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Abstract

Optimization of operation and performance of the groundwater treatment
system regarding perchlorate removal at Longhorn Army Ammunition
Plant (LHAAP) is dependent on specific conditions within the reactor and
the larger groundwater treatment process. This study evaluated the
microbial community compositions within the plant during periods of
adequate perchlorate degradation, sub-adequate perchlorate degradation,
and non-operating conditions. Factors affecting the performance of the
LHAAP ground water treatment system (GWTS) perchlorate de-grading
fluidized bed reactor (FBR) are identified and discussed. Isolation of the
FBR from naturally occurring microbial populations in the groundwater
was the most significant factor reducing system effectiveness. The
microbial population within the FBR is highly susceptible to system
upsets, which leads to declining diversity within the reactor. As designed,
the system operates for extended periods without the desired perchlorate
removal without intervention such as a seed inoculant. A range of
modifications and the operation of the system are identified to increase
the effectiveness of perchlorate removal at LHAAP.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Introduction

Background

Longhorn Army Ammunition Plant (LHAAP) is 3.5 miles west of the
Louisiana/Texas border in Karnack, approximately 40 miles northwest of
Shreveport, Louisiana and 12 miles northeast of Marshall, TX. It includes
451 buildings on 8,493 acres of land. Built in 1941, this facility’s mission
included production and demilitarization of World War IT (WWII) era
missiles. Contamination at the site resulted from production of various
defense items (such as explosives, pyrotechnics, illuminants, and rocket
motors) beginning near the start of WWII and continuing through the
early 1990s. LHAAP was placed on the National Priorities List on 09
August 1990 as a superfund site. In 1990, the United States Environmental
Protection Agency (USEPA) listed methylene chloride and trichloroethene
as the primary contaminants of concern (COC) at the site. It was not until
2002 that perchlorate was identified as a COC. The cleanup process
includes remediation of site groundwater using a pump and treat system.
Cleanup is governed by the Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA). The US Army is the lead
agency performing the remediation in coordination with the Texas
Commission on Environmental Quality (TCEQ) and the USEPA. Full-scale
cleanup activities have been ongoing since 25 October 1996 and continue
to this day. This cleanup system has experienced several upsets since it’s
modification for treating perchlorate as well as the tri-chloroethylene the
plant was originally designed and constructed to treat.

Longhorn AAP was established to support mobilization requirements for
WWII and was placed in standby mode from 1945 to 1952. In 1952, it was
reactivated to support Korean War activities, at that time the plant was
operated by Universal Match Corporation. During this time, the industrial
activities of the plant expanded to include loading, assembling, and
packing (LAP) of rocket motors and pyrotechnic ammunition. In the
1970s, the Thiokol Corporation received the contract to repurpose
longhorn from a WWII era liquid fuel facility into a solid fuel rocket motor
plant. In 1955, Longhorn Plant 3, which was operated by Thiokol
Corporation (later Morton Thiokol, Inc.), was designated to produce solid
propellant rocket motors. In 1956 the Nike-Hercules program began which
produced sustainer motors. Additionally, propellants and motors for
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missiles (Falcon, Lacrosse, Honest John, and Sergeant) were produced at
the plant. In 1959, a Main Rocket Motor Assembly Building (45E) was
constructed along with a Static Test Building (25T).

During the Vietnam War, the plant produced illuminating, pyrotechnic
ammunition and solid propellant rocket motors including first and second
stages of the Pershing IA missile. LHAAP was one of two facilities that
destroyed Pershing IA and II missiles following the Intermediate-Range
Nuclear Forces Treaty of December 8, 1987, which prohibited such
missiles. Demilitarization of the missiles was achieved by static burn and
crushing of the missiles.

Figure 1. Map of LHAAP showing operable units LHAAP-18/24 and the associated
interception trenches which feed the GWTP".
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As part of the ongoing cleanup effort, groundwater extraction wells were
installed on three sides of the LHAAP-18.24 operable units. The system
used to perform treatment of the extracted groundwater was originally
designed to treat volatile solvents, primarily trichloroethylene and
methylene chloride, and heavy metals including barium in groundwater

* US Army. 2019. “Final Proposed Plan LHAAP-18/24, Burning Ground No. 3 and Unlined Evaporation
Pond.” February.
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from LHAAP operable units 18 & 24 (DOW Environmental 1995) shown in
Figure 1. The design of the original water treatment system configuration
was based on the results of groundwater concentration measurements
using 48 individual monitoring wells. Perchlorate was not included in the
analysis of these groundwater samples (DOW Environmental 1995). In
2002, a Human Health and Ecological Risk Assessment was performed
which identified perchlorate as a COC for groundwater at operable unit 17.
As a result, a site-wide baseline ecological risk assessment was conducted”.

The treatment plant construction was completed in December 1996 with
subsequent installation of approximately 5,000 ft of collection trenches to
intercept contaminants migrating toward Caddo Lake from Unit 18
(Burning Ground No. 3) in 1997. These trenches collect the extracted
groundwater from the contaminant plume for transport to the treatment
system. Extraction and treatment of the contaminated shallow
groundwater began in April 1998 . It operated for a year before
perchlorate treatment was included in 1999.

In early 2000, treatment options and treatability studies were initiated to
determine the modifications needed for the existing treatment system to
provide the perchlorate treatment. A fluidized bed reactor (FBR) was
selected as the remedy addition to the treatment system. The FBR was
designed to treat 50 gallons per minute (gpm) and was placed online in
February 2001. (Polk et al. 2001).

Multiple industrial activities occurred at the LHAAP site over the five
decades in operation. The groundwater being treated at the LHAAP GWTP
contains several contaminants which require varied treatment processes. To
produce a water acceptable for release, several unit operations occur as the
water is moved through the plant (Table 1). Figure 2 shows a schematic of
the process and the order of the unit operations. The groundwater is treated
for metals and volatile organic compounds (VOCs) prior to the FBR
bioremediation step. Both treatment steps contain multiple processes, all of
which affect the microbial population present in the bioreactor and thereby
the effectiveness of this unit for perchlorate degradation.

* US Army. 2010. “Final Proposed Plan for LHAAP-17, Burning Ground No. 2/Flashing Area Group 2.”
May, 00098226.

T Longhorn Army Ammunition Plant Texas. EPA ID # TX6213820529. July 2004.
caddolakedata.us/media/498/site%20map-longhorn%20ammunition%20plant.pdf
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Table 1. Effluent limitation for discharge per record of decision (ug/L) (Shaw 2006).

