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ABSTRACT 

 

In recent years, oil and gas (O&G) exploration has grown exponentially in the United 

States. Development in the industrial sector provokes competition with agricultural and public 

entities for natural resources, particularly the fresh water cycle. Typically sourced from local 

water supplies, energy production waste streams – specifically produced water – are disposed of 

through deep well injection. Implementation of advanced treatment technologies in the O&G 

industry presents a unique opportunity to maximize water reuse while minimizing environmental 

damage from increased seismic activity associated with deep well injection. 

These studies analyzed the microbial community development in and evaluated the 

performance of novel produced water treatment options. Two separate studies utilized a 

sequencing-batch membrane bioreactor (SB-MBR) and a biologically active filter (BAF) with 

granular activated carbon (GAC). Next-generation DNA sequencing and bioinformatic analyses 

were used to study the unique microbial shifts correlated with fluctuations in system 

performance. 

A pilot-scale SB-MBR treating residential wastewater in conjunction with up to 20% 

produced water by volume was investigated. Organic removal remained stable throughout the 

experiment despite increasing produced water fraction in the feed. The minimal variation in 

overall bioreactor microbial communities suggest the ability of seeded biological activity to 

adapt to 6–20% produced water incorporation. However, not all biological processes followed 

similar trends—ammonia removal declined from 85% to 55% removal. Phylogenetic results 

demonstrate a loss in the abundance of key nitrifying microorganisms in the bioreactors with 

greater produced water fractions. Biological processes recovered as produced water additions 

were reduced, indicating that an optimal ratio of produced water and residential wastewater to 

system performance is achievable. 

This work also addresses the performance of a BAF with GAC for the pretreatment of 

organic matter in produced water before membrane desalination. The biological community was 

seeded with native produced water microorganisms, making this system operationally unique. 

Two configurations were tested in two separate clear PVC columns, one operating under oxic 

conditions at ~0.25 L/min dissolved oxygen (DO), and the other under an anoxic condition. 

Phylogenetic data revealed the development of a diverse, aerobic and anaerobic microbial 
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community. The presence of obligate anaerobic microorganisms in each column type may 

suggest oxygen microgradients inside GAC grains. Both columns were capable of degrading 

greater than 85% of the influent chemical oxygen demand (COD) suggesting that COD removal 

could be independent of aeration. System performance declined to 55% removal of COD in 

correlation with a loss in biological activity measured using ATP as a proxy. Results may 

indicate organic removal in each column as a factor of sorption and biological processes. Once 

microbial activity declined, sorption to the GAC alone was no longer sufficient in maintaining 

COD removal.  

Both studies concluded that the microbial community structure plays a pivotal role in 

determining overall system performance. Results suggest shifts in population abundance lead to 

the decreased removal of pollutants. By further understanding the microbial ecosystems involved 

in biological treatment, environmental controls can be optimized to maximize water reuse from 

unconventional O&G production. Both of these studies suggest that the combined 

chemical/physical/biological treatment of produced waters is indeed possible for beneficial 

surface use rather than deep well injection. 
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CHAPTER 1 

INTRODUCTION 

 

Presented in 1798, the Malthusian Theory of Population proposed that human population 

grows exponentially. Coupled with arithmetic resource regeneration, an exponential human 

growth rate predicts a future with an ever-widening gap between societal needs and sustainable 

resource reserves [1]. The world population is currently estimated at 7.3 billion and is expected 

to reach 9.7 billion by 2050 [2]. Accordingly, resource utilization also grows exponentially: 

societal energy consumption is more than 12,000 times what it was at the introduction of 

farming, and water per capita usage is 1000% greater than it was in 1900 [3-5]. Global 

implications of drastic population growth, climate change, and natural resource scarcity have 

prompted technological innovation to focus on reuse and conservation [4-11]. A balance in the 

nexus between water and energy is crucial for the sustainable future of global societies. 

To feed the increased energy demand, oil and gas (O&G) exploration has doubled in 

recent years, with total petroleum production increasing from eight million barrels per day in 

2006 to greater than 14 million barrels per day in 2014 in the United States alone [12]. The 

United States Energy Information Administration estimates that by 2040, a majority of natural 

gas production will be from tight oil and shale gas plays – on the order of 29 trillion cubic feet 

[13]. The nexus between the O&G industry and global water storage presents a unique 

opportunity for water reuse initiatives [14,15]. Waste streams from energy production – 

specifically produced water during O&G operations – are sourced from local water supplies, but 

disposed of through deep well injection [16-21]. The recycle rate from these wells back to 

surface or groundwater sources is on the order of millennia, effectively eliminating portions of 

global water storage [22]. In a time of uncertainty with increased demand for freshwater, 

counterbalanced by climate change and the melting of global ice, surface reuse will help to 

alleviate pressures on natural resources. 

Produced water is generally a high brine solution containing a mixture of salts, metals, 

organics, and chemical additives. In the United States, O&G operations generate about three 

billion gallons of produced water a day [23]. Although current technologies are available for 

produced water treatment and reuse, the complexity and energy requirements of these options 

render them economically unable to compete with injection methods in most regions [24-26]. 
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1.1 Research Scope and Objectives 

The objectives of this research were to evaluate the performance of novel produced water 

treatment options and to analyze the microbial communities associated with the biological 

removal of constituents. The thesis is comprised of two separate studies, which utilized a 

sequencing-batch membrane bioreactor (SB-MBR) and a biologically active filter (BAF) with 

granular activated carbon (GAC). O&G wells operating in the Denver-Julesburg basin in 

northeastern Colorado provided the source produced water for these studies (Figure 1.1). Next-

generation DNA sequencing with subsequent bioinformatics analyses were used to investigate 

the unique microbial community shifts correlated with changes in system operations and 

performance. Taxonomic data are presented in conjunction with constituent removal to elucidate 

the relationship between microscopic structure development and ensuing macroscopic 

consequences, which in combination better informs treatment design and operation. The findings 

demonstrate the viability of characteristic microbial communities of SB-MBR and BAF systems, 

as well as their ability to adapt while maintaining target effluent quality. Conclusions from this 

research promote current treatment systems as viable options for the reuse of O&G produced 

waters. 

 

 

Figure 1.1. Map of the United States depicting the location of the Denver-Julesburg basin in 

northeastern Colorado [27]. 
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1.2 Thesis Outline 

The second chapter provides a nontechnical description of the problem investigated, as 

well as discussing the broader significance and importance. The associated findings, opinions, 

and conclusions presented are those of the author and are not a statement or representation of the 

views, policies, or opinions of ConocoPhillips (i.e., the funding entity of this study) or its 

employees or representatives. 

 The third chapter of this thesis describes the microbial community development in 

various stages of a pilot-scale SB-MBR system over 317 days of operation. Effluent water 

chemistry and phylogenetic data were collected to correlate shifts in system performance with 

changes in microbial clade abundance. The study demonstrates the ability of municipal 

wastewater activated sludge communities to adapt to influent additions of produced water. The 

research quantifies an optimal loading of produced water into the system, as well as identifying 

key microorganism responses pivotal to successful treatment. 

The fourth chapter of this thesis discusses the microbial community development in a BAF 

with GAC media over an experimental period of 348 days. O&G produced water was the only 

influent to the system, which allowed the naturally present microorganisms to seed biological 

activity. Phylogenetic and microbial activity data were collected spatially and temporally in 

correlation with chemical oxygen demand (COD) removal. Results demonstrate the ability of 

microbes in native produced waters to effectively remove organic matter from O&G waste 

streams, thus serving as a viable pretreatment option for subsequent membrane desalination. 

 

1.3 References 
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CHAPTER 2 

PUBLIC RELEVANCE AND BROADER IMPACTS 

2 Numbering Numbering 

Oil and gas (O&G) produced water is a significant by-product of the upstream sector of 

the petroleum industry, and generated at rates of billions of gallons per day within the United 

States. When considered globally, produced waters contribute to the degradation of a significant 

portion of global freshwater. With increasing world population and climate change severity, 

environmental research focuses heavily on the sustainability of water resources for both current 

and future generations. 

Hydraulic fracturing operations rely on surface and groundwater resources to supply the 

millions of gallons of water required to successfully liberate underground O&G. Typically, a 

single fracturing operation on a single well can consume between 1–5 million gallons of water. 

Waters returned to the surface as frac-flowback water or produced waters from the formation 

itself are problematic due to high organic/hydrocarbon content and high salinity. Traditionally, 

these waste streams are disposed of by injection with minimal amount of treatment back into the 

deep subsurface, effectively eliminating the potential for water reuse and decreasing accessible 

global water storage. Research is being conducted in order to develop treatment technologies to 

promote the reuse of produced water within the industry or to augment local water supplies to 

meet a growing demand. 

Many of the proposed treatment trains employ various biological processes to aid in 

removing contaminants. Because of their high hydrocarbon content, produced waters serve as an 

excellent food source for a host of microbiota to consume and thereby increase the quality of the 

water. By taking a microbial approach to water treatment, the fundamental removal mechanics 

for produced water can be investigated. Understanding the microbial role within these systems is 

vital for future process development and optimization. Therefore, the focus of this thesis is to 

investigate the microbial ecology of communities involved in two proposed treatment solutions 

for produced water waste streams including: 1) a sequencing-batch membrane bioreactor (SB-

MBR) for dual stream treatment with residential wastewater, and 2) a biologically active filter 

(BAF) with granular activated carbon. 

