistent with the size of the 

molecules, despite the likelihood that the second smallest dimension of TCE could be more 

easily reduced than that of 1,4-dioxane by bending the Cl-C-Cl angle. The thermodynamically 

favorable sites for 1,4-dioxane and CVOCs were located at the intersections of the straight and 

sinusoidal channels. However, the movement of 1,4-dioxane between neighboring favorable sites 

requires overcoming a significantly larger energy barrier (activation energy of ~53.6 kJ/mol) 

compared to 13.9, 8.4, and 29.3 kJ/mol for 1,1-DCE, cDCE, and TCE, respectively, indicating 

that the relatively more rigid ring structure of 1,4-dioxane coupled with electrostatic repulsions 

due to the hydrophobicity of the channels may cause higher energy penalties when penetrating 

deeper into the pores while CVOCs can move more freely into the deeper pores. By considering 

only the first intersection site for 1,4-dioxane, which is the intersection site with the lowest 

energies for the CVOCs, the overall free energy for adsorption of the first molecule on the 

zeolite follows the order TCE > cDCE > 1,4-dioxane > 1,1-DCE (-28.1, -26.9, -24.6 and -24.5 

kJ/mol, respectively), which coincidentally matched the adsorption free energy derived from 

Toth adsorption isotherms at low concentrations approaching Henry’s Law with a slope close to 

unity (Figure B.10). The consistently negative deviation for MD calculated free energy from that 

derived from Toth equation by ~-6.2 kJ/mol may be an artifact of the idealized model system 

without any Al substitutions that would provide more hydrophobic sites than the actual adsorbent 

for non-ionic organic compounds.  
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The order of adsorption capacity in the single-solute system on ZSM-5 is TCE > cDCE > 

1,4-dioxane > 1,1-DCE, which is almost consistent to the order of Kow (Kow, TCE > Kow, 1,1-DCE > 

Kow, cDCE > Kow, 1,4-dioxane) except for 1,1-DCE. Together with MD calculations this is consistent 

with the adsorption of CVOCs on ZSM-5 being primarily driven by hydrophobic interactions. 

Again, a negligible number of configurations with the CVOCs’ chlorine atom directly interacting 

with ZSM-5 surface –OH was observed when CVOCs reached the ZSM-5 outer surface, while 

the free energy gains were minimal (0.8 ~ -1.3 kJ/mol), diminishing any significant contribution 

by hydrogen bonding between siloxane surface moieties of ZSM-5 and CVOCs. On the other 

hand, the driving force for 1,4-dioxane adsorption is different from CVOCs due to its ability to 

form hydrogen bonds. It was observed that typical hydrogen bonds (both direct and via water 

bridge) were formed between oxygen atoms of 1,4-dioxane and the hydroxyl group on ZSM-5 

surface, and the free energy gain of -8.7 kJ/mol could be solely attributed to hydrogen bonding 

interaction. Similar hydrogen bonding connections were also observed when 1,4-dioxane reached 

favorable sites inside the ZSM-5 channels. Thus, if we assume the hydrogen bonding strength 

remains constant for 1,4-dioxane on both the outer and interior surfaces of ZSM-5, it could be 

roughly estimated that hydrogen bonding might be responsible for ~1/3 of the total adsorption 

free energy gain (-24.6 kJ/mol).  Likely other intermolecular interactions including van der 

Waals and hydrophobic interactions contribute to the remaining free energy gains for 1,4-

dioxane inside of the zeolite channels. For binary-solute systems, the competition of CVOCs 

affected 1,4-dioxane adsorption on ZSM-5 following the order TCE > cDCE > 1,1-DCE. 

Although logKow of 1,1-DCE is higher than that of cDCE, the adsorption energy for 1,1-DCE on 

ZSM-5 is lower than that for cDCE due to the relative low polarizabilities of 1,1-DCE, leading to 

highly competitive adsorption of 1,4-dioxane in the presence of 1,1-DCE compared to cDCE. 
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MD simulations further confirmed conclusions drawn from DA modeling that explain the 

differential behavior of bio-zeolite with different combinations of 1,4-dioxane and CVOCs. MD 

calculations further confirmed that the adsorption of 1,4-dioxane and CVOCs on ZSM-5 was 

predominantly driven by hydrophobic interactions, and is also consistent with increasing 

adsorption capacity of 1,4-dioxane onto different Si/Al ratios of ZSM-5 of increasing 

hydrophobicity. At the surface of ZSM-5 the formation of hydrogen bonds contributed 

significantly to the adsorption of 1,4-dioxane, but insignificantly for CVOCs due to the weaker 

hydrogen bond accepting behavior of chlorine relative to oxygen. A large portion of entropy 

gains were mainly found to be associated with hydrophobic interactions inside of zeolite pores as 

consistent with the thermodynamics derived from adsorption isotherms and MD simulations. 

Besides van der Waals and electrostatic repulsions associated with moving through hydrophobic 

regions of the channels between hydrogen bonding sites, the energetic penalty of breaking the 

hydrogen bonds to allow 1,4-dioxane to travel through the narrow sites of straight channel would 

also be responsible for the recurring high energy barriers along the reaction coordinate. 

Collectively, a combination of molecular volume, polarizability, and the ability to form hydrogen 

bonds are important for the adsorption of 1,4-dioxane and CVOCs to zeolite. These factors 

explain the relative affinities and adsorption capacities observed, which have important 

consequences for designing hybrid treatment technologies such as bio-zeolite for treating 

complex contaminant mixtures, such as 1,4-dioxane and CVOCs. 
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Chapter 4 Bio-GAC flow-through column systems for the simultaneous removal of 1,4-

dioxane and CVOCs in mixtures 

4.1 Introduction 

1,4-Dioxane is probable human carcinogen and recalcitrant contaminant of concern 

(CoC) in groundwater due to historical improper storage, handling, and disposal and typically 

can be found with a variety of other co-contaminants including chlorinated volatile organic 

compounds (CVOCs) (Adamson et al., 2014; Anderson et al., 2012; Mohr et al., 2010; Stickney, 

2003). CVOCs, especially trichloroethene (TCE), 1,1,1-trichloroethane, and their abiotic and 

biological degradation products, including cis-1,2-dichloroethylene (cDCE) and 1,1-

dichloroethylene (1,1-DCE), are also important groundwater pollutants due to their 

carcinogenicity and potential for vapor intrusion into structures (Bensen, 2002; Galizia and 

Thompson, 2010; Guha et al., 2012; Pepelko and Foureman, 2000; Tillman and Weaver, 2005). 

These CVOCs are all regulated by the United States Environmental Protection Agency, with 

maximum contaminant levels (MCLs) of 5 , 7, and 7 μg/L for TCE, cDCE, and 1,1-DCE, 

respectively (USEPA, 1991). While federal drinking water standard has not yet been established 

for 1,4-dioxane in the United States, the state of New York recently set an MCL of 1 μg/L for the 

contaminant, an even more stringent standards than those of the previously mentioned CVOCs 

(New York State Department of Health, 2020). 

1,4-Dioxane and CVOCs have typically been challenging to treat simultaneously due to 

their differing chemical properties. 1,4-Dioxane is miscible in water and has a relatively low 

octanol-water partitioning coefficient and Henry’s law constant, while the CVOCs tend to be 

more hydrophobic and volatile (Mohr et al., 2010). Because of these opposing chemical 
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properties, 1,4-dioxane and CVOCs often need drastically different approaches for successful 

treatment. 

Bioremediation is a proven treatment technology for CVOCs and is becoming more 

accepted for 1,4-dioxane. While CVOCs are oftentimes anaerobically degraded through 

reductive dechlorination, 1,4-dioxane has only been found to be biodegraded through aerobic 

oxidative pathways, both metabolically and co-metabolically (Zhang et al., 2017). While 

bioremediation may prove to be a more sustainable treatment compared with advanced oxidation 

processes (AOPs) and other energy and chemically intensive processes, it is more susceptible to 

environmental factors, including the presence of co-contaminants. Zhang et al. (2016) found that 

1,4-dioxane biodegradation by the 1,4-dioxane metabolizing bacteria Pseudonocardia 

dioxanivorans CB1190 was inhibited by the presence of CVOCs, with the severity of the effects 

following the order 1,1-DCE > cDCE > TCE > TCA. They found that levels as low as 1 mg/L 

1,1-DCE could completely inhibit 1,4-dioxane metabolism by CB1190 (Zhang et al., 2016). 

Therefore, to successfully use biodegradation, it is imperative to address the issue of co-

contaminant inhibition that has the potential to either slow or completely stop treatment. 

Despite conventional wisdom suggesting that 1,4-dioxane cannot be meaningfully 

removed from water by adsorption (McGuire and Suffet, 1978; Mohr et al., 2010), recent 

successful efforts have been made to apply adsorption to 1,4-dioxane treatment. 1,4-Dioxane has 

now been demonstrated to be successfully removed from water by a number of adsorbents 

including granular activated carbon, zeolite, and synthetic media (Chen et al., 2019; Liu et al., 

2019; Myers et al., 2018; Woodard et al., 2014). Adsorption as a treatment strategy has the 

benefit of not creating toxic transformation products and can be relatively inexpensive, 

depending on the cost of the media. However, adsorption, like any treatment, has its drawbacks, 
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including potential desorption (which is specific to the adsorbate-adsorbent combination), finite 

capacity, and competition effects. 

Some work has already been conducted that shows how bioaugmenting adsorbents can 

help counter some of the drawbacks of the individual treatment process. Our previous work 

demonstrated that GAC bioaugmented with either metabolic or cometabolic 1,4-dioxane-

biodegrading bacteria effectively had increased adsorption capacity when compared against 

abiotic GAC (Myers et al., 2018). Additionally, the bacteria growing on the surface decreased 

the mass of 1,4-dioxane desorbed from the GAC by sequential washes with deionized (DI) water 

compared with abiotic GAC (Myers et al., 2018). Another study used a bacterial consortium to 

biologically regenerate a titanium silicalite zeolite that was used to adsorb 1,4-dioxane while 

maintaining its capacity over several successive adsorption/bioregeneration cycles (Chen et al., 

2019). Lastly, ZSM-5 zeolite was bioaugmented by Liu and colleagues who found that it was 

able to remove 1,4-dioxane in the presence of cDCE and TCE to greater extents than abiotic 

ZSM-5 (Liu et al., 2019). However, when contaminant mixtures included 1,1-DCE, the system 

was unable to remove 1,4-dioxane, due 1,4-dioxane adsorbed during the bioaugmentation phase, 

preventing 1,1-DCE adsorption, which kept the 1,1-DCE in the bulk aqueous phase where it 

could inhibit biodegradation (Liu et al., 2019). While these studies show promise for this 

technology, all of the experiments were conducted in batch reactors which is not representative 

of many real-world remediation systems such as in-situ permeable reactive barriers or continuous 

flow ex-situ treatment systems. 

The overall goal of the study was to explore various parameters important to the design 

of a bio-GAC reactor at a contaminated site. This study was built on previous work that 

examined, in batch studies, the ability of granular activated carbon (GAC; Norit 1240™) 
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bioaugmented with Pseudonocardia dioxanivorans CB1190 to remove 1,4-dioxane from defined 

bacterial growth medium and environmental water (Myers et al., 2018). These factors include 

geometry of the fixed bed and HRT. After quantifying the effects of differing bed geometry and 

HRTs, optimal parameters were selected and used for a bio-GAC column experiment that was 

injected with synthetic groundwater containing 1,4-dioxane and CVOCs. The behavior inside the 

column was elucidated by taking liquid samples along the length of the column over time for the 

evaluation of CoC levels. 

4.2 Materials and Methods 

4.2.1 Chemicals 

1,4-Dioxane (anhydrous, 99.8%) was purchased from Sigma-Aldrich. Trichloroethene 

(TCE; 99.5%, ACS Grade), cis-1,2-dichloroethene (cDCE; 97%; ACROS Organics), and 1,1-

dichloroethene (1,1-DCE; >95%; Ultra Scientific) were purchased from Fisher Scientific and 

used to prepare saturated stocks with deionized (DI) water. Granular activated carbon (GAC; 

Norit 1240™) was purchased from Fisher Scientific. Silica sand (20-30 mesh, ASTM C-778) 

was purchased from Aqua Solutions, Inc. 

4.2.2 Solid Media Preparation 

Due to the importance of particle size on surface area and thus adsorption, GAC was 

crushed using a blender and sieved to 20-40 mesh to create a standardized size. The sieved GAC 

was then washed with DI water to remove fine particles and subsequently dried in an oven. Sand 

was acid washed using a solution of 5% (v/v) hydrochloric acid in DI water for a minimum of 24 

h, rinsed with DI water to remove acid residues, and then dried in an oven. 
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4.2.3 Culture Conditions 

Pseudonocardia dioxanivorans CB1190 was grown as a pure culture in either ammonium 

minerals salts (AMS) medium or UCLA modified media as described in Parales et al. (1994) and 

Polasko et al. (2018), respectively. CB1190 was grown in 2 L baffle flasks with a 1:4 ratio of 

liquid to headspace to ensure sufficient oxygen mass transfer. Culture flasks were shaken in 

30°C incubators with a rotational rate of 150 rpm. The cultures were fed 100 mg/L of 1,4-

dioxane and allowed to degrade the cyclic ether to below detection on a gas chromatograph fitted 

with a flame ionization detector (GC-FID). This cycle was repeated a total of three times before 

the culture was used for experiments to ensure sufficient biomass and microbial activity. 