Daily Daily
Category-Analyte Average Maximum
Metals
Aluminum (total) 777 1,644
Arsenic (total) 365 772
Barium (total) 1,000 2,000
Cadmium (total) 2 3
Chromium (total) 355 752
Chromium Ill 297 628
Chromium VI 58 124
Cobalt (dissolved) 5,433 11,495
Iron (dissolved) 1,132 2,395
Manganese(dissolved) 7,323 15,494
Nickel (total) 87 184
Selenium (total) 6 12
Silver (total) 1 3
Vanadium (dissolved) 1,698 3,592
Zinc (total) 146 310
Perchlorate
Perchlorate 6 13
Volatiles
1,1,1-Trichloroetane 3,417 7,230
1,1,2-Trichloroethane 103 217
1,1-Dichloroethane 6,633 4,032
1,1-Dichloroethene 119 253
1,2-Dicchloroethane 85 181
Acetone 1,132 2,395
Benzene 85 181
Carbon Tetrachloride 85 181
Chlorobenzene 22,300 47,180
Chloroform 1,708 3,615
Ethylbenzene 26,954 57,025
Methylene Chloride 803 1,699
Styrene 2,829 5,987
Tetrachloroethene 85 181
Toluene 1,980 4,189
Trichloroethene 85 181
Vinyl Chloride 34 72
Xylene 40 84
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1.2

1.3

The groundwater requiring treatment is pumped from approximately
5,000 ft through a collection trench from operable units LHAAP-18 and
LHAAP-24 (Figure 1). Each trench delivers a portion of the water treated
at the LHAAP GWTF. In the LHAAP GWTP treatment system, the water
treatment stream (pH 6.3) flows from the influent tank to a pH balance
tank where caustic solution (NaOH) is added to bring the pH to 10 as it is
fed into a flocculation tank where polymer is added to promote
flocculation. The flocculated material is removed during a clarification unit
operation which achieves metals removal. After the clarifiers, the stream is
fed to an air stripper for VOCs removal. The water leaving the air stripper
is stored in a holding tank and then fed into the fluidized bed reactor
(FBR) for perchlorate removal. Nutrients and acetic acid are added to the
water to encourage biological activity within the FBR. The FBR contains
coconut husk biochar to which the perchlorate degrading bacteria can
attach. The FBR effluent must meet discharge limits of a Daily Average
concentration of under 279 pg/L and a under the daily maximum
concentration of 591 ug/L. The plant runs in a steady state flow
operational mode until it reaches the holding tank. It is run as a batch
system with feed from the holding tank in a recycle loop until determined
that the perchlorate concentration has met specifications.

Problem Statement

The operation and performance of the FBR at LHAAP was not continuous.
Extended periods of non-treatment occurred regularly. The causes of
these disruptions included plant shutdown, large temperature swings,
acetate feed spills, power outages, freezing, and natural shifts in the
biological consortia within the FBR over time.

Objectives

A thorough survey of the system with regards to the amount and type of
biological activity within the system and the FBR was conducted to
alleviate treatment interruptions at the LHAAP GWTS. The objective of
the research presented in this report is to identify the plant conditions and
operating procedures that cause interruptions and plant conditions and
operating procedures that will reduce treatment interruptions.
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1.4 Approach

We conducted sampling of the key plant processes under various
operation conditions. These samples were analyzed by genetic sequencing
for microbial populations.
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2 Perchlorate Biodegradation

Over the last few decades, the specific microbial processes and microbes
that are effective for perchlorate biodegradation have been studied. A high
level of understanding of these details and how they can be incorporated
into water treatment systems has been achieved. Several conditions are
required for optimal biological degradation of perchlorate based on a
review of research and operational details from a number of existing
industrial perchlorate/groundwater remediation systems.

» Effective FBR perchlorate degradation requires anaerobic conditions.

« Nitrate and other electron acceptors present in groundwater can be
used during biological respiration more readily than perchlorate and
high concentrations of these electron acceptors can reduce the
effectiveness of perchlorate degradation.

» The organic substrate used as the electron donor can affect rates.

Some bacteria can use perchlorate as an electron acceptor while oxidizing
a large range of substrates. Perchlorate-respiring bacteria (PRB) are
widely distributed in the environment and are enriched at perchlorate-
contaminated sites. The microbial population in the LHAAP groundwater
feed was determined.

Table 2 summarizes many of the critical biodegradation of perchlorate
techniques and mechanisms.

Perchlorate-reducing organisms are commonly found in soil and the
environment performing this type of process. Anoxic respiration couples the
oxidization of an organic substrate (substrate that can be referred to as an
electron donor) to the reduction of an oxyanion (oxyanion can be referred to
as an electron acceptor, Nijack [2012]). Microbes capable of degrading
perchlorate can use the perchlorate oxyanion as an electron acceptor and
are useful within FBRs for treating perchlorate contaminated groundwater
(Kengen et al. 1999; Song and Logan 2004; Zhang et al. 2002). Many of the
microbes capable of degrading perchlorate are also able to use nitrate as an
electron acceptor. Figure 2 illustrates the redox potential at which a range of
electron acceptors can be reduced. The redox potential at which perchlorate
can be reduced is higher than the potential nitrate can be reduced. Microbes
capable of using both nitrate and perchlorate as electron acceptors for the
anoxic respiration process will preferentially use available nitrate over
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perchlorate. When these multi-substrate reducing microbes are present, the
nitrate concentrations are usually reduced to low levels before significant
perchlorate reduction occurs.

Table 2. Biodegradation of perchlorate.

Topic

Description

Reference

Optimal Growth
Conditions for
Perchlorate
Reducing
Bacteria (PRB)

Most PRB prefer neutral pH and mesophilic
temperature

Balk et al. 2008

All are strict respires and require an e-
acceptor for growth. Most can utilize alternate
e~ acceptors such as 02, nitrate and chlorate
in preference to perchlorate. All perchlorate
reducers completely reduce perchlorate to Oz
and CI- without accumulation of chlorate,
chlorite and Oa.

Wallace et al. 1996
Coates et al. 1999

Growth coincides with oxidation of e~ donor
and production of CI-.

Bardiya and Bae 2011

Although, perchlorate reducing bacteria can
use wide variety of organic and inorganic e-
donors, majority of them are unable to use
carbohydrates, benzoate, catechol, glycerol,
citrate, and benzene. By far, acetate is the
most commonly used single e~ donor except
M. perchloratireducens which cannot utilize
acetate.

Balk et al. 2008
Coates et al. 1999
Shrout and Parkin 2006

Perchlorate
Reduction by
PRB

Perchlorate reduction rates are significantly
influenced by presence of alternate e-
acceptors [O2 and nitrate but not SO4-, Fe(lll)
and Mn(1V)], temperature, salinity, pH,
ammonium ion and availability of
molybdenum.

Kengen et al. 1999
Chaudhuri et al. 2002

Perchlorate reducing bacteria utilize 02 in
preference to perchlorate. In A. suillum
dissolved oxygen at 2 mg L-1 caused complete
inhibition of perchlorate reduction. Severe
inhibition has also been reported with
microaerophilic W. succinogenes HAP-1, D.
anomalous strain WD and strains JDS5 and
JDS6.