The optimization of produced water treatment schemes offers a wide range of solutions 

for global resource sustainability. Unconventional energy could begin to operate independent of 
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public resources with the ability to recycle waste streams back into production. Treated water 

could augment the agricultural or public water supplies with increasing population growth and 

the associated food demand. Current regulations dictate water quality standards for product 

streams intended for environmental release or drinking water augmentation. Effluent qualities 

under this jurisdiction must reduce constituents in accordance with the Clean Water Act, Safe 

Drinking Water Act, and other state regulations. Product streams not intended for consumption 

require pretreatment processes depending on downstream applications; however, applicable 

standards for reuse are process- and industry-specific. Research from this thesis provides the 

industry with insight on viable alternatives to traditional disposal methods. Further research into 

optimization is needed but the conclusions increase the sustainability potential of unconventional 

energy production. 

The research was supported by the ConocoPhillips Center for a Sustainable WE
2
ST 

(Water-Energy, Education, Science, and Technology) at the Colorado School of Mines. The 

WE
2
ST mission is to address the growing water sustainability and management challenges in 

unconventional energy development. This research provides crucial information on the 

interaction between produced water and the traditional biological processes used in water 

treatment to promote the success of reuse technologies for the O&G industry.  
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CHAPTER 3 

MICROBIAL ECOLOGY AND RESILIENCE OF ACTIVATED SLUDGE COMMUNITIES 

IN A SB-MBR FOR THE TREATMENT OF O&G PRODUCED WATERS 

Will be submitted for publication in Environmental Science & Technology (ES&T) 

K.E. Chan
*,1

, V.B. Frank
1,2

, H.A. Polodna
3
, C. Trivedi

1
, Z.L. Jones

1
, T.Y. Cath

1
, J.R. Spear

1 

3 Numbering 

3.1 Abstract 

An experimental pilot-scale sequencing-batch membrane bioreactor (SB-MBR) treating 

residential wastewater in conjunction with up to 20% produced water by volume was 

investigated. The system was operated over five different phases for approximately one year. 

Phase I provided baseline results with domestic wastewater feed and no produced water addition. 

In Phases II and IV, 6% produced water by volume was dosed into the system influent along 

with residential wastewater. Phases III and V were similar to Phases II and IV, except produced 

water was dosed at 20% by volume. Effluent water chemistry and phylogenetic data were 

collected to correlate shifts in system performance with changes in microbial clade abundance. 

Organic matter removal remained stable above 78% throughout the experiment despite 

increasing produced water fraction in the influent. The minimal variation in overall bioreactor 

microbial communities suggest the ability of seeded biological activity to adapt to 6-20% 

produced water incorporation. However, ammonia removal declined from 85% to 55% when 

produced water dose was raised to 20%. Phylogenetic results demonstrated a loss in the 

abundance of key nitrifying microorganisms with greater produced water fractions due to lower 

salinity tolerances. Nevertheless, ammonia removal was recovered when the produced water 

fraction was reduced to 6% by volume. Results indicate that co-treatment with residential 

wastewater using an SB-MBR is possible if the percentage mix does not exceed 20% by volume 

to maintain system performance. 
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3.2 Introduction 

Global implications of population growth, climate change, and natural resource scarcity 

emphasize the demand for research focused on resource conservation and reuse. Of primary 

concern is the sustainability of water resources under increasing competition within the 

industrial, agricultural, and public sectors [1-3]. Oil and gas (O&G) operations rely on both 

surface and ground waters to aid in the extraction of needed natural resources [4-9]. The O&G 

industry presents a unique opportunity for water reuse because the large volumes of wastewater 

generated are traditionally disposed of through deep well injection. This process involves 

injecting waste streams thousands of feet below freshwater aquifer systems where the recycle 

rate of the water from these deep wells back to surface sources is millennia [10]. In addition, the 

environmental consequences of deep well injection are not fully understood but may lead to 

increased seismic activity [3,11,12]. Deep well injection effectively eliminates portions of this 

potential water supply that could instead be reused in further oil and gas operations, or to 

augment agricultural, public, and other freshwater demands once effectively treated. 

 

3.2.1 Oil and Gas Exploration in the United States 

Hydraulic fracturing involves the injection of water, sand, and chemical additives into a 

drilled well at high pressure in order to produce an array of fractures in the formations, thereby 

enhancing oil and gas recovery/production. The injection fluid is composed of ~90% water, ~9% 

proppant, and 0.5-2% chemical additives, which can be proprietary cocktails that typically 

consists of corrosion inhibitors, friction reducers, lubricants, stabilizers, and biocides [13-15]. 

Once the flow of a well is reversed, injection fluid, formation water, oil, and gas return to the 

surface and require separation and processing. O&G-generated water originating from the O&G 

formation is referred to as produced water, which is commonly a brine solution containing salts, 

metals, organics, and additives from the injection fluid [16,17]. In the United States, 

approximately three billion gallons of produced water are generated per day from O&G activity 

[18]. With the drastic rise in O&G exploration since the turn of the century, a swell in produced 

water generation can be expected [19]. Typically consuming millions of gallons from the local 

water storage, the impacts of O&G industry on regional water stress can be damaging, 

particularly in arid areas such as the western United States [20]. 
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Current technologies, such as reverse osmosis, electrodialysis, and distillation, are 

available for the treatment and reuse of produced water [21-23]. However, due to the complexity 

of these systems and their associated energy demand and pre-treatment requirements, they are 

unable to economically compete with deep well disposal of produced water in most regions [22]. 

The incorporation of produced water into municipal wastewater streams is a potential solution 

because the treatment technology and infrastructure for wastewater is already well established. 

Existing infrastructure could allow for either the full treatment or pretreatment of produced water 

destined for environmental discharge or beneficial reuse. 

Federal and state regulations dictate effluent standards for product streams intended for 

environmental release or drinking water augmentation. Effluent from pretreatment processes is 

subject to different quality parameters depending on downstream application, but these standards 

are process- and industry-specific. Regardless of the specific pretreatment system, industrial 

wastewater must not significantly impact normal utility operation. In order to implement co-

treatment with public treatment works, the existing technology (potentially in conjunction with a 

pretreatment option) must reduce constituents in accordance with the Clean Water Act and Safe 

Drinking Water Act [24-27]. Experimental targets for organic matter and nitrate removal were 

set using these standards at effluent concentrations below 300 mg/L and 10 mg/L, respectively. 

 

3.2.2 Research Objectives 

In this study, we considered a sequencing-batch membrane bioreactor (SB-MBR) for the 

treatment of produced water from the Denver-Julesburg basin in northeastern Colorado. The 

objectives of this study were to identify the key microbial community structures at various stages 

of treatment and correlate clade abundances to constituent removal. We have analyzed the 

microbial communities associated with biological treatment of industrial wastewaters by relative 

abundance and diversity of microorganisms present throughout the system. Samples were 

collected at various time intervals from the residential feed tank, produced water feed tank, and 

each bioreactor. We employ Illumina 16S rRNA gene sequencing via the MiSeq platform and 

perform Quantitative Insights into Microbial Ecology (QIIME) bioinformatics analysis to 

evaluate the collected phylogenetic results [28].  The research strives to understand the complex 

nature of microbial ecosystems that precipitate macroscopic consequences affiliated with 

changes in system performance. By understanding the fundamental relationships between a 
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treatment system and its microbial constituents, we can direct and optimize environmental 

solutions that promote sustainability in both water and energy. This research utilizes the 

experimental design of a pilot-scale SB-MBR system developed by Frank et al. in 2016 [29]. 

 

3.3 Materials and Methods 

A pilot-scale sequencing-batch membrane bioreactor was designed and operated at the 

Mines Park dormitories of the Colorado School of Mines, in Golden, Colorado (Figure 3.1). The 

project focused on the co-treatment of municipal wastewater from the apartments and produced 

water collected from a single well pad in the Denver-Julesburg O&G basin. The system operated 

under five phases for approximately one year. Phase I consisted of baseline testing with only a 

residential wastewater feed stream. In Phases II and III, 6% and 20% produced water by volume, 

respectively, were introduced into the influent alongside residential wastewater flow. Phases IV 

and V duplicated the produced water additions of Phases II and III, respectively. 

 

 

Figure 3.1. Satellite image of Mines Park Apartment complex in relation to the Advanced Water 

Technology Center (AQWATEC) research site and the flow of municipal wastewater [30]. 

 

 

Table 3.1 outlines the duration of each phase and concentration of produced water in the 

mixed influent stream. It is important to note that Phases II and IV and Phases III and V are 

shown in the same color in the microbial analysis because they were operationally analogous. 
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DNA sequences were processed using QIIME and R to calculate relative abundances of 

microorganisms, analyze correlations with water chemistry, and assess biological diversity. 

 

Table 3.1. Reference information for operational phase changes throughout the experimental 

duration.   

Phase Experimental Days Duration (d) 
Influent Produced 

Water (%) 

I 0 – 152 152 0 

II 153 – 234 81 6 

III 235 – 246 11 20 

IV 247 – 299 52 6 

V 300 – 317 17 20 

 

Feed water was introduced into the bioreactors using an up-flow configuration to prevent 

disturbances to the activated sludge blanket. During the fill cycle, water was decanted off the top 

of the reactor and into a membrane tank containing ultrafiltration hollow-fiber membrane 

bundles (Koch Membrane Systems, Wilmington, MA). Permeate from the membrane tank was 

wasted and released into the municipal sewer system. The flow of water through the system is 

illustrated in Figure 3.2 while the actual pilot-scale system is shown in Figure 3.3. 