4.2.4 Batch Reactor Setup for 1,4-Dioxane Removal in the Presence of CVOCs by bio-

GAC 

Batch reactors containing GAC bioaugmented with CB1190 were constructed similarly to 

those described in Myers et al. (2018) and Liu et al. (2019). The differences in the setup are as 

follow. The bottles used were 250 mL Wheaton serum bottles that were sealed with gray butyl 

rubber stoppers. The reactors contained 50 mL of AMS medium, 1.0000±0.0005 g GAC and 

were initially spiked to 100 mg/Lsolution 1,4-dioxane and 2.5 mg/Lbottle volume for the CVOCs used 

in each condition (see Table 4.1). The GAC was bioaugmented using the same methodology that 

is described in Myers et al. (2018). A separate experiment using the same setup was conducted 

using abiotic GAC. Each condition was tested using duplicate reactors. 

  



75 
 

 

Table 4.1 Experimental conditions for Bio-GAC batch reactors

 Condition # 
1,4-Dioxane 1,1-DCE cDCE TCE 

mg/Lsolution mg/Lbottle volume mg/Lbottle volume mg/Lbottle volume 

1 100 - - - 

2 100 2.5 - - 

3 100  2.5 - 

4 100 - - 2.5 

5 100 2.5 2.5 2.5 
 

4.2.5 Column Preparation and Setup 

The experimental apparatus was constructed according to the diagram shown in Figure 

4.1. The columns consisted of either glass chromatographic columns (2.54 cm D. X 30 cm L.; 

Kimble-Chase) with polytetrafluoroethylene (PTFE) end caps or stainless-steel tubes (3.4798 cm 

D. X 30.48 cm L.) with luer sampling ports installed along the length at 2.54, 5.08, 10.16, 15.24, 

20.32, and 25.40 cm (shown in Figure 4.2A and 4.2B, respectively). The stainless-steel tubes 

were sealed with stainless steel endcaps that ended in hose barbs via tri-clamp connections using 

PTFE gaskets. Silicone vacuum grease was used to ensure water-tight connections. One-way 

stopcocks were attached to all sampling ports on the columns. Prior to all experiments, the 

apparatus was recirculated with either hydrochloric acid solution (5% v/v as described above) or 

denatured ethanol (70% v/v) to sterilize the interior. The apparatus was then flushed with DI 

water to remove the acid or ethanol residues. A PTFE membrane filter was placed at the column 

inlet to prevent biological contamination of the column. PTFE tubing was used to prevent 

absorption of the CoCs. All fittings were either polycarbonate or polypropylene. The pump 

tubing consisted of PTFE tubing compatible with a peristaltic pump head to prevent absorption 

of the CoCs. Sampling valves were located before the pump tubing, before the inlet filter, and 
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after the column. When appropriate, samples were taken from ports along the length of the 

column. 

 

Figure 4.1 Column Schematic. The columns were made of stainless steel (30.48 cm H x 3.4798 
cm D). The endcaps consisted of stainless-steel tri-clamp connections with hose barbs for tubing 
connection. 
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Figure 4.2 Column apparatus photographs. A) Glass chromatographic columns with PTFE 
endcaps and B) stainless-steel columns with sampling ports used in different bio-GAC column 
experiments. 

 

Solid media (GAC, sand, or mixtures of the two) were inoculated with pure CB1190 

culture in two ways. For CVOC-free and bed composition experiments, GAC, sand, and 

GAC/sand were inoculated in beakers using different volumes of culture (15, 185, and 200 mL) 

that were chosen to be proportional to the volumes of solids in each container (5%, 95%, 100%). 

This was done to help keep bioaugmentation relatively similar between the layered- and mixed-

bed columns. The beakers were covered with flame-sterilized aluminum foil and allowed to 

incubate in the previously mentioned shaking incubators with less agitation to prevent the GAC 

from splashing up out of solution onto the container walls (130 rpm). The inoculated solid media 

was incubated thusly for a total of three cycles of 1,4-dioxane addition as previously mentioned. 

After 1,4-dioxane fell below the detection limit of the GC-FID on the last cycle, the solid media 

A) B) 
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were washed with 1,4-dioxane-free AMS or UCLA modified medium and wet packed into acid-

sterilized glass chromatographic or ethanol-sterilized stainless-steel columns for the CVOC-free 

and bed composition experiments, respectively. After packing, 1,4-dioxane-free AMS or UCLA 

modified medium was recirculated through the columns for 48 h in upflow mode (1 mL/min) to 

allow any 1,4-dioxane that was adsorbed during the inoculation step to desorb and be 

biodegraded by the biofilm grown on the solid media. 

For the hydraulic retention time (HRT) and synthetic groundwater experiments, the solid 

media was inoculated by recirculation of pure CB1190 culture through the columns for an 

extended period of time. The media was first mixed and packed into the columns before being 

autoclave sterilized (121°C, 45 min sterilization time). After sterilization, pure CB1190 culture 

(200 mL) was placed in serum bottles that served as reservoirs for recirculation at a flow rate of 

1 mL/min. Air was sparged into the bottles using 6 in. long stainless-steel needles with 0.02 μm 

filters that were connected to a dry air cylinder. Recirculation was maintained for 7-10 d before 

the culture was replaced with UCLA modified medium and a filter was placed at the column 

inlet to prevent contamination. The 1,4-dioxane-free UCLA modified medium was recirculated 

through the columns for 48 h to ensure that 1,4-dioxane adsorbed during the inoculation phase 

was desorbed and degraded. Air was sparged into the medium to ensure aerobic conditions. 

Influent solution was prepared to reflect groundwater characteristics for a contaminated 

site located in Southern California (Table 4.1). To prevent differential partitioning over time as 

influent was removed from the influent reservoir, collapsible 1 L tedlar gas sampling bags were 

selected as the influent containers. For the CVOC-free, bed composition, and HRT experiments, 

influent solution containing all components that are not volatile at room temperature (including 

1,4-dioxane, inorganic ions, etc.) was aerated for 30 min to ensure enough dissolved oxygen 
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(DO) for aerobic biodegradation to occur. After aeration, the solution was added into the tedlar 

bags and the CVOCs were then injected into the bags. The solutions were allowed to equilibrate 

for 24 h prior to use in the experiments. For the synthetic groundwater experiment, instead of 

aerating the influent solution, liquid hydrogen peroxide was added to serve as an oxygen source 

(1.96 x 10-1 mM or 6.6 mg/L hydrogen peroxide) in combination with the 3 mg/L DO that 

accumulated in the medium during preparation. 

4.2.6 Experimental Conditions 

The overall goal of the study was to explore various parameters important to the design 

of a bio-GAC reactor at a contaminated site. These factors include geometry of the fixed bed and 

HRT. After quantifying the effects of differing bed geometry and HRTs, optimal parameters 

were selected and used for a bio-GAC column experiment that was injected with synthetic 

groundwater containing 1,4-dioxane and CVOCs. The behavior inside the column was elucidated 

by taking liquid samples along the length of the column over time for the evaluation of CoC 

levels. 

Initial CVOC-free column experiments were conducted with 1,4-dioxane as the only 

contaminant to serve as a point of comparison for later experiments. The influent matrix 

consisted of AMS medium with 1,4-dioxane spiked to either 1000 or 3000 μg/L levels. These 

columns contained layered fixed beds which were either abiotic or bioaugmented. The flow rate 

was kept at 0.03 mL/min, which yielded an HRT of 32.9 h, equivalent to an empty bed contact 

time (EBCT) of 84.5 h. 

To test the effect of bed geometry on treatment efficacy, columns containing a layer of 

bioaugmented GAC at the inlet portion of the column with the remaining volume filled with 

bioaugmented sand were compared against columns filled with bioaugmented sand/GAC 
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mixture. In both columns, the GAC content in the columns was 5% of the total volume. This 

experiment was used to select an optimal bed geometry for additional experiments. The columns 

were operated in upflow mode with influent concentrations consisting of 3325 μg/L 1,4-dioxane, 

1900 μg/L TCE, 3400 μg/L cDCE, and 3125 μg/L 1,1-DCE. A flow rate of 0.125 mL/min was 

targeted to achieve an HRT of ~15 h (EBCT of 38 h). 

To evaluate the impact of hydraulic retention time on the bio-GAC column systems, 3 

bio-GAC packed columns were run in parallel with different target retention times including 30, 

20, and 10 h, which correspond to EBCTs of 25.6, 51.3, and 76.9 h, respectively. The bed 

geometry was chosen based on the results of the bed composition experiment and the columns 

were operated under the same flow regime and influent concentrations. Other considerations 

such as influent matrix and contaminant dosing were kept the same as the bed composition 

experiment. 

A final experiment was conducted using a mixture of bacterial growth medium and 

synthetic groundwater to mimic expected conditions for a planned pilot-scale study. The 

synthetic groundwater recipe is presented in Table 4.2. The influent matrix initially consisted of 

90% synthetic groundwater and 10% UCLA modified medium by volume. The initially targeted 

hydraulic retention time was 20 h and the targeted contaminant levels in the influent were kept 

the same as in the bed composition and HRT experiments. 

Table 4.2 Synthetic groundwater composition

 Compound 
Concentration 

g/L 
Sodium bicarbonate 0.645 
Sodium chloride 0.800 
Magnesium sulfate 0.025 
Potassium nitrate 0.250 
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4.2.7 Analytical Methods 

1,4-Dioxane (1-1000 mg/L) was measured by Hewlet Packard 6890 GC-FID containing a 

Restek® Stabilwax-DB capillary column (30 m x 0.53 mm x 1 μm) as previously described 

(Zhang et al., 2016). 1,4-Dioxane (5-1000 μg/L) were measured by a Hewlett Packard 6890 gas 

chromatograph fitted with a mass spectrometer (GC-MS) containing a Restek® Rxi-624Sil MS 

GC column (30 m x 0.25 mm id x 1.4 µm) using a previously described method (Johnson et al., 

2019). Prior to analysis, 1,4-dioxane samples were extracted into dichloromethane using a 

previously described frozen microextraction method (Li et al., 2011). 

CVOCs were measured using a GC-MS by static headspace analysis. Briefly, 1.6 mL of 

sample was injected into butyl stopper-sealed, atmospheric pressure-equilibrated amber serum 

vials with a total sealed volume of 8 mL. The vials were then stored stopper side down in a 60°C 

water bath and allowed to equilibrate for at least 30 min. Volumes of 250 μL were then taken 

from the headspace of the vials and then manually injected into a GC-MS splitless injection port. 

The injection port and mass spectrometer temperatures were held at 120°C and 280°C, 

respectively. The carrier gas was helium with a flow rate of 3.0 mL/min. The oven program 

consisted of a starting temperature of 60°C for 1 min, followed by a thermal ramp of 100°C/min 

for 0.2 min, and then held at 180°C for 1.8 min. 

4.2.8 Biomass Quantification 

DNA abundance was used as a surrogate measure for biomass. Total nucleic acids were 

extracted from liquid or solid samples using a phenol/chloroform/isoamyl extraction method as 

described by Gedalanga et al. (2014). DNA abundance was measured using quantitative 

polymerase chain reaction (qPCR) targeting the dxmB gene as previously described (Gedalanga 

et al., 2014). 
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4.3 Results 

4.3.1 Bio-GAC Batch Reactors with CVOCs 

To understand the potential for bio-GAC to remove 1,4-dioxane from mixtures 

containing CVOCs, batch reactors were constructed and conducted that contained 1,4-dioxane 

and individual or a mixture of CVOCs. Results from the bio-GAC batch experiments are 

presented in Figure 4.3. In all cases, CB1190 bio-GAC removed more 1,4-dioxane than abiotic 

GAC even after multiple additions of 1,4-dioxane. Bio-GAC reactors without co-contaminants 

consistently removed 1,4-dioxane to levels below GC-FID detection (~0.5 mg/L), in contrast 

with abiotic reactors that showed increasing equilibrium 1,4-dioxane levels with each spiking 

event. Removal of 1,4-dioxane by bio-GAC showed consistent behavior characterized by a rapid 

initial step, which was primarily attributed to adsorption equilibrium, followed by a slower step 

that was primarily attributed to biodegradation kinetics. 1,4-Dioxane removal by bio-GAC 

exposed to 1,1-DCE, alone (Figure 4.3C) or in a mixture containing cDCE and TCE (Figure 

4.3D), was mildly inhibited compared with reactors that only contained TCE (Figure 4.3A) or 

cDCE (Figure 4.3B) as co-contaminants which were uninhibited. 
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Figure 4.3 Bio-GAC removed more 1,4-dioxane than abiotic GAC in batch reactors even in the 
presence of CVOCs. A) TCE, B) cDCE, C) 1,1-DCE, D) TCE + cDCE + 1,1-DCE. (-●-) Bio-
GAC with CVOCs, (-●-) abiotic GAC with CVOCs, (-●-) bio-GAC with no CVOCs, (-●-) 
abiotic GAC with no CVOCs. 