Chaudhuri et al. 2002
Wallace et al. 1996
Coates et al. 1999
Shrout et al. 2005
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Figure 2. Redox potential diagram.
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The degradation of perchlorate (or nitrate) requires the concurrent
oxidation of a co-metabolite. Acetic acid and ethanol were evaluated as
growth (i.e., electron donor) substrates for the FBR at the LHAAP. Acetic
acid was chosen as the preferable substrate based on a treatability study by
Polk et al. (2001). Figure 3 illustrates the co-metabolic process by which
perchlorate is degraded through anoxic respiration.
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Figure 3. Co-metabolic process for perchlorate degradation through anoxic respiration
using acetate as a carbon source.
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3 Fluidized Beds for Biological Treatment

FBRs have been employed for the treatment of waters containing a wide
range of contaminants. These systems operate by taking advantage of
specific biological processes that directly or indirectly degrade
contaminants. FBRs have been used on industrial scales for the treatment of
explosives (Fuller et al. 2007; Rodgers and Bunce 2001), chlorinated
solvents (Suidan et al. 1996; Segar et al. 1997), polychlorinated biphenyls
(Borja et al. 2006), polyaromatic hydrocarbons (Hickey et al. 1995),
pesticides (Bilal et al. 2019), and herbicides (Sandoval-Carrasco et al. 2013).

A typical FBR (Figure 4) is a fixed-film reactor that utilizes stationary
microbes on a hydraulically fluidized bed of media particles. A solid media
such as coconut shell biochar (Figure 5) is used as the fluidized bed media
providing the means of integrating the removal capabilities of biotreatment
and physical chemical adsorption within this type of FB reactor. The
LHAAP FBR was initially inoculated with a proprietary perchlorate
degrading microbial community in 2001 (Polk et al. 2001). Since then, the
plant has experienced numerous operational upsets (CES 2004, 2005) and
temporary shutdowns (CES 2004, 2005). The positioning of the FBR within
the treatment plan does not provide natural re-inoculation of the reactor
with indigenous groundwater microorganisms. This has resulted in a
community of only a few microbes dominating the system rather than a
broad spectrum of contributors that would strengthen the health of the
reactor. During shutdowns the reactor is starved of perchlorate due to the
isolation of the reactor at the tail end of the plant.
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A material with perchlorate sorptive capabilities such as bio char (21.97
mg perchlorate/gram of biochar) (Mahmudov and Haung 2010) provides a
secondary removal function of the reactor by adsorbing the contaminant.
This increases the ability of the system to deal with the issues of microbial
inhibition due to toxic inputs and allows for the treatment of recalcitrant
compounds (Envirogen 2001). In Figure 5, scanning electron microscopy
reveals the high porosity and surface area of the pyrolyzed coconut

biomass associated with perchlorate sorption capacity of the media used in
the Longhorn FBR system.
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Figure 5. SEM images of Longhorn Coconut Husk.
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The media is suspended or fluidized within the reactor vessel by the
upward flow of water through the system. Suspension of the media allows
for mixing, which results in extensive contact between the contaminated
water and biologically active surfaces™ (Sutton and Mishra 1994). The
groundwater containing the perchlorate contamination at LHAAP has low
levels of organic matter and requires the addition of electron donor
material for the perchlorate degradation to occur. When biological growth
occurs on the fluid bed media, the diameter of the media increases and its
effective density is reduced, resulting in an expansion of the media bed
beyond the expansion of the bare carbon media (Envirogen 2001). An
inbed carbon cleaning system works at deeper levels in the carbon bed by
shearing the biomass from the carbon using an eductor powered by service
water. The excess biomass separated from the media exits the system
through the effluent collection system.

The electron donor, acetic acid, is metered into to the FBR.
Microorganisms within the reactor perform oxidation/reduction reactions,
consuming dissolved oxygen (DO), nitrate, and perchlorate. The acetate
electron donor is added to maintain the redox level at which perchlorate
degradation occurs. Acetic acid dosing control is required to avoid excess
electron donor which could promote sulfate reduction or methanogenesis
thereby halting perchlorate degradation. The by-products of the perchlorate
degradation are nitrogen gas, chloride ion, carbon dioxide, heat generation,

* US Environmental Protection Agency. 1993. Nitrogen Control Manual. EPA/625/R-93/010, Office of
Research and Development. Washington, D.C.
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and additional biomass. As the microorganisms acclimate and grow,
increasing biomass quantities, the number of attached microbes per media
particle increases. The presence of abiotic organic materials that make up
biofilms has a large effect on the number of attached microbes per media
particle.

Attached microbes reside in biofilms that coat the biologically active
surfaces of the FBR media. To generate these biofilms, bacteria produce a
gel-like, organic, hydroscopic exudate classified as an extracellular
polymeric substance (EPS) (Gil-Serrano et al. 1990) and is known as a
biopolymer (BP). EPS production will establish and maintain biofilms on
surfaces (Davies and Geesey 1995; Heilmann et al. 1996). The EPS often
makes up a large fraction of the biofilm mass. Depending on bacteria type,
microbial colonies can consist of 10—25% cells and 75—90% EPS as dry
mass (Costerton 1999; Flemming et al. 2000). EPS also plays a role in
several biofilm characteristics that microbes rely on to develop and
maintain communities. Some of the functions of EPS within biofilms are:
water retention, including moisture retention in a solid matrix (Larson et
al. 2012), surface adhesion, self-adhesion of cells into biofilms (Sutherland
2001), formation of protective barriers, enhanced scavenging of anions
and cations from bulk liquid and surfaces, nutrient accumulation
(Laspidou and Rittmann 2002), enhanced growth rates, resistance to
antibiotics and disinfectants (Goldberg 2002; Peng et al. 2002), greater
local diversity, physical protection and stabilization (Chen et al. 1998), and
providing a framework for coordinated behavior (Bais et al. 2006). The
presence of these biofilms within FBRs relates directly to operational
factors such as media density and the size and diversity of microbial
population.

Biotreatment of water using FBRs have been shown to be effective and
low-cost techniques for perchlorate degradation in pumped groundwater.
The operation and performance of the FBR at LHAAP, however, is
dependent on specific conditions within the reactor and the larger
groundwater treatment process. By evaluating the microbial community
compositions at periods of adequate perchlorate degradation, sub-
adequate perchlorate degradation, non-operating conditions, and
increased understanding of the factors affecting the performance of the
LHAAP perchlorate degrading FBR can be achieved.
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Results and Discussion

The concentration of perchlorate at five locations within the water
treatment facility at Longhorn was measured during a period of effective
water treatment. Table 3 presents the perchlorate levels measured at these
locations within the treatment system during a period of effective plant
operation. As would be expected, measurable levels of perchlorate were
measured in the sample of the input water and before and after the air
stripping process. The samples taken downstream from the FBR contained
non-detect levels of perchlorate (<5 ppb). These values are typical, but the
concentrations of perchlorate and other contaminants vary as factors such
as pumping rates, groundwater recharge rates, and seasonal variations in
groundwater levels vary.