 

 

Figure 3.2. Process flow diagram of SB-MBR depicting flow through each stage of the treatment 

train. Municipal and produced water are mixed prior to the addition into each bioreactor. Targets 

represent sampling points for biological community and water chemistry analysis. Adapted from 

Frank et al. [29]. 
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Figure 3.3.  Pilot-scale design showing the residential wastewater feed tank (A), produced water 

feed tank (B), and the SB-MBR system (C). As in Figure 3.2, targets identify sampling locations. 
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3.3.1 Operating Conditions 

The experimental design for the pilot-scale SB-MBR was based on a 30,000 liter per day 

demonstration-scale SB-MBR system for decentralized residential wastewater treatment (also 

located at the AQWATEC research site). Using two independent bioreactors operating on 

identical two-hour treatment cycles, the pilot-scale SB-MBR treated 200 liters per day of 

residential wastewater in conjunction with up to 20% produced water by volume. Initially, each 

reactor was seeded with 50 L of activated sludge from the demonstration-scale SB-MBR. During 

the winter, the reactors were fitted with external fiberglass insulation to maintain internal 

temperatures between 14 °C and 20 °C. Cycle timing was derived and optimized from the 

demonstration-scale SB-MBR. Pumps, measurement probes, and cycle timing that directed 

filling, settling, and aeration in order to elicit biological activity critical to contaminant removal, 

was controlled by an on-board SCADA system [29]. Operating conditions remained consistent 

through all phases of the project. The timing sequence of each stage within the cycle of both 

bioreactors is shown in Figure 3.4. 

 

 

Figure 3.4. Timing sequence of stages within each bioreactor over a two-hour total cycle 

duration. Bioreactors are offset by one hour to ensure constant operation and separation of 

individual stages. Water was decanted to the membrane tank during filling. Adapted from Frank 

et al. [29]. 
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3.3.2 Water Chemistry Analysis 

Approximately 150 mL was gathered from each sampling point identified in Figure 3.3. 

Temperature, pH, and conductivity were measured using handheld probes at the time of 

collection. Conductivity was automatically temperature-corrected, and results were converted to 

total dissolved solid (TDS) concentrations to assess salinity changes [31]. Alkalinity was 

measured using a 100 mL sample and digitally titrating the pH down to 4.6 using sulfuric acid as 

outlined in Hach Method 10244 [32]. The remainder of the sample was filtered through 0.45 µm 

polyethersulfone membrane filters (VWR International, Radnor, PA) and analyzed for chemical 

oxygen demand (COD), ammonia, nitrate, nitrite, and total phosphate concentration using Hach 

TNTplus kits and a Hach DR 6000 spectrophotometer (Hach, Loveland, CO). A portion of the 

filtered sample was also analyzed for anions using ion chromatography (IC) (Dionex, Thermo 

Fisher Science, Sunnyvale, CA) and cations using inductively coupled plasma optical emission 

spectroscopy (ICP-OES) (PerkinElmer, Fremont, CA). Samples that exceeded the 

manufacturer’s chloride or sodium threshold concentrations were diluted with deionized water to 

reduce interferences and then reanalyzed. Samples for ICP-OES were acidified to pH 2 with 

nitric acid to prevent precipitation during analysis [33]. 

 

3.3.3 Microbial Community Evaluation 

Liquid and settled activated sludge samples were collected periodically to monitor and 

analyze the biological community development and operational shifts spatially throughout the 

system and with time. 

 

3.3.3.1  Sample Collection 

Samples for biological and water chemistry analysis were collected from the residential 

wastewater, produced water, bioreactor sludge blankets, and membrane permeate, as illustrated 

in Figure 3.3. Clarified residential wastewater and ultrafiltration permeate were collected in 

sterile 50 mL conical tubes. Sludge and produced water samples were gathered in sterile 15 mL 

conical tubes during the settling phase of each reactor cycle. All samples were immediately 

frozen and stored at –20°C for transport to the lab for microbial analysis. 
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3.3.3.2   DNA Extraction 

Samples used for deoxyribonucleic acid (DNA) analysis were thawed at room 

temperature for approximately one hour. Under sterile conditions, a completely mixed sample 

was filtered through sterilized Durapore 0.22 µm filters (Merck Millipore Ltd, Cork, Ireland) 

until clogging occurred. The filter was then transferred into a 2.0 mL microcentrifuge tube. 

Samples were then processed for DNA extraction using the PowerSoil® DNA Isolation Kit 

(MOBIO Laboratories, Carlsbad, CA) following the manufacturer’s protocol. DNA was eluted 

into 50 µL of nuclease-free water (HyClone, Logan, UT). Extracted DNA was quantified using a 

Qubit® 2.0 Fluorometer Broad Range Assay Kit (Thermo Fisher Scientific Inc., Waltham, MA) 

using the manufacturer’s protocol. 

 

3.3.3.3   16S rRNA Gene Library Preparation 

A preliminary polymerase chain reaction (PCR) amplification before amplicon library 

preparation for DNA sequencing was carried out using universal 16S primers EUB 338 forward 

(5’ ACTCCTACGGGAGGCAGCAG 3’) and EUB 518 reverse (5’ ATTACCGCGGCTGCTGG 

3’) (Integrated DNA Technologies, Coralville, IA). A 2X master mix (Promega Corporation, 

Madison, WI) containing nucleotides, Taq polymerase, magnesium chloride, and a chemical 

buffer, was combined with nuclease-free water, and 2 µL of extracted DNA for a total reaction 

volume of 25 µL per PCR reaction. All preparation work was performed in a PCR-grade flow 

hood (BioExpress, Kaysville, UT) and reagents were kept on ice throughout the process. PCR 

was performed on a TC-5000 Themocycler (Techne, Staffordshire, UK) with thirty amplification 

cycles, the details of which are summarized in Table 3.2. For select samples, approximately 5 µL 

of each amplified library was visualized via gel electrophoresis using a 1% agarose gel in 1X 

tris-acetate-EDTA (TAE) buffer with ~3 µL of a 5 mg/mL ethidium bromide stock solution to 

visualize DNA bands under ultraviolet light on a light gel box. A 100 base pair ladder was also 

run to confirm the appropriate amplicon sizes. 
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Table 3.2. PCR program used to amplify template DNA. 

Temperature Duration Notes 

95 °C 2 minutes Initial Denaturation 

95 °C 20 seconds 

Amplification Cycle 55 °C 15 seconds 

72 °C 5 minutes 

72 °C 10 minutes Final Extension 

4 °C Max 24 hours Hold until transitioned into storage 

 

After initial amplification using the above protocol, 16S rRNA gene library 

amplification, purification, and normalization of samples for DNA sequencing was performed in 

accordance with Kozich et al. (2013) using dual index V4 specific primers (A501-A508, B501-

B508, A701-A712, B701-B712) (Integrated DNA Technologies) [34]. Samples were sent to the 

BioFrontiers Laboratory in Boulder, Colorado, for sequencing via the MiSeq platform (Illumina, 

Inc., San Diego, CA). Sequences provided by BioFrontiers were analyzed using the 

bioinformatics software package Quantitative Insights into Microbial Ecology (v.1.9) [28]. 

Resulting sequencing reads were clustered into operational taxonomical units (OTUs) and 

classified using the Greengenes 13_8 OTU database and usearch tool. OTUs with less than 1% 

relative abundance were filtered out for phylogenetic analysis in order to identify the most 

significant OTUs in the SB-MBR microbiome. A weighted UniFrac distance matrix was 

generated and used to perform statistical analysis using compare_categories.py script within 

QIIME. Specifically, the ANOSIM test was run against the weighted Unifrac distance matrix 

using spatial, COD removal, and nitrogen removal metadata categories [35]. Using 

single_rarefaction.py in QIIME, samples were normalized to 5,590 sequences per sample. P-

values less than 0.05 indicate statistical significance of the examined hypothesis. Taxonomic 

levels are expressed in parenthesis delineating level and clade name, (i.e. p__Proteobacteria for 

the phylum Proteobacteria). 

 

3.4 Results and Discussion 

Phylogenetic analysis is used to assess changes in the microbial community structure 

with relation to varying physical and biogeochemical parameters. Samples were collected from 

the residential wastewater feed stream and the activated sludge bed within each bioreactor 

throughout all phases of the experiment. Produced water was sampled during Phases II through 



   

 

 

 

19 

V, and samples were collected before the mixing point with the residential wastewater. Microbial 

results are presented through Phase IV because of the lack of high quality reads from samples 

collected in Phase V. Water chemistry results were adapted from Frank et al. and are presented 

throughout all phases of the experiment. By using the earlier temporal sequencing results and 

water chemistry data together, we can infer what the microbial community is expected to be in 

Phase V. 