 

4.3.2 CVOC-free Bio-GAC Column Reactors 

CVOC-free column experiments were initially conducted to serve as a baseline for 

additional experiments that included complex contaminant mixtures. Columns packed with either 

bio-GAC (Figure 4.4A) or abiotic GAC (Figure 4.4B) were injected with influent solution 

consisting of UCLA modified medium and 1,4-dioxane. The abiotic GAC column began 

breaking through at 3.69 bed volumes (BVs) with effluent concentrations sharply rising to 

approximately 720 μg/L (about 70% of influent loading) by 9.66 BVs. In contrast, the bio-GAC 

0

30

60

90

120

150

180

0 2 4 6 8 10 12 14

1,
4-

D
io

xa
ne

 (
m

g/
L

)

Time (d)

A)

0

30

60

90

120

150

180

0 2 4 6 8 10 12 14

1,
4-

D
io

xa
ne

 (
m

g/
L

)

Time (d)

B)

0

30

60

90

120

150

180

0 2 4 6 8 10 12 14

1,
4-

D
io

xa
ne

 (
m

g/
L

)

Time (d)

C)

0

30

60

90

120

150

180

0 2 4 6 8 10 12 14

1,
4-

D
io

xa
ne

 (
m

g/
L

)

Time (d)

D)



84 
 

column maintained 1,4-dioxane below 103.5 μg/L during its 13.11 BVs of operation. This 

difference becomes more evident when described in terms of relatively removal and cumulative 

mass remove (Figures 4.5A and 4.5B, respectively). Over an approximately 6.9 BV period, bio-

GAC removed 2.72 mg 1,4-dioxane while GAC removed 0.72 mg. One important point to note 

is that the bio-GAC column did initially have higher loading by a factor of 3 for the first 4.67 

BVs of operation, however the comparison is still valid because had the abiotic column been 

subjected to that loading, breakthrough would have begun earlier. 

 

Figure 4.4 Removal of 1,4-dioxane by column reactors. A) Bio-GAC and B) abiotic GAC. Error 
bars represent the standard deviation of duplicate analytical measurements. 
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Figure 4.5 Bio-GAC maintains lower 1,4-dioxane effluent concentrations and thus removes 
more contaminant mass than abiotic GAC. A) 1,4-Dioxane breakthrough curves for abiotic and 
bio-GAC and B) cumulative 1,4-dioxane removal for abiotic and bio-GAC. 
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detected in the effluent of the mixed bed reactor within the experimental period (~6.5 PVs) 

(Figure 4.6B). All 3 CVOCs were detected in the effluent after 6.41 PVs, with the DCEs having 

higher breakthrough than TCE. 

  

  

Figure 4.6 Role of packed bed geometry on 1,4-dioxane and CVOC removal. Mixed bed bio-
GAC reactor had reduced 1,4-dioxane breakthrough than layered bed bio-GAC reactor in the 
same time period. A) Layered bio-GAC column reactor exhibited 1,4-dioxane breakthrough 
starting at around 3.7 BVs. CVOCs began breaking through after 10.8 PVs. B) Mixed bio-GAC 
column reactor did not show significant breakthrough over the entire period. Some samples 
showed slightly elevated 1,4-dioxane effluent concentrations, which could be explained by the 
GAC/sand bed not being perfectly homogeneous. CVOCs began breaking through after 13.4 
PVs. Error bars represent the standard deviation of duplicate analytical measurements. 
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Both bed compositions removed similar cumulative amounts of each contaminant (Figure 

4.7). The layered bed removed 6.5 mg 1,4-dioxane, 4.6 mg 1,1-DCE, 3.2 mg cDCE, and 1.6 mg 

TCE by 17.9 PVs. The mixed bed removed 6.9 mg 1,4-dioxane, 5.1 mg 1,1-DCE, 3.0 mg cDCE, 

and 2.1 mg TCE by 17.7 PVs. These removed masses were not statistically different (P = 0.65, 

0.34, 0.69, and 0.46, for 1,4-dioxane, 1,1-DCE, cDCE, and TCE, respectively). 

  

  

Figure 4.7 Cumulative mass removal of contaminants in columns. Aggregate 1,4-dioxane mass 
removal was similar between column rectors with different bed compositions. Additionally, A) 
layered- and B) mixed-bed bio-GAC reactors showed similar removal for all CVOCs. The error 
bars represent the standard deviation of replicate analytical measurements propagated through 
the same calculations used to determine cumulative mass removal. 
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To better understand the internal behavior of the different bed compositions, 

concentration profiles were measured at specific time points during the experiment (Figure 4.8). 

In the layered bed, the majority of 1,4-dioxane was removed before the sampling port at 1 in. 

from the column inlet and then remained relatively constant (Figure 4.8A). As BVs increased, 

this residual 1,4-dioxane level also increased (non-detect, 86 μg/L, and 299 μg/L at 0.6, 3.1, and 

6.5 BVs, respectively). A mass transfer front was observed to develop in the mixed bed reactor 

(Figure 4.8B). Elevated 1,4-dioxane was found at a distance of 4 in. from the inlet at 6.9 BVs 

(with all downstream port samples being below the instrument detection limit). 

  

Figure 4.8 Impact of bed composition on 1,4-dioxane concentration profiles. A) The layered bed 
removed the majority of the 1,4-dioxane within the first inch of the column, while the 
concentrations remained constant over the remaining length. This level of residual 1,4-dioxane 
increased with increasing BVs. B) The mixed bed displayed behavior similar to a fixed bed 
adsorber with the development of a distinct mass transfer front that could be observed moving 
down the length of the column with increasing BVs. Error bars represent the standard deviation 
of duplicate analytical measurements. 
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which encodes the enzyme that catalyzes the first step of 1,4-dioxane biodegradation by CB1190 

was used to estimate biomass content and density in the mixed and layered bed bio-GAC column 

reactors. Error bars represent the standard deviation of triplicate qPCR reactions. The dxmB gene 

target was used to estimate CB1190 biomass due to its specificity and relatively low detection 

limit (102 copies/g). Gene abundance was similar for both reactors and stayed constant along the 

length of each column. 

 

Figure 4.9 Bed composition experiment biomass quantification.  

 

4.3.4 Hydraulic Retention Time Column Experiment with CVOCs 

 The results from column experiments with the same mixed-bed composition but 
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Figure 4.10 Hydraulic retention time affected both peak 1,4-dioxane breakthrough and steady-
state effluent 1,4-dioxane levels. Error bars represent the standard deviation of analytical 
replicates. 
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~63% to ~91% (average effluent concentration decreased from ~1100 to ~500 μg/L), before 

rapidly decreasing to complete breakthrough at 22.18 BVs. Increasing the HRT from 20 h to 30 h 

at 19.18 BVs did not appear to improve removal performance. At 25.05 BVs, diammonium 

monohydrogen phosphate was added to increase the ammonium content from 20.2 to 80.9 mg/L 

and the HRT was decreased from 30 to 20 h to increase nutrient mass flux into the column. 

Shortly after this addition, removal efficiency increased from ~0% to ~56% at 32.48 BVs. In 

contrast with bio-GAC column performance, 1,4-dioxane completely broke through abiotic GAC 

reactor after only 6.9 BVs. 

Cumulative 1,4-dioxane mass removed by bio-GAC and abiotic GAC is shown in Figure 

4.11A. All CVOC mass that was injected to the column was removed over the course of the 

experiment. Considering total mass removed, the bio-GAC column reactor removed 80% of the 

17.2 mg 1,4-dioxane added over 19.18 BVs of operation. Abiotic GAC cumulative removal 

dropped to 76% at 6.9 BVs with projected removal performance dropping to 27.4% by 19.18 

BVs. 
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Figure 4.11 Removal of 1,4-dioxane and CVOCs from synthetic groundwater by abiotic and 
bio-GAC flow-through columns. A) Nutrient addition at 8.3 BVs did not significantly affect 
removal performance. Reinoculation with additional CB1190 culture improved steady-state 
removal performance (C/C0 decreased from 0.37 to approximately 0.15), after which 
performance worsened until complete breakthrough occurred at 22.18 BVs. A large dose of 
nutrients was added at ~25 BVs, which resulted in significant removal performance 
improvement. Abiotic GAC achieved near-complete breakthrough by 6.89 BVs. B) Bio-GAC 
removed ~80% of total 1,4-dioxane mass injected to the column reactor over a 19.19 BV period. 
In contrast, abiotic GAC fell below this threshold after only 6 BVs. Error bars represent the 
standard deviation of analytical replicates. 
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4.4 Discussion 

In all cases, bioaugmenting GAC with the 1,4-dioxane-metabolizing bacteria 

Pseudonocardia dioxanivorans CB1190 improved removal performance. While this was 

determined by work done previously by Myers et al. (2018), the work presented in Section 4.3 of 

this dissertation demonstrates that this holds true for fixed-bed column reactors with only 1,4-

dioxane loading and for both batch and fixed-bed column reactors that are loaded with mixtures 

of 1,4-dioxane and CVOCs. Due to the propensity for 1,4-dioxane to co-occur with CVOCs, 

especially TCE, cDCE, and 1,1-DCE, this is an important and relevant finding with respect to the 

utility of bio-GAC as a proposed treatment alternative for this contaminant mixture. 

The batch experiments and the column experiments conducted with only 1,4-dioxane 

demonstrate the removal mechanism as consisting of two distinct phases: rapid adsorption 

followed by slower biodegradation. This is not to say that these two removal modes are mutually 

exclusive, but rather that in those two phases, the highlighted mechanism dominates. Having 

made this point, the remainder of this discussion will provide further details regarding how 

certain operational parameters impact performance, including bed composition, the role of 

oxygen, and hydraulic retention time. 

4.4.1 Effect of Column Bed Composition on Reactor Behavior 

Previous studies into designing a column apparatus capable of testing bio-GAC in flow-

through columns relied on using relatively small quantities of GAC in a stratified geometry to 

ensure reasonable operational times, however that bed configuration was not necessarily optimal 

even as it was experimentally convenient. The results suggest that when reactors that consisted 

of a homogenized bioaugmented GAC and sand mixture are compared to a stratified fixed-bed 

geometry, the mixed bed is more advantageous as shown by the better removal capabilities in the 
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entire column. The layered bed solely removed 1,4-dioxane in the first 2.45 cm of the column 

where the GAC layer was located, while the mixed bed removed 1,4-dioxane over the entire 

length. This was surprising due to the fact that for these columns, both the activated carbon and 

sand were bioaugmented, so in theory there should have been some 1,4-dioxane removal even in 

the GAC-free portion of the layered bed. The results of biomass estimation by qPCR suggest that 

there were in fact dxmB gene copies (a surrogate measure for biomass) present throughout both 

reactors at the same constant level. These gene abundances suggest that the lack of removal was 

not due CB1190 washing through the sand portion of the column, but rather some limitation on 

biodegradation activity. Because CVOCs were slow to break through in both column bed 

configurations, solvent toxicity or inhibition seem to be unlikely explanations for these results. 

A potentially more likely explanation can be attributed to the differences in how 1,4-

dioxane was observed to transport through the different bed types. In the layered bed, 1,4-

dioxane was removed to very low levels by the GAC layer and then slowly increased in the 

remaining length over time, resulting in low concentrations of 1,4-dioxane in 95% of the column 

volume until complete breakthrough of the GAC occurred. In the mixed bed, 1,4-dioxane 

traveled through the column in a very classical sharp wave front pattern that would be expected 

in an abiotic adsorber that is indicative of a traveling mass transfer zone (Gabelman, 2017). 

Because this zone contains relatively high 1,4-dioxane concentrations on the inlet side of the 

mass front, as it slowly moves down the column it would be able to supply enough 1,4-dioxane 

to reactivate any CB1190 that had fallen dormant due to carbon-source scarcity. In contrast, the 

1,4-dioxane concentrations at spatial points beyond the GAC portion of the layered bed slowly 

increased from below detection to approximately 300 μg/L by 6.5 BVs (11 d of operation), 
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which is likely not enough 1,4-dioxane to promote or maintain significant biodegradation 

activity. 

This observed phenomenon could also be explained by CB1190’s tendency to aggregate 

in flocs. Myers et al. (2018) documented the ability of CB1190 to form biofilms on GAC. 

Additionally, CB1190 has been observed to form filamentous flocs when growing in liquid AMS 

medium (Mahendra and Alvarez-Cohen, 2005). A possible reason for better removal 

performance in the mixed bed reactor is that as the 1,4-dioxane mass front moves through the 

bed, the CB1190 cells forming the biofilm release flocs that move and recolonize downstream 

surfaces. In this way, active biofilm may migrate down the solid phase along with the mass front 

to allow highly active cells to take advantage of the expanding volume of the column bed with 

high levels of 1,4-dioxane. In the layered bed reactor, an expanding high concentration 1,4-

dioxane zone does not exist, but rather the levels in the remaining volume after the GAC layer 

slowly increase as the GAC adsorption sites are exhausted. The result is that for a long time there 

is not sufficient food to encourage CB1190 to disperse its biofilm in the GAC zone to colonize 

other portions of the reactor, nor is there enough 1,4-dioxane for CB1190 cells that were initially 

attached to the sand zone to maintain their activity. 