Table 3. Perchlorate concentration measured in LHAAP samples collected during
normal operation at various locations within the treatment system.

Perchlorate Perchlorate
Sample Location | (mg/L) Sample Location |(mg/L)
Influent 12.8 After FBR ND
Before Stripper 124 After IX ND
After Stripper 13.3

Table 4 describes the water chemistry at six locations within the system
during effective operations. Specific conductance, sulfate, and sulfide
levels increase steadily throughout the system under these operating
conditions. The pH, ammonia, and phosphorous vary at these points.
Manganese and zinc levels decrease as water passes through these points
in the treatment system.

Table 5 provides a list of genera of interest to the genus level present in
these consortia. The percentage is an indication of the fraction of DNA
obtained from all microbial species identified as being unique to the
particular genus. Many of these genera have been shown to contain species
demonstrated to degrade perchlorate in anaerobic conditions.
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Table 4. Water chemistry during steady state operations.

RESULTS

After After After IX Plant
Analyte Units | Groundwater | Clarifier | Stripper | FBR Column | Effluent
Specific
Conductance uS/cm | 1540 1850 1960 2260 | 2220 2410
(EC)
pH pH_ 6.34 10.1 9.44 7.57 7.45 8.35

Units
Ammoniaas N | mg/L | 0.201 0.219 |0.154 |17.3 17 16.8
Sulfate mg/L | 70.2 73.5 74.1 90.5 90.9 122
Sulfide mg/L | ND ND ND 5.18 8.15 19.6
Phosphorus mg/L |0.178 0.175 |0.0817 |3.91 3.77 3.48
Manganese mg/L | 0.54 0.268 |0.107 |0.0724 | 0.0759 | 0.0755
0.039

Zinc mg/L | 0.112 0.0708 | 0.0411 |6 0.0354 | 0.0252

Table 5. Genera representing at least 2% of the consortia using 16S MiSeq under
different plant conditions*.

FBR FBR IX FBR
Sample Point Groundwater influent effluent  effluent effluent | FBR effluent

Total
Plant condition Normal Operation On Hold : Shutdown

Campylobacteraceae

0, 0, o,
Arcobacter 2.2% A 6.2% 31.5%A

Comamonadaceae

0, 0, 0,
Hydrogenophaga 26.1% A A 15.3% A 2.0%A

Comamonadaceae

0, 0, 0,
Limnohabitans 8.9% A 1.7% 6.0% A

Geobacteraceae

[0) (o)
Geobacter L.4% 9.9% A

Helicobacteraceae

[0)
Sulfurimonas 9.1% A

Pseudomonadaceae

A 5.8% A 21.7% A  75% A 10.0% A
Pseudomonas

Rhodocyclaceae

(o)
Dechloromonas 55.1% A

Rhodocyclaceae

[0)
Thauera 4.2% A A

Sum 31.80% 17.90% 43.00% 17.30%  82.50% 42.00%

Dark text indicates >2%, A —Top three
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The values listed in Table 5 represent the percentage of the total amplified
ribosomal RNA sequences following nested RNA polymerase chain
reaction (PCR) application. The interaction of these sequences with
barcoded binding units is used for the attribution of these sequences to
specific microbial genera (Illumina 2018). The percentages listed in Table
5 are not necessarily representative of the actual microbial community as
the nested 16s RNA assay introduces acknowledged biases that have been
shown to over or under proportion specific microbial groups. Inherent
biases are introduced because of multiple aspects of the assay (Schirmer et
al. 2015). Given that PCR biases are widely recognized, and further
unknown biases may arise from the sequencing process itself, the use of
the values presented must be qualified by the knowledge that these values
are loosely representative of the microbial community at the LHAAP (Lee
et al. 2012).

DNA extractions from sparse bacterial populations, such as groundwater
are evaluated using nested PCR as a technique for increasing the
concentration of microbial DNA. Without this step concentrations in the
groundwater are typically several-fold lower than standard PCR. Nested
PCR involves two rounds of PCR reactions with the first round targeting a
wide DNA region and the second targeting a narrower sub-region of the
products of the first round. In nested PCRs, barcoded primers are used in
the second round of PCR. Nested PCR results in an unavoidable bias due
to preferential amplification which will be greater when two successive
PCR reactions are applied (Yu et al. 2015). The specific set of binders used
during the second round of amplification affect the DNA amplified as the
microbial DNA that does not match the binders well will not be fully
represented. The representation of rare genera and species of microbes
requires high depth of coverage/depth of sequencing. (Pinto and Raskin
2012). In addition to primer bias, the identification of microbes with
specificity at the genera and species levels is dependent on the accuracy
and completeness of the library the RNA sequences are queried against.
Microbial genera less fully represented within the library may be
underrepresented in the results compared to those more fully sequenced.
The results summarized in Table 5 are specific to the taxonomic
assignment from the QIIME II library. (Caporaso et al. 2010). The
depiction of the LHAAP microbial communities from the nested PCR-
based survey used is inherently biased against low abundant taxa which
are required to fully perform taxonomic assignment of these communities
(Gonzalez et al. 2012). During the presentation of results and discussion
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that follows, the taxonomic assignments and relative number of amplified
sequences attributed to each genera will be used acknowledging these
unquantified biases.

The taxonomy of all the family/genera listed in Table 5 is: Kingdom-
Bacteria, Phylum- Proteobacteria. The classes and orders represented
within the eight genera listed in Tables 4-6 are: Under Class
Betaproteobactera are the Burkholderiales (Comamonadaceae
Hydrogenophaga & Comamonadaceae Limnohabitans) and
Rhodocyclales (Rhodocyclaceae Dechloromonas

Rhodocyclaceae Thauera) Orders. Class Deltaproteobacteris Order
Desulfuromonadales (Geobacteraceae Geobacter). Class
Epsilonproteobacteria Order Campylobacterales (Campylobacteraceae
Arcobacter & Helicobacteraceae Sulfurimonas) and Class
Gammaproteobacteria Order Pseudomonadales (Pseudomonadaceae
Pseudomonas). For each genus-level identifications, electron acceptor
utilization (including perchlorate) is documented in Table 6.

Three of the genera have been shown to contain species capable of
degrading perchlorate as either a metabolite or co-metabolite during
microbial respiration. They all use oxygen, seven use nitrate, and three use
sulfur. The presence of species capable of reducing the redox potential of
the water within the treatment plant to levels at which perchlorate can be
used as a metabolite or co-metabolite (Figure 3) is indicated by the
effective perchlorate degradation observed during normal plant
operational periods (Table 5).