 

3.4.1 Microbial Community Analysis 

Sequencing results from all samples show that bacteria account for the dominant domain 

of the community structure. Archaea are observed in the residential wastewater and produced 

water influent streams, but many phyla are filtered out of bioinformatic analysis due to low 

abundances. Microorganisms below a relative abundance of 1% are classified as minor 

organisms; although they may be part of the community, they are assumed to not be the main 

drivers of population functionality [36]. Temporal sampling was used to ensure clade viability 

and to compensate for the inability of 16S rRNA gene sequencing to distinguish between active 

or inactive cells. 

 

3.4.1.1   Residential Wastewater Ecology 

Phylogenetic data at the phylum level collected from the residential wastewater are 

presented in Figure 3.5. Notably, throughout the experimental period, the microbial community 

does not exhibit any significant changes in terms of population structure, which indicates a stable 

influent community into the bioreactors. ANOSIM statistics verify this observation with a p-

value of 0.131 and R
2
 of 0.337. Bacteria dominate the residential wastewater community with 

98-100% relative abundance. The majority of the population is made up of microorganisms 

characteristic of municipal wastewater such as Clostridiales (30-40%) and Burkholderiales (6-

10%), the dominant order members of the phyla Firmicutes and Proteobacteria, respectively 

[37]. Comparatively, these results differ from other microbial communities sourced from the 

Mines Park Apartment complex that were dominated by fecal coliforms, Escherichia coli 

(p__Proteobacteria), and other heterotrophic bacteria [38]. The variability in community 

structure between studies suggests that microbial development could be dependent on 

operational parameters. 
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Figure 3.5. Relative abundance of bacterial and archaeal 16S rRNA gene sequences in source 

residential wastewater. The Greengenes database and usearch tool were used to assign sequences 

to taxonomical phylum at a 97% similarity threshold. Phylum that constituted <1% of the 

microbial community were termed minor communities. 

 

Members of Clostridiales are known to flourish in human gut microbiomes and to exhibit 

fermentative metabolisms under anaerobic conditions [39]. Their decreased relative abundance 

of ~10% during Phases II, III, and IV could be attributed to their normal thermal tolerance 

between 20 and 37 °C. The system experienced lower operating temperatures (10–20 °C) during 

the winter, which may have affected growth rates of Clostridiales. 

Members of Burkholderiales exhibited a more consistent relative abundance throughout 

the study due to their more robust environmental tolerances, as shown by their presence in 

habitats as diverse as animal guts and the deep subsurface [39]. Species of this order are 

generally aerobic, using oxygen as a terminal electron acceptor in metabolizing carbohydrates 

[40]. An increase in Flavobacteriales, within the phylum of Bacteriodetes, is observed in the 

later phases of the study. Growth could be attributed to an increase of salinity and organic 

nutrients because many members of this phylum are known halophiles and chemoorganotrophs. 

Salt concentrations increased with the addition of produced water after the completion of Phase 
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I, as shown in Figure 3.6, which shows the measured mixed influent salinity over time from 

measured conductivity data. In addition, the organic loading increased from about 100 mg/L to 

330 mg/L during the academic months (Phases II-IV), when the Mines Park apartments are 

occupied by students, effectively sustaining Flavobacteriales growth rates [39]. 

 

 

Figure 3.6. Calculated mixed influent TDS derived from conductivity measurements taken 

before the bioreactors over the study duration of 317 days [31]. 

 

3.4.1.2   O&G Produced Water Microbial Ecology 

Sequencing results from the produced water influent stream with respect to time are 

shown in Figure 3.7. Similar to the residential wastewater influent community, temporal changes 

in microbial diversity are not significant (p-value = 0.127, R
2
 = 0.444) across Phases II, III, and 

IV, attributed to the fact that all produced water for the study were acquired from the same well 

pad. Kiloniellales, within the phylum of Proteobacteria, dominated the microbial community at 

a relative abundance of 5–25%. These microorganisms have been isolated from marine 

macroalga containing aerobic and chemoheterotrophic cells with denitrification potential [41]. 

Assuming anoxic conditions in the deep subsurface in a zone of O&G production, this bacterium 
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would not proliferate until brought to the surface. Oxic conditions within the produced water 

storage feed tank may have occurred due to the permeable and well-mixed storage container, as 

well as exposure to the open air during transfer from the primary collection tote. A decrease in 

abundance of members within the phyla Bacteroidetes, Deferribacteres, and Firmicutes supports 

this shift to oxic conditions because many members are obligate anaerobes [37,39]. 

Flavobacteriales, a facultative anaerobe, was observed throughout the study, as would be 

expected from other research on produced and saline waters [39]. Associated with hydrocarbon 

degradation, this bacterial clade could provide the bioreactors with a diverse community with 

which to effectively manage a dual-stream influent [8,39]. 

  

 

Figure 3.7. Relative abundance of bacterial and archaeal 16S rRNA gene sequences in the same 

source O&G produced water. The Greengenes database and usearch tool were used to assign 

sequences to taxonomical phyla at a 97% similarity threshold. Phyla that constituted <1% of the 

microbial community were termed minor communities. 
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3.4.1.3   Activated Sludge Bioreactor Microbial Ecology 

Similarities between the microbial communities in each bioreactor were expected because 

both bioreactors were subject to identical operating parameters, received homogenous influent, 

and were seeded with activated sludge from the same source. Bioinformatic software using 

ANOSIM statistical metrics confirm these assumptions with a resulting p-value of 0.922 and R
2
 

of 0.82, indicating no significant differences in population structure. Although the microbial 

community is consistent between both bioreactors, statistical analysis reveals significant changes 

before and after the addition of produced water to the influent streams (p-value = 0.003 and R
2
 = 

0.778). These results suggest that shifts in feed stream water chemistry directly impact 

community development, and thus operational outcome. The observed two- and three-fold 

change of mixed influent salinity in Figure 3.6 selected for microorganisms that are more 

halotolerant. Salinization of the environment results in reduced microbial activity and greater 

die-off due to osmotic stress on the cell structure. Halotolerant organisms are able to regulate the 

induced osmotic pressure by synthesizing osmolytes to maintain turgor and metabolism potential 

[42,43].  

Principal coordinate analysis shows the clustering of microbial communities is primarily 

dependent on location within the treatment system, as illustrated in Figure 3.8. Bioreactors 

receive two different influent streams, allowing the activated sludge communities to diverge 

from the originally seeded populations. Frank et al. reported stable soluble COD (sCOD) 

removal of 78-89% throughout all five phases of the study, shown in Figure A.1 of Appendix A, 

suggesting a robust community capable of maintaining constituent removal, even under varying 

additions of produced water [29]. Despite the fluctuations in sCOD concentrations in the mixed 

influents, effluent sCOD concentrations remained below 125 mg/L throughout the experimental 

period. The results indicate that the dual-stream treatment system satisfies federal regulations at 

both the 6% and 20% produced water fractions for organic removal. 
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Figure 3.8. Principal coordinate analysis plot based on phylogenetic, spatial, and temporal 

metadata parameters. Clustering is primarily dependent on sample locations, with results 

confirmed as significantly different (p-value < 0.01 and R
2
 > 0.99) with ANOSIM statistical tests 

in QIIME. This analysis indicates distinct microbial communities within each stage of the 

treatment system.  

 

The relative abundance of microorganisms present in both bioreactors (BR1 and BR2) 

over time is shown in Figure 3.9. Dominant microorganisms such as Flavobacteriales 

(p__Bacteroidetes) – sourced from both the residential and produced water feed streams – 

increase in abundance with time in both bioreactor populations, mostly likely due to their affinity 

for saline environments. Their ability to proliferate under greater produced water fractions may 

have allowed the overall bioreactor community to maintain system performance under higher 

salinity and hydrocarbon loading [29].  
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Figure 3.9. Relative abundance of bacterial and archaeal 16S rRNA gene sequences in (A) BR1 

and (B) BR2. The Greengenes database and usearch tool were used to assign sequences to 

taxonomical phyla at a 97% similarity threshold. Phyla that constituted <1% of the microbial 

community were termed minor communities. 
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Although Firmicutes played a major role in the residential and produced water 

communities, abundance in the bioreactors is minimal. Clostridiales (p__Firmicutes) are 

generally moderately halophilic, obligate anaerobic microorganisms, with some members 

possessing sporulation-specific genes [39,44]. The aeration stage in the bioreactor cycle most 

likely contributed to a decrease in abundance of these bacteria due to the rapid introduction of 

oxygen. However, some portion of the community remained stable under the oxic conditions and 

increased salinity present in Phases II, III, and IV. These surviving clades likely were those with 

a high halotolerance and the ability to form spores. These characteristics would have allowed 

these cells to continue thriving, effectively maintaining fermentative metabolisms and system 

performance [39]. 

Interestingly, ammonia removal does not exhibit the same stable performance as did 

sCOD removal, as shown in Figure 3.10. Frank et al. noted a loss of nitrification during Phases 

III and V, contributing to lower overall removal rates [29]. Influent and effluent ammonia 

concentrations through Phase V are presented in Figure A.2 and Figure A.3 of Appendix A. Due 

to the reduced conditions, by-products of nitrification, nitrite and nitrate, were below 1.0 mg/L 

following the bioreactors. Members of the orders Nitrosomonadales and Nitrospirales are 

considered dominant ammonia and nitrite oxidizing bacterium, respectively, in wastewater 

treatment systems [45]. By sharing a symbiotic relationship, these microorganisms are believed 

to be responsible for nitrification processes in residential wastewaters. However, 

Nitrosomonadales require strict environmental controls on salinity, ammonia concentration, and 

pH levels in order to maintain nitrifying activity [46]. In contrast, Nitrospirales are reported to be 

more flexible and halotolerant, demonstrated through isolation from marine sediments, 

freshwater systems, and various soils [47].  
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Figure 3.10. Percent removal of ammonia measured between influent and effluent over the study 

duration of 317 days. 