4.4.2 Role of Oxygen in Bio-GAC Reactor Performance 

The first exploration of HRT revealed that the removal performance appeared to be 

inversely related to HRT. As previously mentioned, biodegradation kinetics, especially those for 

more recalcitrant organic compounds, such as 1,4-dioxane, tend to be relatively slow compared 

with other processes (e.g. adsorption or chemical oxidation) (Mahendra and Alvarez-Cohen, 

2006; Zhang et al., 2017). This would naturally suggest that longer contact time between 

contaminated water and microbial biofilms would ensure greater removal of the contaminants. 
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However, the results of this experiment would suggest that shorter HRTs (~10 h, EBCT = 25.6 

h) had lower steady-state removal behavior. Upon taking effluent DO samples using a 

colorimetric kit, it was revealed that DO decreased as a function of increasing HRT [~4 mg/L 

DO for 10 h HRT; ~1-2 mg/L DO for 20 h HRT (EBCT = 51.3 h), and ~1 mg/L DO for 30 h 

HRT (EBCT = 76.9]. Levels of DO <1.5 mg/L have previously been demonstrated to inhibit 1,4-

dioxane biotransformation by CB1190 (Barajas-Rodriguez and Freedman, 2018). The question to 

then consider was where all of the DO was going if microbial activity was inhibited. 

The decreases in DO and 1,4-dioxane removal performance that were found to be 

inversely related to HRT suggest relatively slow kinetic adsorption of DO by the GAC and is 

consistent with several studies found in the literature. Prober et al. (1975) found that activated 

carbons, regardless of size, could adsorb significant quantities of DO from solution (5 to 40 

mg/g) and found that this process tended to promote the generation of acidic surface groups that 

could enhance adsorption of basic compounds. Yapsakli and Cecen (2010) found that thermally 

activated carbon (like the GAC used in this study), removed DO to great extents in column 

studies (90% DO reduction over a 50 cm deep GAC bed), which was in contrast to column 

reactors containing chemically activated carbon that removed less than 3.5% DO over the same 

depth. The authors proposed that this difference in DO adsorption was due to the differences in 

activation methods wherein thermally activated carbons are heated in the absence of oxygen 

which makes the activated carbon surface reactive towards oxygen (Yapsakli and Cecen, 2010). 

Matsis and Grigoropoulou (2008) proposed that DO adsorption kinetics on GAC were controlled 

by a two-phase mechanism. Initially the rate would be limited by intraparticle diffusion as 

oxygen molecules diffused through the vicinal water layers near the GAC surface (Matsis and 

Grigoropoulou, 2008). As surface coverage of oxygen on GAC increased, the mechanism of 
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adsorption changes from adsorbate-adsorbent interactions to adsorbate-adsorbate interactions due 

to the relatively stronger interactions between oxygen molecules relative to the GAC surface-

oxygen interactions (Matsis and Grigoropoulou, 2008). Thus DO adsorption is large until surface 

coverage is high enough that the sorption mechanism becomes dominated by adsorbate-

adsorbate interactions (Matsis and Grigoropoulou, 2008). Taken together, the application of 

thermally activated carbons for aerobic bioaugmented adsorbent applications require careful 

consideration with respect to DO supplement. Ultimately this challenge was addressed by adding 

hydrogen peroxide to the influent solution, which was previously shown to be effective for 

ensuring aerobic biodegradation by researchers using bioaugmented GAC for the removal of 

MtBE and TBA (Sun et al., 2003). 

4.4.3 Performance of Bio-GAC Reactors with Synthetic Groundwater 

Bio-GAC in flow-through columns are able to irreversibly remove significant quantities 

of 1,4-dioxane mass flux compared with abiotic GAC when in mixtures with CVOCs. While 

unable to remove 1,4-dioxane to below detection, bio-GAC columns were able to remove 80% of 

total injected 1,4-dioxane from a synthetic groundwater matrix supplemented with nutrients over 

a 19.18 BV period. This is almost 3X more 1,4-dioxane than the abiotic reactor would 

theoretically have been able to remove over the same time period. Additionally, the bio-GAC 

consistently removed all CVOCs to below the lowest MCL (5 μg/L for TCE). This has the 

potential to lessen the burden on more expensive treatment technologies in a given treatment 

train (e.g. reduces time to exhaustion of expensive specialized adsorbents) that are needed to 

decrease 1,4-dioxane levels to below treatment target levels by completely removing CVOCs 

and greatly reducing 1,4-dioxane concentrations. 
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Unfortunately, after relatively robust mass reduction performance, the bio-GAC reactor 

effluent quality rapidly worsened to the point of complete 1,4-dioxane breakthrough. Several 

factors may explain this sudden elevation of effluent 1,4-dioxane including nutrient 

limitation/form, microbial competition, and CVOC mass front movement. While 20% medium, 

which is equivalent to 18.9 mg/L total nitrogen (15.7 mg/L NH4
+ as N and 3.2 mg/L NO3

- as N), 

should be sufficient to support CB1190 metabolic activity based on previous research, it is 

possible that the addition of hydrogen peroxide could be transforming the ammonium to less 

favorable, more oxidized forms through redox reactions (Mahendra and Alvarez-Cohen, 2005; 

Myers et al., 2018). It is also somewhat possible that some of these nitrogen species adsorbed to 

the activated carbon, though removal would be strongly driven by pH and its effect on the GAC 

surface charge (Newcombe et al., 1993). Additionally, while these reactors initially contained 

pure CB1190 culture, biological contamination was introduced over several months of operation. 

These introduced bacteria could possibly have participated in ammonium conversion or 

utilization, and may have preyed upon CB1190 biomass. Finally, at 25 BVs, some CVOCs were 

detected at the midpoint sampling port of the bio-GAC column at the relatively low 

concentrations of 115 μg/L 1,1-DCE and 266 μg/L cDCE. While these concentrations should not 

inhibit 1,4-dioxane-metabolism by CB1190, the concentrations between the inlet and the column 

midpoint may have been considerably larger at this timepoint. This may have limited the 

microbial biodegradation of 1,4-dioxane in the first half of the column, effectively reducing 

overall contact time with active CB1190 biomass and reducing overall removal performance. 

Previous work demonstrated that while CB1190 biofilms are more resistant to chlorinated 

solvent inhibition than planktonic cells, they are not immune (Zhao et al., 2018). 



99 
 

Nutrient limitation was determined to have played a key role. During the HRT 

experiment, the 10 h HRT bio-GAC column was able to achieve ~45-67% steady state removal 

efficiencies over 25 BV operational period. The primary differences between that experiment 

and the synthetic groundwater experiment were the influent solution matrices (pure UCLA 

modified medium vs. a mixture of synthetic groundwater and bacterial growth medium) and the 

absence/presence of hydrogen peroxide. After increasing the nutrient content from 20 to 80% of 

that contained in pure UCLA modified medium at 25.05 BVs, effluent 1,4-dioxane decreased 

from C/C0 of 1.10 down to 0.44 at 32.48 BVs. This result demonstrates how crucial appropriate 

nutrient levels are for biological treatment systems, including bio-GAC. 

Current adsorption-based removal technologies used to address mixed 1,4-dioxane and 

CVOC contamination in aqueous matrices are currently ineffective for removing all 

contaminants. This is primarily due to the differences in hydrophilicity between 1,4-dioxane and 

non-polar CVOCs as well as their relative differences in adsorption mechanisms and adsorption 

capacities. The work presented in Chapter 3 delved into the adsorption mechanisms of both 1,4-

dioxane and CVOCs on ZSM-5 zeolite, and while different than GAC, some of those findings 

are still relevant for comparison. That study found that 1,4-dioxane is capable of both direct and 

water-bridged hydrogen bonding as well as non-specific interactions (i.e. van der Waals forces), 

while CVOC adsorption was primarily driven by non-specific interactions (Liu et al., 2019). 

Activated carbon consists of two distinct types of surfaces: basal carbon planes and plane edges 

containing functional groups of varying type that depend greatly on the starting material and 

activation process (Snoeyink and Weber, 1967). The basal carbon planes are capable of 

adsorbing compounds through π-π interactions or the relatively weaker van der Waals 

interactions while the functional groups can participate in other forms of intermolecular 
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interactions, such as hydrogen bonding, chemical reactions, or ion exchange (Shafeeyan et al., 

2010). Using the isotherm parameters determined by Myers et al. (2018) for 1,4-dioxane and 

those determined for TCE, cDCE, and 1,1-DCE on an activated carbon by Speth and Miltner 

(1990), adsorption capacities were estimated for the range of influent levels measured in this 

study and are presented in Table 4.3. All CVOCs, except in the case of cDCE at its lowest 

influent concentration had higher predicted adsorption capacities than 1,4-dioxane on GAC by an 

order of magnitude. This not only supports the idea that 1,4-dioxane would breakthrough more 

quickly than CVOCs in an abiotic system, but also suggests that CVOCs would be rapidly 

removed in a bio-GAC system such that inhibition of 1,4-dioxane biodegradation by CVOCs 

should be minimal. Additionally, it is possible that a GAC with a higher degree of reversibility 

for 1,4-dioxane adsorption and higher capacities for CVOCs would be even more suitable for a 

bio-GAC treatment application. Further research is needed to understand the primary mechanism 

of 1,4-dioxane adsorption on GAC so that the best GAC can be selected that both adsorbs 

CVOCs while allowing biodegradation of 1,4-dioxane. 

Table 4.3 Estimated adsorption capacity of CoCs.

 Compound 
Influent Concentration, C0 Adsorption Capacity, q 

μg/L μg/g 
1,4-Dioxane 2330 - 5259 1.40 - 3.02 x103 
TCE 341 - 1742 3.32 - 7.30 x104 
cDCE 583 - 2617 8.50 – 20.5 x103 

1,1-DCE 483 - 2230 1.13 – 2.50 x104 
 

 An additional consideration when discussing this technology is that the GAC dose in all 

reactors was selected to create reasonable time frames for bench scale studies. Increasing the 

GAC dose could potentially improve the overall process by creating a greater sink for CVOCs in 

the adsorbed phase. Additionally, GAC is superior for the initial attachment of microbes, which 
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is crucial for biofilm formation, than other materials, such as silica sand, which tend to carry 

negative surface charges that can impede microbial attachment (Hori and Matsumoto, 2010). The 

primary drawback of increasing the GAC dose would be the need to supply sufficient oxygen to 

ensure aerobic conditions through the reactor. 

4.5 Conclusion 

This study demonstrated the ability of bio-GAC to successfully remove both 1,4-dioxane 

and CVOCs from both bacterial growth medium and synthetic groundwater matrices and 

highlighted several important considerations for the implementation of this technology. The 

choice of bed geometry was found to differ significantly between well-mixed and stratified 

approaches, with the mixed bed providing more consistent removal due to the formation of a 

distinct mass-transfer zone. The addition of oxygen to ensure aerobic biodegradation needs to be 

carefully considered. Longer retention times were found to remove larger amounts of dissolved 

oxygen due to adsorption rather than biological activity. DO was successfully supplied by 

providing low levels of hydrogen peroxide in the influent, with effluent DO being successfully 

maintained at 3.5-4 mg/L with 6.6 mg/L oxygen (the remainder of the DO being supplied by 

dissolution of atmospheric molecular oxygen to a level of 3 mg/L). Finally, bio-GAC columns 

operated with a hydraulic retention time of 20 h successfully removed CVOCs to below 5 μg/L 

and removed a cumulative 80% of total injected 1,4-dioxane (average influent levels ≈ 3,300 

μg/L) over a 19 BV period. The bio-GAC columns significantly outperformed abiotic GAC, 

which removed 80% of total injected 1,4-dioxane over approximately 6 BV, after which 

performance decreased dramatically as 1,4-dioxane rapidly increased in the effluent to 100% 

breakthrough. Significant nutrient addition improved bio-GAC treatment performance after 

complete 1,4-dioxane breakthrough had occurred. Possible nutrient sinks in the system including 
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non-CB1190 bacteria and the adsorbent within the fixed bed need to be considered for the 

effective application of this system. This research provides compelling evidence for the 

consideration of bio-GAC to treat mixtures of 1,4-dioxane and CVOCs as a more effective and 

sustainable treatment alternative to abiotic GAC for both in-situ and ex-situ treatment 

approaches. 
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Chapter 5 Conclusions and Perspectives 

5.1 Summary 

This research systematically approached the use of biofilms for treating 1,4-dioxane in 

mixtures with co-contaminants in systems of increasing complexity: pure planktonic and biofilm 

systems, batch bio-zeolite systems, and finally culminating in bio-GAC column systems. 

The second chapter described research that explored the ability of planktonic and biofilm 

systems of propanotroph Mycobacterium austroafricanum JOB5 to cometabolically biodegrade 

1,4-dioxane in aqueous solutions including environmentally relevant levels of hexavalent 

chromium. Cr(VI) did not inhibit the ability planktonic JOB5 to cometabolize 1,4-dioxane using 

propane monooxygenase. Cr(VI) only began mildly inhibiting biodegradation of 1,4-dioxane by 

JOB5 biofilms at 10 mg/L. These results are surprising given that Cr(VI) has been demonstrated 

to be cytotoxic to numerous other bacterial strains, and is also a known human toxicant. This is 

in sharp contrast to the observed inhibition of 1,4-dioxane biodegradation by Pseudonocardia 

dioxanivorans CB1190 when exposed to similar levels of other heavy metals, including 

copper(II), a necessary micronutrient for many bacterial enzymatic processes. These results 

suggest that bioremediation is a viable treatment strategy for removing 1,4-dioxane even from 

waters containing Cr(VI). 