The conditions associated with the microbial population metabolism with
references contained within are listed in Table 7. At the genera level, all
organisms discussed are classified as chemotrophs, which indicates the
ability of an organism to oxidize inorganic or organic compounds as its
principal energy source (Mcllroy et al 2017), only Limnohabitans is
classified as phototrophs and able to use light as an energy source. Two
organisms can obtain their energy from inorganic compounds
(lithotrophs) and five are able to obtain energy from electron transfer to
organic compounds (organotroph) via electron transfer from that molecule
(oxidation). One organism, Pseudomonas, had species within its genus
able to use either inorganic or organic compounds as electron donors.
Four organisms were classified as autotrophs, which obtain carbon from
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inorganic sources like carbon dioxide (CO2) and five were classified as
heterotrophs. Heterotrophic bacteria get their reduced carbon from other
organisms (Mcllroy et al 2017).

Table 6. Electron acceptor utilization by family/genera listed in Table 5.

Se02” (Iron Oxic/

Family Genus 02(NO3-[NO2"[N20 |4 (1) |CI0~3|ClO4 |S |Anoxic References
Campylobacteraceae Y [Y Y ** Carlstrém et al. 2013,
Arcobacter Rice et al. 2002
Comamonadaceae Y Y aerobe Zhao et al. 2011
Hydrogenophaga
Comamonadaceae Y aerobe Kasalicky et al.
Limnohabitans 2018
Geobacteraceae Y Y Y Y [anaerobe [ROling 2014
Geobacter
Helicobacteraceae YIY Y Y Han and Perner 2015
Sulfurimonas Cheng et al. 2018
Pseudomonadaceae Y [Y Y Y |Obligate [Steinberg et al.
Pseudomonas aerobe or {2005

facultative |coates etal. 1999

anaerobe
Rhodocyclaceae Y Y Y Y Y Facultative |Coates 2015
Dechloromonas anaerobe
Rhodocyclaceae ThaueralY Y [Y [Y Y Xing et al. 2018,

Anupama et al.
2015

In which: Oxygen (02), Nitrate (NOs’), Nitrite (NO2), Nitrous Oxide (N20), Selenate (Se0427), Iron (lll),
Chlorate (ClOz’), Perchlorate (ClO4), and Sulfur (S)

* Obligate aerobe

** Only one species capable of perchlorate degradation in saline conditions



https://sfamjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Rice%2C+E+W
https://www.ncbi.nlm.nih.gov/pubmed/?term=Han%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=26441918
https://www.ncbi.nlm.nih.gov/pubmed/?term=Perner%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26441918
https://www.sciencedirect.com/science/article/pii/S0944501315000889?via%3Dihub#!
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Table 7. Metabolism classifications for each genera listed in Table 5.

Family Genus Energy source | Electron Donor | Carbon Source |Reference
Photo- | Chemo- | Organo- | Litho- | Hetero- | Auto-
troph | troph troph troph |troph troph
Campylobacterace X X Carlstrém et al. 2013
ae Arcobacter
Comamonadaceae X X X Xing et al. 2018
Hydrogenophaga Willems and Gillis 2015
Comamonadaceae | x X X X Kasalicky et al. 2018
Limnohabitans Hahnt et al. 2010
Geobacteraceae X X X Roling 2014
Geobacter
Helicobacteraceae X X Cheng et al. 2018
Sulfurimonas Han and Perner 2015
Pseudomonadace X X X X Coates et al. 1999
ae Pseudomonas Madigan and Martinko
2005
Nozawa-Inoue, €t al. 2005
Rowe et al. 2015
Rhodocyclaceae X X X Coates 2015
Dechloromonas Nozawa-Inoue, et al.
2005
Mcllroy et al 2017
Sun et al. 2009
Rhodocyclaceae X X X X Xing et al. 2018
Thauera Oren 2014
Mcllroy et al 2017



https://www.ncbi.nlm.nih.gov/pubmed/?term=Nozawa-Inoue%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16000806
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5.1

Summary of Known Properties for the
Genera Selected

The specific aspects of each of the genera listed in Table 5 with regards to
water treatment plants in general and bio-reactive processes for
perchlorate removal are described.

Arcobacter

Arcobacter, from the Latin arcus meaning "bow" and the Greek bacter
meaning "rod," so "bow-shaped rod" or "curved rod." Most Arcobacter
cells possess a characteristic curved shape. This genus of spiral-shaped
bacteria is found in a wide range of habitats, and some species can be
human and animal pathogens. Three of the five known species within this
genus are pathogenic and as an aero tolerant species these microbes have
the capability to survive in air.

The Acrobacter species, A. sulfidicus is an obligate micro-aerophile that
oxidizes sulfides. High salt tolerance is characteristic of these microbes.
Arcobacter species can be isolated from water collected from hypersaline
lagoons. Another Arcobacter species, designated strain CAB, was isolated
from marine sediment and found to have the capacity to grow via
perchlorate reduction. This is the only member of the Arcobacter genus
that has been shown to degrade perchlorate (Carlstrom et al. 2013).
Dissimilatory perchlorate-reducing bacteria (DPRB) like Arcobacter CAB
exist largely in freshwater, mesophilic, neutral-pH environments.

The species Arcobacter butzleri was isolated from a contaminated
groundwater source. These microorganisms, while found in soils and
sediments, can survive in the groundwater environment. A. Cryaerophilus
is commonly found in wastewater treatment systems. A study of
wastewaters identified two distinct subgroups of this species, one was
predominant in samples with temperatures above 20°C and another in
less than 20°C systems. Fisher et al. (2014) concluded that this finding is
relevant because understanding the ecological factors affecting the fate of
Arcobacter spp. in wastewater is dependent on the wastewater
temperature. The species A. skirrowii is a potentially pathogenic microbe
predominantly observed in mammals and food products. A. nitrofigilis is a
halotolerant microbe tolerant of salinity levels above that of seawater. It
can be a symbiotic organism in a marine environment, infecting plant
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roots and fixing nitrogen. A. sulfidicus is an autotrophic obligate that
oxidizes sulfides and that can produce filamentous sulfur (Sievert et al.
2007; Rice et al. 2002; Madigan et al. 2009).

Dechloromonas

This is an important group of microbes with regards to biodegradation of
perchlorate in engineered systems (Sun et al. 2009; Nozawa-Inoue et al.
2005). Within this genus exists microbes capable of effectively degrading a
range of contaminants including perchlorate. One widely studied species is
a facultative anaerobe bacterium that occurs in soil environments,
Dechloromonas aromatica. This species within the Dechloromonas genus
can degrade benzene anaerobically, degrade perchlorate and oxidize
chlorobenzoate, toluene, and xylene. This species is unique as it is one of
the few anaerobes capable of degrading contaminants containing aromatic
rings. Mutants of this specie that do not contain genes associated with the
productions of perchlorate reductase enzyme did not show the ability to
degrade perchlorate, which indicates this gene is critical for perchlorate
biodegradation by these microbes. These mutants retained the ability to
use nitrate as an electron acceptor. Microbes of this genus are chemo-
organo-heterotrophs with a strictly respiratory metabolism. They have
been shown to be capable of oxidizing acetate with O2, chlorate,
perchlorate, or nitrate as electron acceptors. In systems shown to degrade
perchlorate, Dechloromonas, Sulfuricurvum, and Hydrogenophaga
existed in biofilms.