 

Figure 3.11 illustrates the microbial endurance of Nitrospirales compared to 

Nitrosomonadales over the experimental phases, most notably in each order’s relative diminution 

between Phases III and IV. As the system functionality and microbial community developed, the 

relative abundance of both organisms increased during Phase II. Bacteria growth may not have 

been impeded by the salinity increase because the 6% produced water dosage was in the range of 

environmental tolerances. Therefore, both organisms were allowed to proliferate under tolerable 

conditions and efficiently utilize their respective nitrogen species for growth and overall 

ammonia removal. As the fraction of produced water was raised to 20% by volume, bacterial 

processes could not longer sustain growth and removal decreased. The increased salinity could 

have introduced heavy osmotic pressure on the microbial cells, disrupting cooperative efforts and 

neutralizing nitrification activity. In addition, trace concentrations of biocides from the injection 

fluids could have also contributed to the decrease in nitrifying bacteria abundance. The risk of 

inactivation for these bacteria grows with increasing produced water dosage, potentially leading 

to a saturation of ammonia and the loss of biological treatment processes [48-51]. As the 
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produced water fraction is reduced, the community functionality seems to recover even though 

the overall population lags behind. We would expect the abundances of Nitrosomonadales and 

Nitrospirales to increase through the second 6% produced water phase and potentially decrease 

again at the second 20% fraction. Figure 3.10 shows this drop in ammonia removal 

accompanying Phases III and V. These results suggest an optimum produced water dosage 

between 6% and 20% that effectively treats the mixed influent stream while maintaining 

necessary nitrification. 

 

 

Figure 3.11. Relative abundance of Nitrosomonadales and Nitrospirales in the bioreactors over 

the experimental phases. Note the large decrease in nitrifying bacteria in Phase III corresponding 

to lower ammonia removal. Inconsistent data necessitated the omission of Phase V results. 
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community, suggests a stable, adaptable population. Phylogenetic data collected from the 

residential and produced water influent streams revealed a diverse community of aerobic and 

anaerobic bacteria typical for domestic and industrial wastewater systems. The confluence of 

these microorganisms tailored the bioreactor communities into a unique population capable of 

managing diverse feed waters.  

A substantial decrease in ammonia removal was reported during the phases with 20% 

produced water fractions (Phases III and IV). Further analysis of nitrifying organisms within the 

bioreactor communities revealed that Nitrosomonadales and Nitrospirales abundance fluctuated 

with produced water dosage. With the increased TDS concentrations at the 20% fraction, it is 

possible that both microorganisms critical for nitrification experienced a decrease in relative 

abundance due to their sensitive environmental tolerances. Nitrosomonadales inactivation can be 

correlated with greater salt content, effectively reducing ammonia oxidation and disrupting the 

cooperative relationship with Nitrospirales. Encouragingly, the population’s functionality 

recovered with reduced salinity, suggesting that a threshold fraction between 6% and 20% of 

produced water by volume exists for which adequate nitrifying activity is maintained.  

A substantial finding of the results from this study suggests that co-treatment of 

residential and O&G wastewaters is possible at a 6% produced water by volume. During dual-

stream treatment, phylogenetic results indicate nitrification could be the limiting factor in 

successful implementation for produced water treatment. At this ratio, microbial communities 

native to activated sludge are robust enough to adapt to varying influent chemistries without 

sacrificing effluent quality.  

Future research on activated sludge communities and gene functionality may aid in 

determining the specific microbial clades responsible for produced water acclimation. In 

addition, further experimentation with the 20% produced water fraction would be beneficial to 

determine if the duration of the 20% phases was long enough for the systems to adequately adapt 

to a new feed stream. Although system performance and the abundance of microorganisms 

changed initially, the reactors may have adapted and a greater fraction of produced water could 

be incorporated in the feed. Additional research on the environmental tolerances of key nitrifying 

bacteria will aid in determining what caused a loss in nitrification performance. By 

understanding the range for salinity, temperature, pH, or biocide thresholds of microbial 

nitrogen-species oxidation, treatment systems can avoid a reduction in system performance. 
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Resulting information will provide a foundation for treatment optimization and make co-

treatment a viable option for the reuse of industrial wastewaters. 
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CHAPTER 4 

MICROBIAL COMMUNITY DEVELOPMENT IN A BAF WITH GAC FOR THE 

PRETREATMENT OF O&G PRODUCED WATERS 

Will be submitted for publication in Water Research 

K.E. Chan
*,1

, S.M. Riley
1
, H.A. Polodna

2
, C. Trivedi

1
, Z.L. Jones

1
, T.Y. Cath

1
, J.R. Spear

1 

4 Numbering 

4.1 Abstract 

Two biologically active filters (BAF) filled with granular activated carbon (GAC), under 

oxic and anoxic conditions, were evaluated for the pretreatment of organic matter in produced 

water before subsequent membrane desalination. The biological community was seeded with 

native produced water microorganisms, making this system operationally unique. Microbial 

abundance and biological activity were analyzed throughout three operation phases: 1) system 

start up, 2) recovery after a large clogging disturbance, and 3) operation of oxic and anoxic 

columns as two treatment systems. Phylogenetic data revealed the development of a diverse 

microbial community capable of removing greater than 85% chemical oxygen demand (COD). 

The abundance of aerobic and anaerobic microorganisms in both columns suggests the 

development of oxygen microgradients inside GAC grains.  Microbial activity, monitored using 

adenosine triphosphate (ATP) as a proxy, declined with time in correlation with lower COD 

removal below the target of 75%. Results may indicate a relationship between sorption and 

biological processes for the organic matter removal. As biological activity declined, sorption 

processes to GAC media was insufficient in maintaining the system performance. In addition, 

differences in system performance between the oxic and anoxic column were not observed, 

indicating adequate biological removal of COD could be independent of aeration processes. 

Findings demonstrated the ability of microorganisms in native produced waters to effectively 

remove organic matter from O&G waste streams, under optimized environmental conditions, 

thus serving as a viable pretreatment option for subsequent membrane desalination.  
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4.2 Introduction 

Over the past 20 years oil and gas (O&G) exploration has grown exponentially in the 

United States [1]. In 2011 alone, production grew by 7.9%, the largest year-to-year increase 

since 1984, and the sixth consecutive year of marketed growth [2]. Development in the energy 

industry provokes competition among O&G operators, local landowners, and small-farm 

agricultural and public entities for shared resources, particularly the local water supply [3-5]. 

Stimulated by expanding population growth and concerns over global climate change, research 

focuses on the sustainability of natural resources – with a focus on global water supply and the 

freshwater reserves available for a growing population [6-15]. 

O&G exploration accounts for a large portion of the total water demand in extremely arid 

regions of the United States [4,16]. Hydraulic fracturing involves injecting water, sand, and 

chemical additives under high pressure into subsurface formations to increase oil and gas 

extraction. For each hydraulic fracturing of an O&G well, up to five million gallons of water are 

required per well, and as much as 80% is recovered during flowback periods [17]. Water used for 

drilling and hydraulic fracturing is typically sourced from local surface and/or shallow 

groundwater supplies. These O&G operations generate a high brine solution as waste known as 

produced water, typically 20,000-30,000 mg/L total dissolved solids (TDS) in the Denver-

Julesburg basin, which is traditionally disposed of through deep well injection [11,13-15]. The 

long-term implications of subsurface injection of O&G wastewaters are not well understood 

[18]. In the Fall of 2016, the state of Oklahoma banned deep-well injection for most of the 

eastern half of the state due to significant earthquakes attributed to deep well injection [19]. With 

growing concerns over traditional disposal methods for O&G wastewaters, treatment 

technologies for the beneficial reuse of produced water may be implemented as an alternative to 

deep well injection. 

 

4.2.1 Opportunities for Biological Pretreatment 

 Many existing technologies have been deemed viable options for produced water 

treatment; these include oxidation, electrodialysis, distillation, and membrane filtration [20-23]. 

With the variability in formation-dependent geochemistry of produced waters, treatment options 

require flexibility and thorough pretreatment in order to be effectively implemented. Sodium 

chloride is typically the dominant salt in formation waters, but a host of other metal salts 
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contribute to high total dissolved solids (TDS) concentrations that make the treatment of 

produced waters difficult—salt is not removed by most conventional wastewater treatment 

plants. Membrane separation such as reverse osmosis and nanofiltration is the most established 

technology for the desalination of brackish water and seawater [24,25]. However, feed streams 

rich in organic matter increase membrane fouling propensity, thus decreasing membrane lifespan 

and crippling constituent removal. Research suggests that problems with organic fouling can be 

mitigated by microbial activity. Previous studies have proven biological processes effective for 

organic matter removal from domestic wastewater, landfill leachate, oily wastewaters, and river 

water [26-28]. 