 The third chapter described research that quantified the ability of CB1190 bio-zeolite to 

remove 1,4-dioxane from water containing CVOCs and investigated the detailed adsorption 

mechanism that is important for both the adsorption of these compounds as well as the bio-

zeolite treatment technology. Bio-zeolite successfully removed 1,4-dioxane from water even in 

the presence of TCE and cDCE. 1,1-DCE as a sole contaminant or in mixtures with other 

CVOCs inhibited the removal of 1,4-dioxane by bio-zeolite. Exploration of the adsorption 
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mechanism determined that 1,1-DCE has a relatively weaker ability than TCE and cDCE to 

compete with 1,4-dioxane for adsorption sites. This poor competitive ability combined with 

adsorbed 1,4-dioxane, which was used to grow CB1190 on the zeolite, to prevent the adsorption 

of 1,1-DCE during the experiment. The adsorption of 1,4-dioxane was found to be promoted by a 

combination of hydrogen bonding, tight host-guest fits, and hydrophobic interactions. After 

entering the hydrophobic channels of the zeolite with its kinetic energy, 1,4-dioxane can form 

hydrogen bonds at specific junctions. The combination of hydrogen bonding and tight fit served 

to dampen the kinetic energy of the molecule enough that it is unable to overcome the energy 

barrier to move freely along the hydrophobic channel without the addition of energy once 

adsorbed in this manner. CVOCs were primarily adsorbed through mechanisms of hydrophobic 

interactions and tight host-guest fit. This research provides both a novel bioaugmented adsorbent 

system for treating a mixture of hydrophilic and hydrophobic contaminants, but also explored the 

detailed adsorption mechanism, providing valuable insights for both the applicability of the 

treatment train and for the design of new synthetic zeolites for water treatment. 

The fourth chapter described results from an optimization study for the use of CB1190 

bio-GAC to treat 1,4-dioxane and CVOC contaminated groundwater. Mixed fixed-bed bio-GAC 

reactors had superior performance with respect to 1,4-dioxane removal than layered fixed-bed 

reactors. Hydraulic retention time experiments using mixed fixed-bed reactor geometry 

illustrated the importance of dissolved oxygen (DO) adsorption by GAC. The oxygen limitation 

was addressed by adding low doses of hydrogen peroxide, which rapidly decomposes to 

molecular oxygen and water, to the influent solution. Finally, a flow-through column packed 

with a mixed fixed-bed of bio-GAC was injected with influent consisting of a mixture of 

synthetic groundwater and bacterial growth medium to mimic conditions in anticipation of a 
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future pilot-scale demonstration. Over approximately 19.18 BVs of solution were injected to the 

column, during which time 100% of the CVOC mass was removed and 80% of the 1,4-dioxane 

mass was removed. This is in contrast with a fixed abiotic GAC reactor of the same geometry 

that only removed a projected 27.4% of the cumulative mass over the same injection volume. 

Nutrient content played an important role in modulating the treatment efficacy of bio-GAC 

systems that were injected with synthetic groundwater containing 1,4-dioxane and CVOCs. Bio-

GAC presents an improvement over abiotic GAC due to its superior treatment performance, 

destructive removal mechanism in the form of biodegradation, extended operational life by real 

time regeneration, and ability to successfully remove 1,4-dioxane in contrast with abiotic GAC 

when injected with mixtures of 1,4-dioxane and CVOC co-contaminants. 

Overall, this research evaluated the ability of bacterial biofilms, as independent unit 

processes and within adsorbent treatment trains, to remove 1,4-dioxane from waters containing 

co-contaminants including hexavalent chromium or CVOCs. JOB5 planktonic cultures and 

biofilms were able to biodegrade 1,4-dioxane in the presence of Cr(VI) in contrast with the 

inhibition of similar levels of essential metals, such as Cu(II), at similar concentrations that have 

been documented in the literature. Bioaugmented adsorbents, both bio-zeolite and bio-GAC, 

were developed as viable treatment alternatives for the removal of 1,4-dioxane from 

contaminated water containing CVOC co-contaminants. This work highlights the value of 

biofilm treatment strategies for the treatment of environmental waters containing mixtures 

hydrophilic and hydrophobic contaminants. 
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5.2 Significance of the Research 

This research revealed the following insights into how biofilms, alone and in treatment trains, 

can be used to treat 1,4-dioxane when found with metallic oxyanion and CVOC co-

contaminants. 

1. Planktonic and attached-growth JOB5 cells are resistant to hexavalent chromium 

inhibition and were able to degrade 1,4-dioxane with Cr(VI) levels as high as 10 mg/L. 

This is in sharp contrast with previous findings that essential inorganic micronutrients, 

such as Cu(II), could inhibit microbial degradation of 1,4-dioxane at similar levels. 

2. CB1190 biofilms grown on ZSM-5 zeolite can successfully remove repeated additions of 

1,4-dioxane in the presence of TCE and cDCE. 

3. 1,1-DCE completely inhibits 1,4-dioxane removal by CB1190 bio-zeolite that is already 

loaded with 1,4-dioxane when it was the only co-contaminant or when in mixtures with 

TCE or cDCE. This is due to 1,1-DCE having a relatively lower competitive ability than 

other CVOCs for adsorption sites than 1,4-dioxane. 

4. CB1190 biofilms grown on activated carbon (bio-GAC), can successfully remove 1,4-

dioxane in the presence of mixtures containing 1,1-DCE, cDCE, and TCE, in both batch 

and flow-through column reactors. 

5. Flow-through column reactor bed geometry is important for overall reactor performance. 

A mixed bed reactor geometry showed greater 1,4-dioxane removal throughout the entire 

column length than a layered bed reactor, which only demonstrated removal in the GAC 

layer near the inlet. 
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6. The effect of hydraulic retention time (HRT) has important implications for DO 

adsorption. Of the 3 tested HRTs, 20 and 30 h caused the columns to become hypoxic 

due to slow kinetic sorption of dissolved oxygen by the GAC. 

7. DO adsorption by GAC can addressed by including a low dose (1.96 x 10-1 mM) of 

aqueous hydrogen peroxide, which decomposes into molecular oxygen and water. 

8. Bio-GAC reactors injected with synthetic groundwater containing mixtures of 1,4-

dioxane and CVOCs can remove all CVOCs to below 5 μg/L while simultaneously 

reducing 1,4-dioxane concentrations with steady state removal efficiencies of 63-85%. 

Additionally, bio-GAC can remove approximately 3X more 1,4-dioxane mass over a 

19.18 BV operational period. 

9. Nutrient dosing needs to be carefully considered especially with respect to how it may be 

sequestered by other bacteria as well as the adsorbent. 

5.3 Future Research Directions 

5.3.1 Mechanistic and Modeling Research 

While the results of this research serve as compelling evidence for the use of biofilms and 

biofilm-based treatment trains to treat 1,4-dioxane in mixtures with co-contaminants, it has also 

raised additional questions that are worth investigating. EPS were identified as key contributors 

to mitigating hexavalent chromium toxicity in JOB5 systems, however there are likely other 

mechanisms that provide resistance to Cr(VI). Additional studies should be devised to determine 

the relative importance of EPS among these other potential mechanisms. With respect to the 

inclusion of bacterial strains that generate large amounts of EPS in bioaugmented adsorbent 

systems, more work is needed to understand how EPS may interact with the system in terms of 
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both modulating CoC bioavailability as well as potential competition with CoCs for adsorption 

sites. 

While bio-zeolite and bio-GAC proved effective in the majority of scenarios for 

removing 1,4-dioxane from mixtures containing CoCs an improved understanding of 

microscopic behavior could help improve the macroscopic performance of this treatment 

technology. Radio-labeled 1,4-dioxane could be used to better understand the fate of 1,4-dioxane 

in bioaugmented adsorbent systems and allow for the determination of a carbon balance that is 

currently impossible. Additionally, using radio-labeled 1,4-dioxane has been demonstrated to 

improve analytical sensitivity, which will be important for evaluating the ability of these 

treatment systems to achieve strict cleanup and drinking water standards. A study of the key 

mechanisms of 1,4-dioxane adsorption on GAC could help improve the selection of GAC for 

both abiotic adsorption and bio-GAC treatment technologies. This could be done both 

experimentally using a variety of methodologies that have been outlined in the literature, 

including activated carbon surface chemistry characterization, adsorption studies in solvents of 

varying polarity at varying pH and ionic strength, and through the use of molecular dynamics 

simulations to calculate energies associated with adsorptive binding. By exploring the specific 

mechanisms that are most important for the adsorption of 1,4-dioxane, other adsorbents could 

either be created by modifying existing activated carbons or designing completely new 

adsorbents. This could then be leveraged in both abiotic adsorption systems or bioaugmented 

adsorbent systems. Additionally, carefully designed experiments combined with numerical 

modeling could be used to determine important adsorption rate coefficients that would be 

valuable for the modeling of bioaugmented adsorbent treatment systems. 
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5.3.2 Treatment Process Modification and Optimization 

Additional exploration of the bioaugmented adsorbent process operation is also needed to 

elevate this technology to a fully viable treatment alternative. While the experiments conducted 

in this research focused on batch and fixed-bed reactors, there are myriad other implementations 

that may yet improve the overall treatment performance. Reactors could be designed to use a 

number of operational modes that already exist for other biological reactors including pre-

ozonation to both partially degrade recalcitrant CoCs and provide DO for aerobic 

biodegradation, fractional recirculation of product water to ensure biological activity within the 

reactor, or the use of mixed cultures to degrade multiple CoCs simultaneously. Because GAC is 

relatively effective at removing dissolved oxygen, a train of multiple reactors in series consisting 

of a leading anaerobic bio-GAC reactor for reductive dichlorination followed by an aerobic bio-

GAC reactor for 1,4-dioxane-oxidation could potentially improve treatment efficacy. 

This work has primarily focused on ex-situ treatment applications, but another logical 

way forward would be to consider how this technology could be deployed in-situ. Due to the 

costs associated with ex-situ remediation strategies, there is strong motivation to evolve 

technologies to more passive, in-situ operation. One way that bioaugmented adsorbents could be 

deployed this way would be in a permeable reactive barrier where a barrier of activated carbon or 

another adsorbent is installed in the path of contaminant plume in the subsurface followed by the 

injection of xenobiotic-degrading bacteria upgradient and required carbon, nitrogen, and 

phosphorus amendments of the barrier. The bacteria would likely attach to the adsorbent while 

their growth would either be promoted through metabolism of the contaminant or by the addition 

of a primary substrate in the case of cometabolic-biodegradation. 
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Appendix A: Supporting Information for Cometabolic Biotransformation of 1,4-Dioxane in 

Mixtures with Hexavalent Chromium Using Attached and Planktonic Bacteria 

A-1 Materials and Methods 

A-1.1 Investigation of Biological Processes for Cr(VI) Removal  

JOB5 cells were examined for their potential role in reduction or biosorption of Cr(VI) 

using permeabilized cells and dried cells, respectively. Cells were collected by centrifugation at 

7000 x g for 10 min followed by washing twice with NMS medium. JOB5 cells were diluted 

with NMS medium to achieve OD600 values of of 0.5, 1.0, 1.5, 2.0, 3.0, and 4.0. Heat killed cells 

were obtained by autoclaving at 121oC for 30 min. Permeabilized cells were obtained by addition 

of 0.2% Tween 80 to JOB5 culture and mixing for 20 min as previously described (Desai et al., 

2008; Ge et al., 2015). To confirm cell viability in permeabilized cells, cultures were grown on 

LB ager plates and incubated at 30oC overnight. Dry cells were collected by baking liquid cell 

culture at 100oC for over 2 hours (Özer and Özer, 2003), and resuspending in NMS medium. All 

heat killed, permeabilized, and dried cells were adjusted to OD600 of 1.0 before exposing to 10 

mg/L Cr(VI). Cr(VI) was measured at 0 h and after 24 h of incubation. In the Cr(VI) removal 

experiment, JOB5 cultures were diluted to OD600 1.0 and 1.5 without removing EPS. In 20 mL 

serum bottles, 9.0 mL cell culture and 1.0 mL Cr(VI) stock solution were added to achieve final 

Cr(VI) concentrations of 1, 2, 5 and 10 mg/L. Cr(VI) was measured at 0h and after 24 h of 

incubation at 30˚C with 150 rpm agitation. These results can be found in Figure A.5. 

Sorption of Cr(VI) to EPS produced from planktonic JOB5 cells was also investigated. S-

EPS and LB-EPS were extracted from a JOB5 planktonic cultures using using the method 

described in the Chapter 2. To determine the Cr(VI) sorption potential of various EPS fractions, 

S-EPS and LB-EPS were diluted with NMS medium to achieve 1:2 and 1:5 ratios. EPS fractions 
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were aliquoted into vials to achieve the following conditions: undiluted, 1:2 dilution, and 1:5 

dilution. Additionally, a seventh condition was also included consisting of washed, whole JOB5 

cells. After aliquoting out the various EPS fractions and cells, Cr(VI) was spiked into each vial to 

achieve a concentration of 2 mg/L Cr(VI). Additionally, a blank (not shown) consisting of cell-

free NMS medium was spiked with the same volume of Cr(VI) solution to be used for 

determining the initial level of Cr(VI). After 24 h, samples were taken from each vial and 

measured using EPA Method 7196A. These results are presented in Figure A.7. 