Geobacter

Species within the Geobacter genus perform anaerobic respiration. This
capability makes them useful in perchlorate bioremediation despite their
apparent inability to directly degrade perchlorate. The production of
extracellular polymeric substances (EPS) critical to biofilm construction
and reducing oxygen and nitrate species favors perchlorate degradation by
other species of bacteria. Geobacter species oxidize organic compounds
and metals, including iron, radioactive metals, and petroleum compounds
into environmentally benign carbon dioxide while using iron oxide or
other available metals as electron acceptors. They have been found in
anaerobic conditions in soils and aquatic sediment. Geobacter has been
identified in previous studies on the microbial reduction of nitrate or
perchlorate, however, there is little evidence that microbes within this
genus are active in degradation of perchlorate. These microbes have shown
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the ability to produce EPS for the formation of thick, stable biofilms. This
propensity for biofilm production has resulted in the use of Geobacter as
part of supported bioelectrical current generation studies (Wan et al. 2018;
Wen et al. 2017; Diaz 2008). Electric currents observed at anodes of
electrochemical cells result from the oxidation of organic substrates.
Researchers have proposed that Geobacter biofilms can be used to power
microbial fuel cells and generate electricity from organic waste products
(Malvankar et al. 2012). The potential of species within these genera
within the bio-generation of electricity has resulted in extensive study of
this genus in wastewater treatment plan environments.

Hydrogenophaga

Hydrogenophaga (eater of hydrogen) is a genus that has been studied due
to the autotrophic growth of these aerobic hydrogen oxidizers. Research
has been directed to the utilization of these bacteria to produce biomass or
particular materials by CO2 fixation. Other potential applications of the
enzyme hydrogenase found in these species have been explored in a wide
range of practical technologies such as hydrogen production as a fuel
supply of reducing power for bioremediation. In water treatment systems
shown to degrade perchlorate, biofilms have been identified in which
Sulfuricurvum, Hydrogenophaga, and Dechloromonas dominate the
biofilm consortia. Sulfuricurvum and Hydrogenophaga were associated
with decreases in the nitrate concentration and Dechloromonas with the
direct degradation of perchlorate. Hydrogenophaga appears to act as a
promoter of perchlorate degradation by other microbial species (Zhao et
al. 2011).

Limnohabitans

Limnohabitans is a genus of Betaproteobacteria established by (Hahn et
al. 2010b). The genus contains four species that represent planktonic
bacteria dwelling in the water column of freshwater lakes, reservoirs, and
streams (Hahn et al. 2010a). As part of freshwater, bacterioplankton
community’s species within these genera show high rates of substrate
uptake and growth on algal-derived substrates. The bacteria from the R-
BT lineage are known to inhabit a broad range of freshwater habitats
within at least three continents and can constitute up to 30% of free-living
bacteria in freshwater systems. In lakes, they inhabit both oxic and anoxic
environments. In aquatic systems, the microbes have shown a
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vulnerability to protozoan grazing, flagellates, and virus infection (Buck et
al. 2009; Hahn et al. 2010a; Hahn et al. 2010b).

Pseudomonas

Pseudomonas is a genus of Gram-negative, Gammaproteobacteria,
belonging to the family Pseudomonadaceae and containing nearly 200
species. These species have a wide range of metabolic activities and are
present in a wide range of environments. While some species within this
common genus of bacteria can cause infections in mammals, there are
many different types of Pseudomonas bacteria; only a few types can cause
an infection. Pseudomonas bacteria tend to live and breed in water, soil,
and damp areas. Some members of the genus can metabolize chemical
pollutants in the environment, and as a result, be used for bioremediation.
Notable species demonstrated as being suitable for use as bioremediation
agents include:

» Pseudomonas sp. PDA is an unusual bacterium due to its ability to
respire using chlorate under aerobic conditions. Oxygen is known to
prevent chlorate reduction by all chlorate and perchlorate reducing
strains except for Pseudomonas sp. PDA.

» P. chloritidismutans differed from other (per)chlorate-reducing
bacteria in that it was only able to use chlorate as a terminal electron
acceptor. Other chlorate-reducing bacteria can also couple the
reduction of perchlorate or nitrate to growth.

« P. alcaligenes, which can degrade polycyclic aromatic hydrocarbons
(O’Mahony et al. 2006).

« P. mendocina, which can degrade toluene (Yen et al. 1991).

« P. pseudoalcaligenes, which can use cyanide as a nitrogen source
(Huertas et al. 2006).

« P. resinovorans, which can degrade carbazole (Nojiri et al. 2002).

» P.veronii, which has been shown to degrade a variety of simple
aromatic organic compounds (Nam et al. 2003; Onaca et al. 2007).

« P. putida, which can degrade organic solvents such as toluene
(Marqués and Ramos 1993).

« P. stutzeri can degrade carbon tetrachloride (Sepulveda-Torres et al.
1999).

The breadth of metabolic processes associated with species within this
genus makes the presence of these microorganisms with water treatment
systems of interest. The ability to use chlorate and perchlorate as electron
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acceptors exhibited by members of this genus may indicate these microbes
playing a role in perchlorate degradation at LHAAP.

Sulfurimonas

Members of the genus Sulfurimonas have been shown to be effective
denitrification bacteria capable of reducing perchlorate and are species of
interest within systems for bioremediation of perchlorate contaminated
groundwater. Within the genus Sulfurimonas, several non-pathogenic
species are associated with hydrothermal vent environments. Other
species within this genus have only been detected in terrestrial
environments. The widespread occurrence of these species suggests an
ability to successfully colonize a range of habitats during evolution.

Reduced sulfur species, when present in oil wells, result in an undesirable
condition referred to as souring. Sour wells produce oil less valuable than
non-sour wells, and a number of techniques have been attempted to
sweeten these types of wells. One such approach is introducing perchlorate
into these systems. The ability of sulfur reducing species such as some of
the Sulfurimonas genus to use perchlorate as an electron acceptor during
sulfur oxidation processes was shown as a means of lowering levels of
reduced sulfur in some wells. The “sweetened” wells could produce higher
value oils due to the lower levels of reduced sulfur in the product. (Takai et
al. 2006; Cheng et al. 2018; Wan et al. 2017b; Haaijer et al. 2008; Han et
al. 2012).