 

4.2.2 Research Objectives 

In this study, we investigate the viability of a pilot-scale biologically active filter (BAF) 

seeded with native produced water microbial communities as a pretreatment option for 

membrane desalination. We examine the microbial abundance and diversity in the developing 

microbial community over an experimental period of 348 days. Samples were collected at 

various time points from a granular activated carbon (GAC) bed used as the primary matrix for 

treatment. Using next-generation DNA sequencing and bioinformatic analysis tools, we assessed 

the phylogenetic results in correlation with constituent removal. Adenosine triphosphate (ATP) 

assays were used to measure the development of biological activity in the columns. The 

objectives of this study are to identify the key microbial community structure over time; to 

correlate diversity and activity changes with organic matter removal; and to determine BAF 

pretreatment potential. A targeted minimum chemical oxygen demand (COD) removal of 75% 

was used to assess filter performance according to feed water quality. By understanding the 

fundamental microbial relationships of this system, we can optimize biologically driven 

environmental solutions. This research is based on the experimental design of a BAF with GAC 

developed by Riley et al. [29] and Freedman et al. [30]. 

 

4.3 Materials and Methods 

A pilot-scale biologically active filter was designed and built by students in the Colorado 

School of Mines (CSM) Senior Design program at the Advanced Water Technology Center’s 

(AQWATEC) research laboratory. 
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4.3.1 Biologically Active Filtration with Granular Activated Carbon 

Two ten-foot columns of clear polyvinyl chloride (PVC) were filled with seven feet of 

fresh 4x8 mesh size GAC (Industrial Filter Sales at Amazon, Seattle, WA). The first column was 

operated under oxic conditions with bottom-fed aeration, while the second operated under anoxic 

conditions. It is important to note, throughout all phases the anoxic column may have 

experienced sub-oxic conditions due to the lack of oxygen controls in the two-column design. 

Produced water entered the columns in an upflow configuration and the effluent flowed by 

gravity back into the feed tank(s). Air was bubbled in at 0.25 L/min, and in both columns the 

recirculation rate was 3.02 L/min. Produced water was introduced to the system in batches. In 

Phase I, the feed batch was replaced every 1.5 weeks; in Phases II and III, feed changes occurred 

every week. A mixed, isolated produced water drum served as the main source of feed for the 

system throughout the experiment. The columns were backwashed with tap water once a month 

during Phase I and once per week during Phases II and III. Backwashing was conducted with 

~50% bed expansion, acting to release solids and prevent clogging. 

 

4.3.1.1  Operating conditions 

The BAF was operated in three phases, starting in September 2015 and continuing 

through September 2016. Phase I occurred from September to December 2015. During this 

phase, the columns were configured in parallel and received feed produced water collected from 

the Denver-Julesburg basin in Northeastern Colorado (Figure 4.1A). We note at the end of Phase 

I, there was a large clogging event in the anoxic column requiring the replacement of a portion of 

the GAC bed. During Phase II (January 2016 through June 2016) the operation was similar to 

Phase I, and characterizes the recovery period following the anoxic column clog. Phase III (June 

2016 through September 2016) the two columns were separated from each other through the use 

of separate feed tanks for each column (Figure 4.1B). Samples were collected aseptically 

throughout the three separate phases of the study, as detailed in Table 4.1. 
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Figure 4.1. Process flow diagram of Phase I and II (A) and Phase III (B) system configurations. 

Targets represent sampling locations for biological community analysis. The upper location is 

denoted “T” (~5 feet from bottom) and the lower is denoted “B” (~1 ft from bottom). 

 

Table 4.1. Reference information for phase changes throughout the experimental period. 

Phase Experimental Days 
System Configuration 

(Figure 4.1) 

Graphical Representation 

in Figures 

I 0 – 107 A Blue 

II 107 – 297 A Purple 

III 297 – 349 B Orange 

 

4.3.1.2  Water Chemistry Analysis 

Raw feed water and BAF effluent samples were collected to track the removal of 

constituents during the BAF treatment stage. Feed water samples were collected from the 

isolated produced water drum once before experiments began. Temperature, pH, and 

conductivity were measured using handheld probes (Oakton Instruments, Vernon Hills, IL) at the 

time of sample collection. COD concentration was measured using Hach kits and a Hach DR 

6000 spectrophotometer (Hach, Loveland, CO). In order to avoid chloride interferences near 

2000 mg/L, COD samples were diluted as necessary with deionized water [31].  
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4.3.2 Microbial Community Evaluation 

GAC samples were collected to analyze the biological community development and to 

track operational shifts spatially and temporally throughout the system. Samples were collected 

at the end of experimental cycles before the batch feed tank was replaced with fresh produced 

water. 

 

4.3.2.1  Sample Collection 

Samples for biological analysis were collected from two sampling points installed in each 

column (Figure 4.1) for a total of four samples per time point. GAC was collected in sterile 2.0 

mL microcentrifuge tubes. Materials used for sampling were sterile, disposable, and designed for 

one-time use. All samples were immediately frozen and stored at –20 °C.  

 

4.3.2.2  DNA Extraction 

Samples used for deoxyribonucleic acid (DNA) analysis were thawed at room 

temperature for approximately 15 minutes. Under sterile conditions, samples were processed for 

DNA extraction using the PowerSoil® DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA) 

following the manufacturer’s protocol. DNA was eluted into 50 µL of nuclease-free water 

(HyClone, Logan, UT). Extracted DNA was quantified using a Qubit® 2.0 Fluorometer High 

Sensitivity Assay Kit (Thermo Fisher Scientific Inc., Waltham, MA) using the manufacturer’s 

protocol. 

4.3.2.3  16S rRNA Gene Library Preparation 

A preliminary polymerase chain reaction (PCR) amplification before amplicon library 

preparation for DNA sequencing was carried out using universal 16S primers EUB 338 forward 

(5’ ACTCCTACGGGAGGCAGCAG 3’) and EUB 518 reverse (5’ ATTACCGCGGCTGCTGG 

3’) (Integrated DNA Technologies, Coralville, IA). A 2X master mix (Promega Corporation, 

Madison, WI) containing nucleotides, Taq polymerase, magnesium chloride, and a chemical 

buffer, was combined with nuclease-free water, and 2 µL of extracted DNA for a total reaction 

volume of 25 µL per PCR reaction. All preparatory work was performed in a PCR-grade flow 

hood (BioExpress, Kaysville, UT) and reagents were kept on ice throughout the process. PCR 

was performed on a TC-5000 Themocycler (Techne, Staffordshire, UK) with thirty amplification 

cycles, the details of which are summarized in Table 4.2. For select samples, approximately 5 µL 
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of each amplified library was visualized via gel electrophoresis using a 1% agarose gel in 1X 

tris-acetate-EDTA (TAE) buffer with ~3 µL of a 5 mg/mL ethidium bromide stock solution to 

visualize DNA bands under ultraviolet light on a light gel box. A 100 base pair ladder was also 

run to confirm the appropriate amplicon sizes. 

 

Table 4.2. PCR program used to amplify template DNA. 

Temperature Duration Notes 

95 °C 2 minutes Initial Denaturation 

95 °C 20 seconds 

Amplification Cycle 55 °C 15 seconds 

72 °C 5 minutes 

72 °C 10 minutes Final Extension 

4 °C Max 24 hours Hold until transitioned into storage 

 

After initial amplification using the above protocol, 16S rRNA gene library 

amplification, purification, and normalization of samples for DNA sequencing was performed in 

accordance with Kozich et al. (2013) using dual index V4 specific primers (A501-A508, B501-

B508, A701-A712, B701-B712) (Integrated DNA Technologies) [32]. Samples were sent to the 

BioFrontiers Laboratory in Boulder, Colorado for sequencing via the MiSeq platform (Illumina, 

Inc., San Diego, CA). Sequences provided by BioFrontiers were analyzed using the 

bioinformatics software package Quantitative Insights into Microbial Ecology (v.1.9) [33]. 

Resulting sequencing reads were clustered into operational taxonomical units (OTUs) and 

classified using the Greengenes 13_8 OTU database and usearch tool. OTUs with less than 1% 

relative abundance were filtered out for phylogenetic analysis in order to identify the most 

significant OTUs in the BAF microbiome. A weighted UniFrac distance matrix was generated 

and used to perform statistical analysis using compare_categories.py script within QIIME. 

Specifically, the adonis test was run against the weighted Unifrac distance matrix using spatial 

and temporal metadata categories [34]. P-values less than 0.05 indicate statistical significance of 

the examined hypothesis. Taxonomic levels are expressed in parenthesis delineating level and 

clade name, (i.e. p__Proteobacteria for the phylum Proteobacteria) 

 

 



   

 

 

 

41 

4.3.3 ATP Analysis 

The GAC in each column had never been used in any previous treatment systems; though 

likely containing some amount of microbiota acquired after its production, it lacked an 

established microbial community necessary for biodegradation. In order to monitor community 

development, we determined the number of viable microbial cells associated with the GAC by 

quantifying the amount of adenosine triphosphate present. A portion of the samples collected for 

DNA extractions were used to measure the relative activity within each column with regard to 

space and time. 