A-1.2 ATP Production by JOB5 in the Presence of Cr(VI) 

Adenosine triphosphate (ATP) production was quantified using a fluorescent ATP assay. 

To minimize the ATP background from the source culture, JOB5 was harvested in LB broth and 

rinsed with NMS medium to remove excess enrichment nutrients prior to addition of 5% propane 

(v/v) and various levels of Cr(VI). 100 µL cell culture was collected for ATP analysis using the 

BacTiler GloTM assay as previously described (Zhang et al., 2016). Briefly, 50 µL of sample was 

transferred to a 96-plate well and mixed with 50 µL BacTiter GloTM reagent.  Samples were 

incubated for 5 minutes and luminescence measurements were recorded using the VICTOR 3V 

plate reader (PerkinElmer, Walthman, MA).  

A-1.3 EPS Production by JOB5 

To examine the effects of nutrient composition (C:N:P ratio) on EPS production, JOB5 was 

grown on 1X, 5X, and 10X KNO3 amended NMS medium and allowed to reach oxygen 

depletion for EPS production (Gandhi et al., 1997). Other experimental settings and sample 

collection were the same as previously described. Aqueous samples were collected during the 

exponential growth phase (96 h) and starvation phase (120 h) for EPS quantification analysis. 

Results are shown in Figure A.2. 
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To determine the impact of oxygen on EPS production in exponential phase JOB5 

culture, 250 mL serum bottles containing 70 mL cell culture (OD600 = 0.2) were capped with 

butyl rubber stoppers and aluminum seals were established. Prior to adding 25% headspace 

propane (v/v), an equal volume of headspace was first removed by syringe to maintain 

approximately atmospheric pressure. This initial removal of headspace resulted in the oxygen 

content dropping to 17% at the start of the experiment. To confirm the effect of oxygen 

availability on EPS generation, three conditions were tested: no aeration, limited aeration, and 

frequent aeration. For the frequent aeration condition, oxygen was supplied by flushing the 

bottles with air for 20 min followed by reamendment with 25% (v/v) headspace propane at 56, 

80, and 104 h. For the limited aeration condition, air flushing and propane reamendment only 

occurred at 56 h. At each time point, the concentrations of propane were monitored via Gas 

Chromatography equipped with Flame Ionization Detector (GC-FID). A 550 μL of aqueous 

biomass sample was collected into 2.0 mL cuvette for OD600 measurement and EPS was 

quantified from 1 mL aqueous sample was taken for EPS quantification. The results are shown in 

Figure A.9. 

A-1.4 Analytical Methods 

To measure propane, a Hewlett-Packed 6890 GC-FID (Hewlett-Packed, Atlanta, GA) with a 

Restek® Stabilwax-DB capillary column (30 m x 0.53 mm x 1 μm; Restek, Bellefonte, PA, 

USA) was used. Prior to the detection, 2 μL aqueous samples were filtered by sterile 0.2-μm 

pore-size syringe filters. The injector and detector temperatures were set at 220°C (in splitless 

mode) and 250°C, respectively. The oven temperature program was set as follows: 80°C for 3 

min followed by a thermal ramp of 20°C/min to 140°C for 1 min. 
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Total chromium was quantified by inductively coupled plasma-optical emission 

spectrometry (Avio 200 ICP-OES; Perkin Elmer). Samples were collected and filtered (0.2 μm 

pore, nylon membrane syringe filter) in falcon tubes. Samples were diluted 1:1 with deionized 

water and acidified with 5% (v/v) concentrated nitric acid. Samples ranging from 0.01-10 mg/L 

Cr were prepared from a multielement standard solution (ICP-MS Complete Standard; Inorganic 

Ventures). Cr was detected using a wavelength of 205 nm. 

Cr(VI) was quantified using the EPA Method 7196A. Briefly, 970 µL of the aqueous 

sample was collected in 1.7 mL microcentrifuge tubes, acidified with H2SO4 to a pH of 2 ± 0.5. 

Then 20 µL of 1,5-diphenylcarbazide solution (5 mg 1,5-diphenylcarbazide per 1 mL acetone) 

was added to the sample and the volume was adjusted to 1000 µL with deionized water. Samples 

were then incubated at room temperature for 5 minutes to allow color development and 

absorbance was determined at 540 nm using a Nanodrop 2000c spectrophotometer (Thermo 

Fisher Scientific). 

EPS were collected from JOB5 under oxygen depletion and analyzed using fourier 

transform infrared (FTIR) spectroscopy to determine composition. For the infrared 

measurements, 5 μL aliquots of sample were drop-cast on an Au mirror and subsequently dried 

under a dry N2 stream. FTIR spectra of each sample were collected with 100 co-added scans and 

4 cm-1 resolutions in the reflection mode using a Bruker Hyperion 2000 FTIR microscope 

equipped with a liquid-N2 cooled Mercury Cadmium Telluride (MCT) detector. Individual 

background spectra were collected prior to each sample from a clean section of the Au mirror. 

All spectra have been baseline corrected and normalized to the peak absorbance at ~1100 cm-1. 

Data were analyzed using the OPUS 3.0 and IGOR pro 6.37 software suites. 
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A-1.5 Derivation of Model for Biofilm Degradation Rate Extraction 

 To correct for the bias present by calculating degradation rates based on the 1,4-dioxane 

levels measured in the recirculation vessel, a mass balance model describing the overall system 

was devised. Solution was recirculated from a recirculation reservoir (a glass bottle) into the 

bottom of the column and then out of the top and back into the reservoir (see Figure A.1 for flow 

scheme). All of the degradation was assumed to occur in the packed sand column with no 

reaction occurring in the recirculation reservoir (due to the biomass measured in both the 

columns and bottles). 

The column was modelled as an ideal plug flow reactor with Cbulk at the inlet and Ceff at 

the outlet (Eq. S1) with first order degradation kinetics. The first order degradation rate constant 

is k and C is the concentration of a packet of water flow through the column. The expression is 

then integrated (Eq. S2), yielding the final expression for the column reactor (Eq. S3). Eq. S3 

was then rearranged to put it in terms of Ceff for later substitution. 

= −𝑘𝐶      (S1) 

∫ = −𝑘 ∫ 𝑑𝜏     (S2) 

𝑙𝑛 = −𝑘𝜏      (S3) 

𝐶 = 𝐶 𝑒        (S4) 

The recirculation reservoir was modelled as a completely mixed (due to diffusion and density 

mixing) tank reactor with no reaction (with Ceff flowing in and Cbulk flowing out). Vreservoir was 

the volume of solution recirculating through the apparatus. Q is the flow rate and t is time. 
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𝑉 = 𝑄𝐶 − 𝑄𝐶           (S5) 

Eq. S4 was substituted into Eq. S5 to give Eq. S6. 

𝑉 = 𝑄𝐶 (𝑒 − 1)      (S6) 

After integration, Eq. S7 became Eq. S8, which was then rearranged to give the equation in terms 

of the first order rate constant (Eq. S9). 

∫ = ∫ 𝑑𝑡       (S7) 

ln = (𝑒 − 1)     (S8) 

𝑘 =     (S9) 

 

A-1.6 Detailed Rate and Rate Constant Calculation Methodology 

To use μg/L and gene copies/g matrix measurements to calculate rates and rate constants, 

the following calculations were performed. First, rates and rate constants were determined using 

linear regression analysis on concentration vs. time and -ln(C/C0) vs. time, respectively, with the 

slopes representing the time rate of change of concentration over time and the first order rate 

constant, respectively. The rates and rate constants were then normalized by first converting the 

gene copies/g matrix to gene copies/L (which was only necessary for the biofilm columns; the 

reverse procedure was conducted to convert planktonic qPCR results to the units presented in 

Figure 2.3). The total number of gene copies in the sand column were enumerated using the total 

mass of sand used and the gene copies/g matrix at each depth (it was assumed that each depth 
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consisted of approximately 1/3 of the total column volume). Because the gene copies on the sand 

were so much larger than the copies/mL in bulk solution, bulk solution gene copies were 

discounted. Next, because the total solution volume in each column reactor was 1 L, the total 

number of gene copies calculated in the first step were normalized by that 1 L volume. The, rates 

(or rate constants) that were determined by linear regression with units of μg/L∙d (or 1/d) and 

were then divided by the biomass values (with units of gene copies/L) to give final pseudo-first 

order rates of μg/gene copy∙d (or pseudo-first order rate constant units of L/gene copy∙d). A 

correlation between gene copy concentrations and total soluble protein concentrations for JOB5 

were used to convert rates and rate constants into units of μg/mg protein∙d and L/mg protein∙d. 

Finally, propagation of error was used to determine final standard error values where included 

based on the standard errors of unnormalized rates/rate constants and biomass measurements. 

  



121 
 

A-2 Supporting Tables 

Table A.1 The Composition of EPS in Planktonic JOB5 Culture. 

Cell Strain 

Polysaccharides Protein Nucleic Acids 

mg/L mg/L mg/L 

Mycobacterium austroafricanum 
JOB5 

119.8 ± 24.6 < 2 (8.9±1.1) ×10-5* 

Pseudonocardia dioxanivorans 
CB1190  

N.D.** N.D.** N.D.** 

*The mass of nucleic acids was converted from JOB5 16S rRNA gene copy numbers. The 
sensitivity of NanoDrop is unable to accurately measure the low concentration of nucleic 
acids. 
**N.D. = Non-detected 
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Table A.2 IC50 of JOB5 metabolizing propane and cometabolizing 1,4-dioxane. 

Condition 
Oxidized 
Propanea 

Cr(VI) 
IC50

b R2 P 

Low 1,4-dioxane  cometabolism (+) 
EPS 

- 195.9 0.82 
<0.001 

Propane metabolism (+) EPS 94.7±2.4% 23.13 0.95 
<0.01 

Propane metabolism (-) EPS 81.5±1.6% 18.08 0.99 
aOxidized propane (% of initial) at 72 hours when JOB5 was exposed to 10 mg/L Cr(VI).  
bIC50 was defined as Cr(VI) concentration (mg/L) of 50% inhibition on substrate metabolism 
or cometabolism. It was calculated in Graph Pad Prism 6. 
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A-3 Supporting Figures 

 

Figure A.1 Biofilm Column Schematic. Column components: A) experimental reservoir (vented 
with a needle to ensure oxygen equilibration), B) peristaltic pump, C) sample valve, D) column 
influent filter, E) packed column, F) culture recirculation vessel. Dashed lines denote inoculation 
flow path and solid lines denote the experimental flow path. 
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Figure A.2 The N/P ratio effected EPS production. JOB5 was growing on 1×KNO3, 5×KNO3 
and 10× KNO3 amended NMS medium and reach stationary phase caused by oxygen depletion. 
Aqueous sample was collected at early and late stationary phase for EPS measurements. 
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Figure A.3 ATP production and growth were negatively affected during JOB5 metabolizing 
propane in the presence of Cr(VI). A) ATP production at 0, 24 and 60 hours. B) Bacterial 
universal 16S rRNA gene copies 0, 24 and 60 hours. Error bars represent standard deviation of 
triplicate reactors.  
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Figure A.4 Reduction and cell membrane biosorption caused little removal of Cr(VI). JOB5 
cells (OD600=1.6) were washed three times with NMS medium and resuspended in NMS to reach 
various OD600 conditions. Heat-killed cells, dry cells and permeabilized cells were adjusted to 
1.0 OD600. 
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Figure A.5 FTIR spectrum of JOB5 EPS dried on Au mirror. The spectrum was baseline 
corrected and normalized to the peak intensity at ~1100 cm-1. The spectrum has clear features 
associated with the presence of polysaccharides (peaks centered at 3400 cm-1, 1638 cm-1, 1104 
cm-1, and 1044 cm-1), nucleic acids (1275 cm-1 and 1249 cm-1), as well as salt peaks from the 
NMS medium (1768 cm-1, 1356 cm-1 and 832 cm-1). 
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Figure A.6 JOB5-produced soluble EPS rapidly removed Cr(VI) by sorption. Separated soluble 
EPS, loosely bound EPS and washed cells were exposed to 2 mg/L Cr(VI). Pure soluble EPS 
extract was measured to contain 104.06 mg/L polysaccharides. Loosely bound EPS had 
polysaccharide content below the method detection limit (2 mg/L). Cr(VI) removal is reflective 
of measured Cr(VI) at 24 hours relative to the initial concentration. Error bars represent the 
standard deviation of triplicate reactors. 
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Figure A.7 JOB5 does not consume EPS in the absence of its primary carbon substrate. EPS 
consumption was not stimulated by the cometabolic biotransformation of 1,4-dioxane, an energy 
depleting reaction. Error bars represent the standard deviation of triplicate reactors. 
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Figure A.8 Oxygen deficiency promoted EPS production. Polysaccharides and protein were 
detected in the growing JOB5 culture with starting biomass of OD600=0.20. The low level of 
protein could not be quantified by the Bradford protein assay.  
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Figure A.9 EPS reduced 1,4-dioxane bioavailability to planktonic JOB5 culture. Extracted EPS 
(134.4±14.8 mg/L soluble polysaccharides) was diluted with NMS medium and suspended JOB5 
cells to OD600=1.0. Error bars represent the standard deviation of triplicate reactors. 
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Appendix B: Supporting Information for Mechanisms of 1,4-Dioxane Biodegradation and 

Adsorption by Bio-zeolite in the Presence of Chlorinated Solvents: Experimental and 

Molecular Dynamics Simulation Studies 

 

B-1 Materials and Methods 

B-1.1 Zeolite characterization 

Surface area and porosity of adsorbents are important factors that may affect 1,4-dioxane 

adsorption. Low-temperature (77 K) nitrogen adsorption-desorption isotherms were measured on 

an ASAP2010 Accelerated Surface Area and Porosimetry Adsorption Analyzer (Micromeritics). 