Thauera

Species in this genus occur in wet soil and polluted freshwater. The genus
Thauera, like some dechloromonas species, has members that have shown
the ability to use aromatic hydrocarbons as a substrate under anoxic
conditions (Mcllroy et al. 2017). These microbes are
chemoorganoheterotrophs with a strictly respiratory metabolism.
Molecular oxygen, nitrate, nitrite, and nitrous oxide are used as terminal
electron acceptors. Selenate is used as the electron acceptor by some
strains. Various organic acids, amino acids, and aromatic and aliphatic
compounds are used as sole substrates. Only a few carbohydrates are
utilized. Also, Thauera can grow chemolithoautotrophically, using
hydrogen, carbon dioxide, and oxygen, or using simple organic
compounds for growth.
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This genus is a producer of extracellular polymeric substances known to be
floc-forming materials. These biopolymers have the chemical form of
polyhydroxyalkanoates. These polymeric materials have been studied as
biodegradable alternatives to fossil-fuel based plastics. Geo-engineering
processes employing biological carbon sequestration approaches have
been pursued wherein these microbes are used to produce stable
biopolymers and reduce the mass of biologically transformed carbon
dioxide entering the atmosphere. These biopolymers have also been
explored for potential as value-added products and remedial control
substances for mobile metal and radionuclide contaminants (Wan et al.
2019a; Oren 2014; Garrity et al. 2005).
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Water Treatment Operations Occurring
Prior to the FBR Operation

The water pumped from the contaminated aquifer contains a broad range
of genera. Among these are heterotrophic species that are useful for
biological degradation of perchlorate within an FBR. Other species are
useful for the removal of nitrate and other electron acceptor substrates
that can be used preferentially over perchlorate for microbial respiration.
The presence of a diverse bio consortia containing microbes capable of
using nitrate as a substrate as well as perchlorate degrading microbes is
critical if extensive reduction of perchlorate is to be achieved using a FBR
for bioremediation.

Eight discreet operations occur prior to water entering the FBR. These
locations are labelled 1-5 on Figure 6 and discussed with regards to
possible effects on microbial population compositions.

The contaminated groundwater is collected by interceptor trenches as
shown in Figure 1 and is pumped using a network of pumps. This water is
delivered to the equalization tank (Figure 6, #1). The naturally occurring
perchlorate degraders and support organisms present in the groundwater
are immediately shifted as they enter the plant. Microbes present in the
groundwater environment are present in this tank but not in a manner
that represents the subsurface environment. Unattached microbes found
in the aquifer may be overrepresented because they will move with the
flow gradient established by the well configuration and pumping rates.
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Figure 6. Locations in the treatment plant that can affect the microbial consortium
within the treatment system.

# #2

SAND FILTER

" AIR
N STRIPPER

The groundwater is first treated for metals content beginning at Site #2 in
Figure 6. The streams Oxidation-Reduction Potential (ORP) and pH is
monitored and adjusted with magnesium hydroxide and sodium
hydroxide respectably as an anionic polymer (Magnafloc 110-L, BASF
Corporation, Sufflolk, VA) is added as a floccing agent. The stream is then
fed into a clarifier with the overflow feeding into a sand filter. The clarifier
and sand filter physically remove the natural microbes.

The effluent from sand filters is collected in an air stripper feed tank and
passed through an air stripping column (#3, Figure 6) for volatile organic
removal. By forcing large volumes of air through the process stream, the
air stripper operation will rapidly result in oxygen saturated aqueous
conditions. Strictly anaerobic microbes such as Dechloromonas and many
other known perchlorate degrading species will be in an unfavorable
environment within oxygen saturated waters. Bacterial removal by air
stripping documented as packed-tower designs have been shown to
decrease heterotrophic bacteria by an average of 28% (Long 1997).
Although no conclusive evidence has been presented regarding the
mechanisms of bacterial removal by air stripping, the observed
occurrences were generally accompanied by an increase in dissolved
oxygen by 14% (Lingireddy 2002).

After the air stripper, the process stream is fed through a carbon filter (Site
#4 in Figure 6) and into a storage tank. The carbon filter is used to
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perform a polishing step to remove any remaining VOCs prior to microbial
treatment of the perchlorate. Carbon filters can be a source of microbial
pathogen forming communities. Several studies have been performed to
understand the effect of carbon filters on microbial populations (Nriagu et
al. 2018). In a study that used a water with low levels of total organic
carbon, bacteria growth and biofilm formation were limited in the
municipal main distribution and service line waters that occurred
downstream of the carbon filters. Besides the low levels of organic carbon,
it has been shown that microbial growth in systems following carbon
filtration was suggested to be limited by lack of minerals, nutrients, the
presence of residual disinfectants, etc. (Otterholt and Charnock 2011).
Controlled experiments using carbon filters indicate that bacteria
attachment to carbon within these filters is an important mechanism by
which microorganisms penetrate treatment barriers and enter potable
waters. Attachment to and formation of microbial communities on
surfaces within such GAC filters has been shown to vary by microorganism
based on the conditions within the filters. Because the carbon filters used
for drinking water purification are effective accumulators of soluble and
insoluble water constituents, accumulation of minerals, organic matter,
and essential trace elements on filters have been shown to be sufficient to
promote bacteria growth and biofilm formation on the carbon surfaces
(Otterholt and Charnock 2011).

In addition to affecting the population of microbes in the effluent from
carbon filters, the microbial community composition has been shown to be
altered by these types of units (Wu et al. 2017). Wu et al. (2017) showed
that influent, effluent, and media samples had distinct bacterial
community structures, and the structure of effluent communities was
more similar to that of the upstream filter fabric communities than that of
influent communities. The bacterial community structure changed due to
the filter environment itself. In this study, the relative abundance of
individual microbes tolerant of filter environment, and the absolute
abundance of these microbes was shown to increase in the effluent relative
to the influent (Table 5). It is expected the carbon filter (#4, Figure 6)
within the LWAAP GWTP alters the bacterial abundance and composition
of the water. This alteration may not be one that promotes the presence of
perchlorate degrading microbes or the microbes that serve a role in
generating an environment within the FBR required for efficient
perchlorate degradation.
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The FBR (#5 in Figure 6), the systems designed and used to reduce
perchlorate concentration are the last of the process. The effectiveness of
the FBR operation is dependent on the microbial population and the
specific microbes within the FBR. The effect of the earlier processes within
the plant on the microbial community is a factor in the effectiveness of the
FBR. The operation associated with the biological treatment of perchlorate
at the LHAAP GWTS is primarily the FBR reactor itself. Anoxic respiration
couples the oxidization of an organic substrate (substrate that can be
referred to as an electron donor) to the reduction of an oxyanion
(oxyanion can be referred to as an electron acceptor) (Nijack 2012).
Microbes capable of degrading perchlorate can use the perchlorate
oxyanion as an electron acceptor and are useful within FBRs for treating
perchlorate contaminated groundwater (Kengen et al. 1999; Song and
Logan 2004; Zhang et al. 2002). Many of the microbes capable of
degrading perchlorate are also able to use nitrate as an electron acceptor.
The FBR is an anoxic system; shown as a basic schematic in Figure 5. The
reactor vessel consists of one 5-ft diameter by 21-ft high, stainless-steel
vessel. Inside of the reactor is an inlet distribution header with laterals and
nozzles, near the top is an effluent collector pipe and recycle collector pipe,
and the reactor has an open top with a grating. Floatables are removed
from the surface via the effluent collector pipe (Envirogen 2001).
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7.1