 

4.3.3.1  Analysis Protocol 

The development of a standard curve and a protocol for measuring relative ATP was 

adapted from Velten et al. [35] and Weathers et al. [36]. Briefly, the direct measurement of ATP 

contained on cells adhering to GAC was performed as follows: 100 mg of sampled GAC (wet 

weight) was transferred into a 2.0 microcentrifuge tube to which 100 µL of phosphate buffer (3 

mg/L KH2PO4 and 7 mg/L K2HPO4, pH 7) was added. Simultaneously, 300 µL of BacTiter-Glo 

reagent (Promega Corporation) was added to another microcentrifuge tube and incubated with 

the GAC tube in a 30 °C water bath for three minutes. The BacTiter-Glo reagent was then added 

to the GAC tube after the incubation period. The mixture was agitated gently for five seconds 

before being returned to the water bath for an additional 90 seconds. The tube was gently mixed 

every 30 seconds to ensure optimal homogenization of the BacTiter-Glo reagent and the GAC. 

Following additional incubation, 200 µL of the supernatant was transferred into a new 

microcentrifuge tube. The sample was allowed to stabilize for exactly 30 seconds before the 

relative light units (RLU) were measured on a luminometer (Promega Corporation). Resulting 

data were converted into ATP concentrations using a standard curve. 

A standard curve used to correlate RLUs to known ATP concentrations was developed 

using fresh, triple autoclaved GAC and a pure 10 mM rATP standard (Promega Corporation). 

Standard concentrations ranged from 0 nM to 1 µM ATP and were created via dilution with 

sterilized phosphate buffer [35]. 100 mg of inactivated GAC was incubated in a 60 °C water bath 

with 1 mL of phosphate buffer for at least 21 hours. Subsequently, the GAC was washed gently 

with 1 mL of phosphate buffer five times to remove attached cells. The inactivated GAC 

underwent the ATP protocol above with one modification: before the first incubation period, the 
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GAC was mixed with 100 µL of a standard, rather than with phosphate buffer. RLUs were then 

plotted against known concentrations to develop a standard curve. As per manufacturer 

recommendations, a power trendline in Microsoft Excel was used to correlate sample RLU 

results to the standard curve and to calculate the associated ATP concentrations. 

 

4.3.3.2  Oxygen Consumption 

In order to assess the effectiveness of the aeration in maintaining oxic conditions, oxygen 

consumption per minute was calculated using Escherichia coli (E. coli) as a surrogate. An 

effective GAC density of 2.0 g/mL and the column dimensions were used to determine the 

relative weight of GAC in each column [37]. By dividing the total weight of GAC in the columns 

by the weight of GAC in the ATP trials, an equivalent number of ATP samples for each column 

were computed. Using the results from the Bactiter-Glo assay and the equivalent number of 

samples, each column’s total ATP content was extrapolated to pilot scale. Yaginuma et al. 

concluded that the ATP concentration of a single E. coli cell was 1.54±1.22 mM [38]. Assuming 

a homogeneous spherocylindrical shape, Phillips et al. estimates the volume of a single cell to be 

5π/12 fL [39]. Converting the published ATP concentration to a per cell basis for E. coli and 

using the calculated concentration of ATP per column, the number of equivalent cells in each 

column was determined. According to Martin et al., oxygen consumption per cell increases 

rapidly after the lag phase of growth until a maximum rate is achieved [40]. They determined 

that E. coli on average consumes 8.56x10
-12

 cc O2 per cell per minute. The equivalent amount of 

cells per column was then used with the published oxygen consumption value to calculate the 

amount of O2 consumed per minute in each column. 

 

4.4 Results and Discussion 

Phylogenetic analysis identified changes to the developing microbial community 

structure in relation to varying physical and biogeochemical parameters. Taxonomic data is 

presented on the Class level for both oxic and anoxic columns. 
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4.4.1 Microbial Community Analysis 

Results from next-generation sequencing show the dominance of bacterial clades in the 

community structure. Organisms that represent the archaeal domain are from the order 

Methanosarcinales (c__Methanomicrobia), which make up about 1% of the communal relative 

abundance. Microorganisms below a relative abundance of 1% are classified as minor 

organisms: although they may be part of the community, they are assumed to not be the main 

drivers of population functionality [41]. Temporal sampling was used to ensure clade viability 

and to compensate for the inability of 16S rRNA gene sequencing to distinguish between active 

or inactive cells. 

 

4.4.1.1 GAC Bed Ecology 

Adonis statistics were performed on a Unifrac distance matrix with categorical inputs of 

phase and location. Spatially, top and bottom samples of the GAC bed are not significantly 

different, with a p-value of 0.414 and R
2
 of 0.986. Therefore, phylogenetic data from the bottom 

samples are presented while data from the top samples can be found in Figure A.4 and Figure 

A.5 of Appendix A. In contrast, changes in microbial communities between Phases I, II, and III 

(representing temporal parameters) were significantly different, with average p-values of 0.001 

and average R
2
 values of 0.514. The spatial results suggest that the GAC bed could be relatively 

homogeneous throughout. Although the feed water enters through the bottom of the system, 

microbial development is consistent over the length of the column, which indicates uniform 

contact time between the BAF and influent water column.  

Phylogenetic data collected from the bottom of the GAC beds is presented in Figure 4.2. 

While the microbial community in the anoxic column took longer to develop and diversify 

compared to that of the oxic column, final communities became more similar upon system 

stabilization. The lag in development is expected under anoxic conditions because anaerobic 

organisms typically grow more slowly than aerobic organisms. The orders Oceanospirillales and 

Altermonadales (c__Gammaproteobacteria) dominated the microbial community in both 

columns in Phase I of the study. Initial community structure lacks diversity, with 

Gammaproteobacteria accounting for greater than 40% and 80% of total biological makeup in 

the oxic and anoxic columns, respectively. Although certain microbial orders under 

Gammaproteobacteria are observed in this system, different halophilic microorganisms of the 
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same class dominate other O&G related waste streams [42,43]. 

Biological diversity increased through Phase II of the experiment with the emergence of 

Rhodobacterales (c__Alphaproteobacteria) and Flavobacteriales (c__Flavobacteriia) in both 

columns. Growth of other bacterial clades, such as Actinobacteria, Bacteroidia, and 

Eplsilonproteobacteria, generated microbial populations that are similar to other communities 

isolated from various shale gas reservoirs [44-48]. The abundance of strictly aerobic or 

facultatively anaerobic chemoorganotrophs drastically increased following the clogging event in 

the anoxic column. Flavobacteriia and Alphaproteobacteria proliferated to 10–30% of the 

microbial structure, most likely due to a greater tolerance for increased salinity and organic 

matter concentrations [48]. It is noted that the increase in microbial diversity at the end of Phase 

I may have been accelerated by the clogging event. During this time, the system was unable to be 

backwashed which may have allowed the community to settle and proliferate with out agitation. 

The transition to Phase III is characterized by the increased abundance of anaerobic 

bacteria from the orders of Desulfuromondales (c__Deltaproteobacteria) and Bacteroidales 

(c__Bacteroidia) in both columns [48]. Typically obligate anaerobes, these microorganisms 

could not develop and be sustained in the presence of oxygen. The increased abundance of 

anaerobic bacteria in the oxic and anoxic columns suggests potential oxygen microgradients on 

the interior of GAC grains. With oxygen only able to penetrate the shallow regions of the GAC 

grains, anaerobic bacteria are allowed to develop along the interior surface areas. The increased 

diversity in aerobic and anaerobic microorganisms indicates a cooperative relationship for the 

removal of organic material. 

Principal coordinate analysis was performed in QIIME to show the clustering of 

microbial communities under a fixed temporal axis, shown in Figure 4.3. During Phase I, the 

anoxic column developed significantly different than the oxic column even though they both 

received similar feed waters. The separation in initial community development could be 

attributed to the aeration process in the oxic column allowing aerobic bacteria to grow quicker. 

However, diversity between the columns begins to converge with time as the significant 

difference between samples decreases. Calculations with adonis metrics support these 

observations, with a p-value of 0.029 and R
2
 of 0.741 for Phase I and p-values greater than 0.05 

and R
2
 values above 0.80 for Phases II and III. The results may suggest that regardless of the 

starting communities and operating parameters, similar microbial communities will develop.  
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Figure 4.2. Relative abundance of bacterial and archaeal 16S rRNA gene sequences in the oxic 

(A) and anoxic (B) columns. The Greengenes database and usearch tool were used to assign 

sequences to taxonomical class at 97% similarity. Classes constituting <1% of the microbial 

community were termed minor communities. 
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Figure 4.3. Principal coordinate analysis plot of BAF samples illustrating a convergence of 

community diversity development over the course of 349 days. Phase 1 is noted with the blue 

background while Phase II and III are represented by the purple and orange backgrounds, 

respectively. 

 

4.4.1.2  Biological Activity Related to COD Removal 

The percent removal of COD from the two columns is shown in Figure 4.4 throughout 

the experimental period. Interestingly, the removal of organic matter is consistent between the 

oxic and anoxic column. Results suggest system performance is dependent on both biological 

and sorption processes of GAC. For a majority of the experiment, performance was greater than 

the target COD removal of 75%. At the end of Phase II and into Phase III, however, system 

performance begins to decline to 55% removal of organic material. 

Figure 4.5 illustrates the average ATP concentration measured over 349 days for both 

column types. A noticeable drop in microbial activity is observed towards the end of Phase I, 

suggesting a significant loss of the developed biological population in tandem with the clogging 

disturbance. During Phase II, microbial activity seems to recover in both columns around day 

200, but decreases again moving into Phase III. It is interesting to note that with the reduction in 

microbial activity, COD removal seems to lag and decrease as well. This may indicate a 

breakdown in the relationship between biological and sorption processes related to the oxidation 
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of organic matter. During Phase I, both removal processes were properly functioning, which 

allowed the system to perform above the desired 75% removal. However, once the microbial 

activity began to die-off, sorption processes could no longer sustain the high removal rates 

observed earlier in the experiment.  