Adsorption–desorption of nitrogen was carried out in the relative pressure range of 0.001–0.995 

using samples of 1.000 g. BET was determined from nitrogen adsorption isotherms in the 

relative pressure range of 0.05–0.20 based on the traditional method. Harkins and Jura (HJ) 

cylinder pore model was employed to calculate the pore size distribution (PSD) according to the 

classical Kelvin equation from the nitrogen adsorption isotherm. 

 

B-1.2 Effect of solution pH. 

Solution pH is known to affect adsorption behavior. To examine the effect of pH, a series 

of 1,4-dioxane solutions were prepared by adjusting pH within the range of 1.0-11.0 using 

aliquots of 1 mol/L HCl or NaOH solutions. Certain amounts of ZSM-5(200G) were added to 25 

mL 1,4-dioxane solution (1.13 mmol/L) in a 40 mL EPA sample vial. The triplicate vials were 

shaken for 8 h at 150 rpm and 298 K. Distribution coefficients (Kd) were calculated to represent 

the adsorption affinity of 1,4-dioxane on ZSM-5 at different pH values. Kd is defined as the ratio 
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of the concentration of 1,4-dioxane adsorbed by ZSM-5 to the concentration of 1,4-dioxane in 

the equilibrium solution as shown in the Eq B1. Kd=qe/Ce   (B1) 

 To examine the effect of electrolytes and soluble organic matter, 1,4-dioxane solutions 

(1.13 mmol/L) were prepared containing different electrolytes (Na+, Ca2+ and Fe3+) and soluble 

organic matter (Fulvic acid) with the two different concentrations (1 mg/L and 20 mg/L). Certain 

amounts of ZSM-5(200) were added to 25 mL 1,4-dioxane solution (1.13 mmol/L) in a 40 mL 

EPA sample vial. The triplicate vials were shaken for 8 hours at 150 rpm and 298 K. 

B-1.3 Effect of solvents on adsorption. 

In order to examine the presence or absence of hydrogen bonds between ZSM-5 and 1,4-

dioxane, the effect of solvents of varying polarity on 1,4-dioxane adsorption to ZSM-5(200G) 

was investigated. N-hexane and methanol were chosen as experimental solvents with water as 

the control to examine the role of hydrogen bonding in the adsorption of 1,4-dioxane on zeolite. 

The 1,4-dioxane concentrations in all solvents ranged from 2.27 to 5.67 mmol/L. Each 

experimental condition was performed in triplicate.  

B-1.4 Analytical Methods 

 Liquid samples (100 μL) were collected and filtered through 0.2-μm-pore Fisherbrand 

nylon syringe filters. The filtrate (2 μL) was directly injected into the GC-FID. The injector and 

detector were maintained at a temperature of 493 K and 523 K, respectively. The oven 

temperature was programmed to rise from 353 K to 413 K at a ramp rate of 293 K/min, and held 

for 1 minute at 413 K. The 1,4-dioxane retention time was approximately 3.5 minutes. 

The Fourier transform infrared (FTIR) Spectra of ZSM-5 before and after adsorption of 1,4-

dioxane in aqueous, n-hexane, and methanol solutions were obtained using a Bruker TENSOR27 
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(Karlsruher, Germany) FTIR spectrometer with a liquid-nitrogen-cooled mercury cadmium 

telluride (MCT) detector. The sample powder was prepared in KBr supported wafers for 

measurement in the range of 800–3600 cm−1.  

 

B-1.5 Molecular dynamics (MD) simulation setup. 

The atomic parameters and partial charges for the zeolite, organic compounds and water 

system were adopted from the class II polymer consistent force field (PCFF) with 

reparameterization for zeolite.1-4 The Lennard-Jones interactions were truncated at 10 Å with an 

analytical tail correction, and a PPPM (particle-particle particle mesh) method with a cutoff of 10 

Å and accuracy of 0.0001 was used to compute long range Coulombic interactions. Bond and 

angle of water molecules were kept fixed using SHAKE algorithm. The two ends of the zeolite 

straight channel were attached to fixed springs with force constants of 50 kcal/mol to prevent the 

channel from drifting across the periodic boundary, while the zeolite structure and hydroxyl edge 

groups were kept flexible. Energy minimization was performed on all systems for 5000 steps 

using the conjugate gradient technique, and sequential simulated annealing was carried out from 

700 K to 300 K at a rate of 100 K per 50000 steps to avoid the system getting stuck in high-

energy local minima. Additional 1 ns equilibration in isothermal–isobaric (NPT) ensemble with a 

constant temperature of 298 K, constant pressure of 0.1 MPa, step size of 1 fs, and Nose-Hoover 

chains method for thermostating and barostating was carried out for all system before switching 

to the production run.The production runs were separated into 25 equal windows (1.5 Å width 

with 0.5 Å overlap) along the reaction coordinate, where a molecule of 1,4-dioxane or CVOCs 

was moved from the aqueous phase into the straight channel, passing two intersections with the 

sinusoidal channels of the zeolite. The initial configuration in each window was generated by a 
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steered molecular dynamics (SMD) simulation of 20 ns in canonical (NVT) ensemble along the 

same reaction coordinate at a constant speed of 1 Å/ns. The adaptive biasing force (ABF) MD 

calculation was carried out sequentially for each window with a bin size of width (BW) 0.05 Å, 

and the biasing force was applied after 5000 samples were collected in each bin. 5 ns of ABF 

MD run for each window was performed in the NVT ensemble with a constant temperature of 

298 K and step size of 1 fs. The overall free energy profile of sorption processes was constructed 

by linking the potential mean force (PMF) profiles of all adjacent windows.  

The Helmholtz free energy ΔA in NVT ensemble was obtained for SMD and ABF 

simulations. Since the Gibbs free energy G = A + PV and the changes of the term PV in 

condensed phase reaction are relatively small, the adsorption Gibbs free energy ΔG was equal to 

Helmholtz free energy ΔA derived from ABF simulations in current manuscript. 

 

B-2 Supplemental Results  

B-2.1 The method accuracy of the extended PCFF. 

CFF/PCFF is a high-accuracy quantum mechanics parameterized forcefield developed 

specifically for simulating a large variety of organic compounds and polymers (Sun et al., 1994). 

The development and refinement of PCFF continued in the form of its commercial variant 

COMPASS (Sun, 1998) and many PCFF extensions (Heinz et al., 2013; Teppen et al., 1997; 

Teppen et al., 1998) have been developed that include inorganic minerals for reproducing 

thermodynamic properties of the interactions between organics and minerals, such as 

nitroaromatics on smectites, diaromatics on zeolites, and peptides on metals (Heinz et al., 2009; 

Li et al., 2004; Zheng et al., 2015). The extended PCFF (or COMPASS) MD calculations for 

adsorption free energies or enthalpies of organics on various adsorbents from the literature are 
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summarized in Table B.3 and Figure B.2, which demonstrates that MD calculation are consistent 

with experimentally derived energetics with reasonable accuracy (with differences of -0.8 to -9.8 

kJ/mol for most organic compounds). Furthermore, density functional theory (DFT) calculations 

for tight-fit adsorption of aromatics on zeolite straight channels were conducted using methods 

described by Hendriks et al. (reference cited in Chapter 3). Our MD results were consistent with 

the DFT-derived free energy profile reported by Hendriks et al. (reference cited in Chapter 3), in 

which the energy barriers of < ~50 kJ/mol were found for tight-fit molecules (similar to 1,4-

dioxane in our case), causing strong adsorption of these molecules on zeolites (reference cited in 

Chapter 3). 

B-2.2 Adsorption kinetics. 

Adsorption kinetics of 1,4-dioxane on ZSM-5(200G) were investigated at different time 

intervals (Figure B.3). Initial adsorption of 1,4-dioxane occurred rapidly with most of the 1,4-

dioxane being removed in the first 15 minutes of contact with ZSM-5(200G). Equilibrium was 

achieved within 2 hours. 

 

B-2.3 Characteristics of ZSM-5. 

Nitrogen sorption-desorption isotherms and the PSD experiments were conducted for 

ZSM-5 to quantify specific surface areas and estimate the porosity (Figure B.4). The N2 

adsorption isotherm for all types of ZSM-5 showed type I isotherms, which is indicative of high 

microporosity. BET surface area, Langmuir surface area, and pore volume are shown in Table 

3.1. Among the various types of ZSM-5, ZSM-5(200) has the largest surface area and micropore 

volume, and ZSM-5(200G) has the smallest surface area and micropore volume. In the 
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differential pore volume plot of ZSM-5, the dominant micropore size is distributed in a very 

narrow range of 0.38-0.66 nm for all types of ZSM-5 (Figure B.5).  

 

B-2.4 1,4-Dioxane removal by bio-zeolite in the presence of different CVOCs. 

The removal rates of 1,4-dioxane by bio-zeolite in the presence of CVOCs are shown in 

Figure B.8. TCE showed insignificant inhibition on the biodegradation of 1,4-dioxane by bio-

zeolite at 0.01 mmol/L or 0.05 mmol/L levels. Inhibition effects on the biodegradation appeared 

when exposed to more than 0.1 mmol/L TCE (with and the same inhibition being observed at 

levels as high as 0.5 mmol/L TCE). Similar results were found for cDCE, but 0.1 mmol/L cDCE 

exhibited weaker inhibition than 0.5 mmol/L TCE. Moreover, 0.1 mmol/L cDCE showed no 

significant inhibition on 1,4-dioxane biodegradation after the second addition of 1,4-dioxane.  

When exposed to 1,1-DCE ranging from 0.01 mmol/L to 0.5 mmol/L, the biodegradation of 1,4-

dioxane was completely inhibited.   
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B-3 Supplemental Tables 

Table B.1 Bio-zeolite Experimental Conditions
1,4-Dioxane TCE cDCE 1,1-DCE 

Figure Number mmol/L mmol/L mmol/L mmol/L 

0.0113 0 0 0 2.2 

0.0113 0.05 0 0 2.2 

0.0113 0 0.05 0 2.2 

0.0113 0 0 0.05 2.2 

0.0113 0.5 0 0.05 2.2 

0.0113 0 0.05 0.05 2.2 

0.0113 0.05 0.05 0.05 2.2 

0.0113 0.01 0 0 B.8 

0.0113 0.1 0 0 B.8 

0.0113 0.5 0 0 B.8 

0.0113 0 0.01 0 B.8 

0.0113 0 0.1 0 B.8 

0.0113 0 0.5 0 B.8 

0.0113 0 0 0.01 B.8 

0.0113 0 0 0.1 B.8 

0.0113 0 0 0.5 B.8 
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Table B.2 Adsorption isotherm equations.
Model Adsorption isotherm equation 

Nonlinear 
Freundlich qe=KFCe

1 n⁄    

Nonlinear 
Langmuir 

qe=
qmKLCe

1+KLCe
  

Toth qe=qm∙
KT·Ce

t

1+KT·Ce
t

1 t⁄

 

DA model qe=Q0∙exp -
ε

Ed

b
,  ε=RTln(Cs Ce⁄ )  

Modified DA 
model  

qe=Qa (or H)·exp -
εa (or H)

Ea (or H)

b

                                      

εa (or H)=-RTln Ca (or H) δ⁄ , δ=106 in this study  

 Ca(orH)=Cw·exp
-∆Ga(or H)-W, i+CT

RT
,   

r2 

𝑟 = 1 −
∑ , ,

∑ , ,

 , where qe,exp (mmol/g) is the amount of 

adsorbate uptake at equilibrium, qe, cal (mmol/g) is the amount of 
adsorbate uptake form the model, and qe, mean (mmol/g) is the mean of 
the qe, mean (mmol/g) is the mean of the qe, exp values. 

MWSE 
MWSE= ∑

( )
 , qe and qc represent the measured and 

modeled solid-phase concentration (mmol/g), N: the number of 
experimental data points; P: number of parameters in the model. 
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Table B.3 Comparison of experimental adsorption free energies or enthalpies of organics 
adsorption on mineral adsorbents and MD predictions from literature.

Organics Adsorbent 

Adsorption free energy or enthalpy 

Reference 

MD 
Calculated 

Experimental Forcefield 

kJ/mol kJ/mol  

ethylene ZSM-5 -31.8 -28.4 COMPASS 
Front. Mater. 

2018,5,64 

PCB36 Na-smectite -22.6 -21.0 

extended 
PCFF 

Environ. Sci. 
Technol. 2015, 49, 

2796−2805 

 K-smectite -24.7 -21.3 

PCB19 Na-smectite -7.7 -6.9 
 K-smectite -11.8 -2.0 

DX  -24.6 -18.2 

extended 
PCFF 

Current Study  
1,1-DCE  -24.5 -18.1 

cDCE  -26.9 -21.3 

TCE  -28.1 -21.6 
 

Table B.4 The parameters of Langmuir isotherm model on ZSM-5 with different ratio Si/Al.