 

 

Figure 4.4. COD percent removal over the experimental period of 349 days. The dotted line 

represents the target removal of 75%. Data could not be collected between days 48-181 due to 

operational issues following a clogging event.  

 

We attempted to correlate the measured ATP concentrations with typical oxygen 

consumption rates of E. Coli for the oxic column to assess whether the aeration rate was 

sufficient in maintaining the aerobic community. Figure 4.6 shows the oxygen consumption with 

time for the oxic community. These results indicate that oxygen consumption was much lower 

than what was being supplied by aeration. Oxygen into the system should have been enough to 

sustain an aerobic community but the phylogenetic and microbial activity results contradict that 

theory with the emergence of obligate anaerobic bacteria and lower activity. Therefore, the 

results from oxygen consumption are inconclusive. 
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Figure 4.5. Calculated average ATP concentration from measured RLUs. 

 

  

 

Figure 4.6. Calculated oxygen consumption in the oxic column based on measured RLUs. The 

dotted line represents the amount of oxygen provided by operational bubbling of 0.25 L/min of 

air. 
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4.5 Conclusions 

A BAF with GAC is a viable pretreatment option for reducing the organic loading of 

O&G produced water destined for downstream desalination applications. We demonstrate that 

microbial communities naturally present in petroleum waste streams can be utilized to seed BAF 

media for organic matter removal. The phylogenetic results show a convergence in the diversity 

of the microbial community structure in both columns regardless of the presence of oxygen to 

the system. An increased abundance of obligate anaerobic bacteria in the oxic column suggest 

the formation of oxygen microgradients within GAC grains. A symbiotic relationship between 

multiple bacterial clades may exist between the interior and exterior of a GAC particle that is 

capable of maintaining overall community functionality. Although the microbial diversity varies 

with time in each column, system performance is unaffected as both oxic and anoxic COD 

removal rates are similar. This suggests that biological processes associated with COD removal 

may be a cooperative effort between aerobic and anaerobic microorganisms along with sorption 

processes of GAC. Microbial activity analysis indicated a decrease in biological energy in both 

columns correlated with a decline in COD removal. As the relationship between sorption and 

biological processes begins to breakdown, physical and chemical sorption to the GAC can no 

longer maintain a high organic matter removal rate.  

Future research should focus on the assessing the drivers of microbial development and 

growth. Resulting information will inform operators on how to control and sustain the biological 

processes key to the removal of organic matter in O&G produced water. With the development 

of economic alternatives to deep well injection of O&G waste streams, competition for natural 

resources could be minimized for a more sustainable future. 
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CHAPTER 5 

CONCLUSIONS 

Numbering 

 In this thesis, the microbial community development and performance of novel produced 

water treatment options was evaluated. Two separate studies utilized a sequencing-batch 

membrane bioreactor and a biologically active filter with granular activated carbon, respectively. 

Next-generation DNA sequencing and bioinformatic analysis were used to investigate unique 

microbial shifts correlated with fluctuations in system performance. This chapter summarizes the 

conclusions from the two studies and offers implications and recommendations for future work. 

In both cases, microbial community structure played a pivotal role in determining system 

performance. 

 

5.1 Summary of O&G and Residential Wastewater Co-treatment Using an SB-MBR 

A pilot-scale sequencing-batch membrane bioreactor (SB-MBR) treating 200 liters per 

day of residential wastewater in conjunction with up to 20% produced water by volume was 

operated for 317 days. Organic removal remained stable throughout the experiment despite 

increasing produced water additions. The minimal variation in overall bioreactor microbial 

communities suggest the ability of seeded biological activity to adapt to 6-20% produced water 

incorporation. However, not all biological processes observed similar trends, since requisite 

ammonia reduction suffered in contrast. Phylogenetic results demonstrate a loss in the abundance 

of key nitrifying microorganisms with greater produced water fractions. Biological processes 

recovered as additions were reduced, indicating an optimal ratio of produced water and 

residential wastewater to system performance is achievable between 6-20% produced water fed 

to the SB-MBR. Additional research for determining a favorable fraction of produced water to 

activated sludge communities may allow treatment technologies to better compete economically 

with deep well injection.  

 

5.2 Summary of Produced Water Pretreatment with a GAC Media BAF 

In the second study, a biologically active filter filled with granulated activated carbon 

(BAF with GAC) was analyzed for the pretreatment of organic matter in produced water before 

subsequent membrane desalination. The biological community was seeded with native produced 
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water microorganisms making this system operationally unique. Phylogenetic data demonstrate 

the development of a diverse microbial community capable of generating greater than 85% COD 

removal. The diversity in microbial communities in both oxic and anoxic columns converged 

with time suggesting a similar community will stabilize regardless of aeration. Interestingly, the 

COD removal of each column was also similar throughout the experiment indicating similar 

system performances independent of the operational conditions. COD removal began to decline 

with time as the relationship between biological and sorption processes started to taper off. This 

was confirmed with microbial activity assays as ATP declined with COD removal. Without the 

cooperative relationship between biological/chemical/physical processes, organic matter 

oxidation was reduced below the target removal rate. Oxygen consumption in the oxic column 

was analyzed in relation to microbial activity, but results were inconclusive. Further 

investigation of biological activity and gene functionality can identify the limiting nutrients 

controlling population development and sustainability. 

 

5.3 Future Directions 

• Further experimentation with the SB-MBR to determine the exact fraction of produced 

water addition to residential wastewater that maintains system performance. 

• Analysis of gene expression through transcriptomics to identify community functionality 

and nutrient optimization related to constituent removal. 

• Autopsies on GAC media to evaluate interior oxygen microgradients. 

• Analysis of limiting nutrients of produced water communities required in sustaining 

biological processes for organic matter removal. 

• Adaptation of the existing technologies (SB-MBR and BAF) to other produced water 

sources around the United States to assess flexibility in treatment. 

• Development of a complete treatment train for the environmental release or drinking 

water augmentation of produced water waste streams. 

• Economic analysis of produced water treatment systems as compared to deep well 

injection methods. 
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APPENDIX A 

 

 

SUPPORTING INFORMATION FOR: 

CHAPTER 3: MICROBIAL ECOLOGY AND RESILIENCE OF ACTIVATED SLUDGE 

COMMUNITIES IN A SB-MBR FOR THE TREATMENT OF O&G PRODUCED WATERS 

 

 

Figure A.1. sCOD concentration in the influent (orange) and BR effluent (grey) during Phases I 

to V. Produced water was dosed at 6% days 175 through 234 and 247 through 299. Dosing 

changed to 20% for days 235 through 246 and 300 through 317. Adopted from Frank et al. 

 

 

Figure A.2. Ammonia concentration in the influent (orange) and BR effluent (grey) over the 

course of 142 days. Produced water was dosed at 6% by volume on days 175 through 234 and 

247 through 299. Dosing changed to 20% by volume on days 235 through 246 and 300 through 

317. Empty symbols indicate times of insufficient aeration. Adopted from Frank et al. 
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Figure A.3. Ammonia concentration in the influent (orange) and effluent (grey) during (a) 0% 

produced water, (b) 6%, and (c) 20%. An influx of MPA residents occurred at approximately day 

80, which caused an increase in influent concentrations. Empty symbols indicate that the air 

stone at the bottom of BR1 was clogged due to biofouling and was replaced on day 222. Adopted 

from Frank et al. 

 

 

REFERENCE 

[1] V.B. Frank. Co-Treatment of Domestic and Oil & Gas Wastewater with a Hybrid 

Sequencing Batch Reactor-Membrane Bioreactor, Colorado School of Mines, Master of 

Science, Golden, CO (2016).

0 

15 

30 

45 

60 

75 

0 20 40 60 80 100 120 140 

N
H

4
+

 [
m

g
/L

] 
Influent Effluent 

0 

15 

30 

45 

60 

75 

153 163 173 183 193 203 213 223 233 

N
H

4
+
 [

m
g
/L

] 

0 

15 

30 

45 

60 

75 

235 236 237 238 239 240 241 242 243 244 245 

N
H

4
+
 [

m
g
/L

] 

Time [days] 

(a) 

(b) 

(c) 



   

 

 

 

58 

SUPPORTING INFORMATION FOR: 

CHAPTER 4: MICROBIAL COMMUNITY DEVELOPMENT IN A BAF WITH GAC FOR 

THE PRETREATMENT OF O&G PRODUCED WATERS 

 

 

Figure A.4. Relative abundance of bacterial and archaeal 16S rRNA gene sequences from top 

samples collected in the oxic column. The Greengenes database and usearch tool were used to 

assign sequences to taxonomical class at 97% similarity. Classes constituting <1% of the 

microbial community were termed minor communities. 
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Figure A.5. Relative abundance of bacterial and archaeal 16S rRNA gene sequences from top 

samples collected in the anoxic column. The Greengenes database and usearch tool were used to 

assign sequences to taxonomical class at 97% similarity. Classes constituting <1% of the 

microbial community were termed minor communities. 
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