Zeolite Specimen 

qm KL 

r2 MWSE mmol/g L/mmol 

Si/Al=38 0.179 0.816 0.9779 0.0193 

Si/Al=50 0.206 1.082 0.9922 0.0108 

Si/Al=150 0.704 3.209 0.9941 0.0079 

Si/Al=200G 0.737 1.694 0.9967 0.0054 

Si/Al=200 0.991 1.943 0.9914 0.0112 

Si/Al=300 0.991 2.167 0.9925 0.0184 
 

  



142 
 

Table B.5 The parameters of Freundlich model on ZSM-5 with different ratio Si/Al.

Zeolite Specimen 

KF
 

n r2 MWSE (mmol/g)/(mmol/L)n 

Si/Al=38 0.073 2.012 0.9613 0.0183 

Si/Al=50 0.097 2.233 0.9627 0.0291 

Si/Al=150 0.450 2.940 0.9229 0.0285 

Si/Al=200G 0.622 2.616 0.9462 0.0547 

Si/Al=200 0.474 3.314 0.9145 0.0628 

Si/Al=300 0.587 2.442 0.9469 0.0250 
 

Table B.6 The parameters of Toth isotherm model on ZSM-5 with different ratio Si/Al.

Zeolite 
Specimen 

qm KT t 

r2 MWSE mmol/g mmol/g mmol/g 

Si/Al=38 0.226 0.890 0.715 0.9775 0.0154 

Si/Al=50 0.244 1.110 0.758 0.9910 0.0078 

Si/Al=150 0.744 2.889 0.867 0.9957 0.0070 

Si/Al=200G 0.710 1.672 1.128 0.9971 0.0095 

Si/Al=200 1.110 1.909 0.770 0.9943 0.0164 

Si/Al=300 1.108 2.110 0.761 0.9940 0.0076 
 

Table B.7 The parameters of DA model on ZSM-5 with different ratio Si/Al.

Zeolite 
Specimen 

Q0 Ed 

b r2 MWSE mmol/g kJ/mol 

Si/Al=38 0.255 20.166 3.715 0.9761 0.0180 

Si/Al=50 0.258 21.556 4.370 0.9892 0.0150 

Si/Al=150 0.890 24.067 4.215 0.9880 0.0084 

Si/Al=200G 0.779 23.592 5.695 0.9940 0.0030 

Si/Al=200 1.215 23.208 4.442 0.9925 0.0194 

Si/Al=300 1.191 23.615 4.557 0.9922 0.0083 
 

  



143 
 

Table B.8 The parameters of modified DA model on ZSM-5 with different ratio Si/Al in gas-
phase adsorption.

Zeolite 
Specimen 

𝑄  Ea 

b r2 MWSE mmol/g kJ/mol 

Si/Al=38 0.283 37.613 5.639 0.9764 0.0281 

Si/Al=50 0.281 38.631 6.484 0.9889 0.0187 

Si/Al=150 0.805 41.800 7.957 0.9924 0.0089 

Si/Al=200G 0.812 40.059 8.418 0.9935 0.0161 

Si/Al=200 1.308 40.641 6.385 0.9921 0.0203 

Si/Al=300 1.273 41.016 6.559 0.9917 0.0088 
 

Table B.9 The parameters of modified DA model on ZSM-5 with different ratio Si/Al in n-
hexadecane phase adsorption.

Zeolite 
Specimen 

𝑄  EH 

b r2 MWSE mmol/g kJ/mol 

Si/Al=38 0.279 32.274 4.634 0.9759 0.0182 

Si/Al=50 0.275 33.225 5.486 0.9889 0.0152 

Si/Al=150 0.795 36.285 6.874 0.9926 0.0088 

Si/Al=200G 0.801 34.539 7.243 0.9937 0.0158 

Si/Al=200 1.274 35.159 5.547 0.9922 0.0200 

Si/Al=300 1.244 35.527 5.695 0.9919 0.0087 
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Table B.10 Parameters of Langmuir on ZSM-5 for single solutes and di-solutes.

Adsorbate 

qm KL 

r2 MWSE mmol/g L/mol 

DX 0.737 1.694 0.9967 0.0054 

DX(+TCE) 0.170 17.278 0.9831 0.0016 

DX(+cDCE) 0.247 5.932 0.9881 0.0027 

DX(+1,1-DCE) 0.433 4.165 0.9930 0.0020 

TCE 0.935 5.689 0.9870 0.0054 

cDCE 0.823 4.763 0.9937 0.0043 

1,1-DCE 0.762 1.546 0.9957 0.0011 

TCE(+DX) 0.791 6.590 0.9895 0.0090 

cDCE(+DX) 0.571 10.172 0.9758 0.0050 

1,1-DCE(+DX) 0.481 2.036 0.9880 0.0077 
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Table B.11 The parameters of Toth model for single solutes and di-solutes.

Adsorbate 

Qm KT t 

r2 MWSE mmol/g mmol/g mmol/g 

TCE 1.068 4.084 0.778 0.9823 0.0044 

TCE(+DX) 0.870 5.025 0.797 0.9876 0.0049 

cDCE 0.879 4.114 0.838 0.9950 0.0023 

cDCE (+DX) 0.593 8.249 0.868 0.9785 0.0058 

1,1-DCE 0.690 1.615 1.261 0.9959 0.0007 

1,1-DCE (+DX) 0.374 3.521 1.937 0.9924 0.0020 

DX 0.702 1.657 1.177 0.9971 0.0110 

DX(+TCE) 0.162 36.437 1.410 0.9940 0.0005 

DX(+cDCE) 0.324 3.652 0.568 0.9993 0.0002 

DX(+1,1-DCE) 0.396 5.490 1.288 0.9913 0.0017 
 

Table B.12 The parameter of DA models for single solutes and di-solutes.

Adsorbate 

Q0 Ed 

b r2 MWSE mmol/g kJ/mol 

DX 0.779 23.592 5.695 0.9940 0.0152 

DX(+TCE) 0.163 29.198 11.268 0.9943 0.0004 

DX(+cDCE) 0.318 25.641 4.520 0.9991 0.0002 

DX(+1,1-DCE) 0.432 25.974 7.256 0.9956 0.0010 

TCE 0.997 10.752 2.366 0.9793 0.0049 

cDCE 0.858 14.104 3.124 0.9936 0.0042 

1,1-DCE 0.689 10.581 3.100 0.967 0.0006 

TCE(+DX) 0.817 11.389 2.515 0.9860 0.0049 

cDCE(+DX) 0.573 15.733 3.980 0.9837 0.0040 

1,1-DCE(+DX) 0.403 11.595 3.849 0.9967 0.0007 
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Table B.13 The parameter of DA model in gas-phase adsorption for single solutes and di-
solutes.

Adsorbate 

𝑄  Ea 

b r2 MWSE mmol/g kJ/mol 

DX 0.812 40.059 8.418 0.9935 0.0161 

DX(+TCE) 0.163 44.201 16.523 0.9942 0.0004 

DX(+cDCE) 0.337 43.461 6.425 0.9991 0.0002 

DX(+1,1-DCE) 0.441 41.892 10.697 0.9958 0.0033 

TCE 0.985 23.907 4.868 0.9832 0.0211 

cDCE 0.935 25.505 4.321 0.9935 0.0041 

1,1-DCE 0.727 17.916 4.181 0.9970 0.0005 

TCE(+DX) 0.866 24.427 4.556 0.9860 0.0148 

cDCE(+DX) 0.625 26.743 5.160 0.9861 0.0038 

1,1-DCE(+DX) 0.418 18.562 5.124 0.9969 0.0006 
 

Table B.14 The parameter of DA model in n-hexadecane phase adsorption for single solutes and 
di-solutes.

 Adsorbate 

𝑄  EH 

b r2 MWSE mmol/g kJ/mol 

DX 0.801 34.539 7.243 0.9937 0.0158 

DX(+TCE) 0.163 38.673 14.268 0.9943 0.0004 

DX(+cDCE) 0.330 37.984 5.611 0.9991 0.0002 

DX(+1,1-DCE) 0.438 36.368 9.210 0.9957 0.0012 

TCE 0.929 17.979 3.639 0.9841 0.0196 

cDCE 0.922 23.762 4.015 0.9935 0.0042 

1,1-DCE 0.716 16.468 3.802 0.9970 0.0005 

TCE(+DX) 0.814 18.524 3.428 0.9868 0.0136 

cDCE(+DX) 0.620 24.994 4.781 0.9861 0.0038 

1,1-DCE(+DX) 0.413 17.090 4.677 0.9969 0.0006 
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Table B.15 Physicochemical properties 1,4-dioxane and CVOCs.
Property 1,4-dioxane TCE cDCE 1,1-DCE 

Molecular weight (g/mol) 88.11 131.39 96.94 96.94 

Density (g/cm
3
) 1.033 1.46 1.28 1.213 

Cw (mg/L) a 4.31×105 1198 3500 3344 

logKow b -0.27 2.42 1.86 2.02 

logKHW c -0.81 2.68 1.58 2.29 

logKaW c -3.71 -0.31 -0.66 0.1 

Solute 
Descriptors d 

V  0.681 0.715 0.592 0.592 

π*  0.75 0.37 0.61 0.34 

β  0.64 0.03 0.05 0.05 

α  0 0.08 0.11 0 

a Cw (mg/L): aqueous solubility (Beckett and Hua, 2000; Scheutz et al., 2011). 
b logKow (mol/L): octanol-water partition coefficient at 25°C (Scheutz et al., 2011; 
Schwarzenbach et al., 2005). 
c logKHW and logKaw (mol/L; mol/L): n-hexadecane-water and air-water partitioning 
coefficient, respectively (Abraham et al., 1994; Schwarzenbach et al., 2005). 
d (Abraham et al., 1994; Schwarzenbach et al., 2005) 

 

Table B.16 The size of 1,4-dioxane and CVOCs calculated by projecting the molecular van der 
Waals surface on three mutually perpendicular dimensions.
Solute X Y Z 
TCE 7.8 6.5 3.5 
cDCE 6.8 5.3 3.5 
1,1-DCE 6.4 5.8 3.5 
1,4-dioxane 5.8 6.5 5.1 
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Table B.17 Relative energies for different adsorbate molecules at different sites along the zeolite 
main channels.

Adsorbate Location 
Adsorbate center of 

mass in x-axis 
Relative energy 

kJ/mol 
(Å) 1,4-dioxane 1,1-DCE cDCE TCE 

second intersection -14.00 -27.2 -24.5 -21.8 -28.1 
narrow sites of straight 
channel  -10.15 26.5 -10.6 -13.4 1.3 
narrow sites of straight 
channel  -9.00 2.3 -21.0 -26.9 -11.4 
narrow sites of straight 
channel  -7.85 29.1 -13.5 -5.6 -5.6 
first intersection -3.95 -24.6 -23.2 -24.3 -20.0 
narrow sites of straight 
channel  -1.70 11.0 6.0 3.2 10.2 
close to the surface 1.55 -8.7 0.8 0.4 -1.3 
bulk solution 11.50 0.00 0.0 0.0 0.0 
 

  



149 
 

B-4 Supplemental Figures  

 

 

 

Figure B.1 ZSM-5-water two-phase periodic system representing the interface between 
framework structure of zeolite and aqueous solution. Color scheme: oxygen in red, carbon in 
grey, hydrogen in white and silicon in yellow.  

 

 

 

Figure B.2 Comparison of experimental adsorption free energies or enthalpies of organics 
adsorption on mineral adsorbents and MD predictions using COMPASS or extended PCFFs. 
Blue diamonds: data obtained from the literatures, grey triangles: data from the current study. 
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Figure B.3 Kinetic adsorption of 1,4-dioxane onto ZSM-5. 
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Figure B.4 Nitrogen gas adsorption-desorption isotherms of different kinds of ZSM-5. (A): 
ZSM-5(38); (B): ZSM-5(50); (C): ZSM-5(150); (D): ZSM-5(200G); (E): ZSM-5(200); (F): 
ZSM-5(300). 
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Figure B.5 PSDs from N2 adsorption on zeolites with different Si/Al ratios. (A) ZSM-5(38); (B) 
ZSM-5(50); (C) ZSM-5(150); (D) ZSM-5(200G); (E) ZSM-5(200); (F) ZSM-5(300).  
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Figure B.6 Adsorption of 1,4-dioxane onto zeolite. (A) the amount of 1,4-dioxane adsorbed onto 
ZSM-5 in different solvent; (B) FTIR of adsorbed ZSM-5 in different solvent 

 

 

 

Figure B.7 Effect of (A) pH, (B) on adsorption of 1,4-dioxane onto zeolite. 
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Figure B.8 Bio-zeolite removed 1,4-dioxane in the presence of CVOCs. Bio-zeolite degraded 
1,4-dioxane in the presence of (A) TCE; (B) cDCE; (C) 1,1-DCE. The error bars represent the 
standard deviation of experimental triplicates. 
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Figure B.9 Energy calculations and estimations of the contributions of different intermolecular 
interactions. (A) The calculated Ea for different solutes; the estimated ratio of different 
interactions for different solutes (B): TCE; (C) cDCE; (D) 1,1-DCE; (E) 1,4-dioxane to Ea 

 

 

 

Figure B.10 Comparison between adsorption free energies derived from Toth adsorption curve at 
low concentrations approaching Henry’s Law and MD calculations. 
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