Microbial Populations Within the LHAAP
Groundwater Treatment System

To learn what factors affect the performance of the FBR operation within
the larger treatment system, the composition of the microbial communities
at different points within the plant and at varied operational states of the
plant were determined. Understanding of the specific microbes and the
ability of these communities with regards to supporting the species capable
of degrading the perchlorate as well of those capable of directly degrading
the perchlorate is required to optimize plant operation for effective
perchlorate treatment within the FBR operation. Microbial identification
using 16S rRNA for analysis provided indications of the presence of specific
genera present at three distinct operating conditions of the LHAAP. These
three conditions occurred over a period of ten months. The microbial
community present within the equilibration tank during the condition of
effective operation and normal flow is discussed below.

Microbial populations of the pumped groundwater as it enters
the LHAAP groundwater treatment systems

In circumstances where aquifer contamination has persisted over many
years, as is the case at the LHAAP, the aquifer microbial community often
shifts in a way perchlorate utilizers are represented within the
communities. The ability to directly use a contaminant such as perchlorate
as an energy source is a means of limiting toxicity of the contaminant’s
present . In many cases, the requisite perchlorate degraders are naturally
present and providing some level of natural attenuation within the
groundwater. These processes are often inadequate for aquifer
management as the degradation rates can be considerably slower than
plume migration rates. These processes can be accelerated using a system
like an FBR in which the conditions (pH, Temp, etc.) are controlled and
the requisite nutrients and electron donor species are present.

Except for the initial inoculation with a proprietary perchlorate degrading
microbial community in 2001 (Polk et al. 2001), the source of bacterial
species entering the water treatment system is a result of the microbial
community in the input water as it enters the system. A wide range of
species were observed in this water with none representing greater than
1% of the consortium except for Hydrophangia which represents 26.1%
and Thauera which represents 4.2% of the amplified DNA observed in the
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MiSeq® (Illumina, San Diego, CA) amplification procedure. The
remainder of species present include several known to be perchlorate
degraders. The possible 75 years during which perchlorate is present in the
aquifer may have played a role in the presence of these species. DNA
sequences indicative of other species use nitrate, oxygen, and nitrite, and
are represented within the amplified DNA sample. Sulfur reducing species
are observed as well. Many species present assigned low percentages of
amplified DNA used for sequencing are known producers of exopolymeric
substances. The low level (percentages) in the material undergoing
sequencing may not be representative of the aquifer microbial consortia
makeup as attached species are less likely to be present in pumped
groundwater relative to unattached species. The attached species within
established biofilms have less mobility in pumped systems than
unattached species that move freely along gradient flow lines.

Each genera listed in Table 5 except sulfurimonas is present in the
pumped groundwater being used to feed the LHAAP groundwater
treatment system. The percent of each genera present are generally low
except for Hydrogenophaga and Thaura which are indicated at 26 and 4%.
The point at which these pumped groundwater samples were taken is
indicated on Figure 7. At this sampling point the pumped groundwater is
combined and the pressure equalized in a 300,000-gal tank. The sample
of this water was taken at the point immediately prior to it is entering the
treatment plant from this equalization tank.

Microbial populations within the LHAAP groundwater treatment
system

Each organism listed in Table 5 is present in samples taken from one or
more of the sampling locations identified in the plant schematic below.
Samples were taken during three operational conditions at the LHAAP
water treatment plant and at one to four separate locations.

The three operating conditions were:

« Sample taken during plant hold condition. Reactor in recycle. 4/1/2017

« Sample taken during plant shutdown. No flow condition/ power
outage/ no generator 9/12/2017

« Normal operational conditions on 1/9/2018
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The four sample locations labelled as sampling points 1-4 in Figure 7 are:

« Sampling point 1 is groundwater feed into the GWTP.

« Sample point 2 is the input to the FBR

« Sample point 3 is at the Effluent of the FBR

« Sampling point 4 is after the ion exchange sorptive removal operation.

Figure 7. Genera identified at sampling points during steady state (normal)
operations for perchlorate degradation.

ORP, pH ADJUSTMENT,
AND POLYMER ADDITIONS

SAMPLE POINT 1

Hydrogenophaga
Thauera

FEED WATER SAND FILTER
EQUALIZATION '
GROUNDWATER FROM 500,000 GAL CLARIFIER
BURNING GROUNDS, SITE 18, : 10,000 GAL
AND PROCESS WATER FROM
SUMP COLLECTION
\/ VENTTO
ATMOSPHERE
METALS TREATMENT I
TREATED WATER
-
'S'OSSSHF":‘:S;[S’OTE :a:iou 1 SAMPLE POINT 3 NUTRIENT FEED, pH ADJUSTMENT, AND CARBON FILTER
AND FOR REINJECTION AT g ELECTRON DONOR SUBSTRATE ADDITION
BURNING GROUNDS
Hydrogenophag:
E Pseudomonas
X
c ¥ AR
: STRIPPER
SAMPLE POINT 2
SAMPLE POINT 4 N EFFLUENT
Limnohabitans G FBR STORAGE
Pseudomonas E Limnohabitans ‘ 127,000 GAL
Pseudomonas
c v
o
L
u
M
N VOLATILE ORGANICS TREATMENT
J

7.3

PERCHLORATE TREATMENT

Two genera were indicated as being present in the FBR at greater than 2%
during periods of successful perchlorate degradation,
Limnohabitans and Pseudomonas at the locations shown in Figure 7.

Limnohabitans and pseudomonas

Pseudomonas contains many species and many of which are capable of
biodegrading contaminants in FBR systems. The genus is observed in
three of the sampling locations during a period of effective perchlorate
degradation in the LHAAP GWTS. During the sampling period, the plant
was operating at an average of 185 gallons per minute (Longhorn Admin
Record 2018). The presence of Pseudomonas prior to, within, and
following the FBR operation suggests the specific species present are there



ERDC/EL SR-22-7

34

because of those species’ being found in the LHAAP groundwater itself. It
is probable that the specific species of pseudomonas present in the
groundwater can use of perchlorate as an electron acceptor because of the
long-term contamination of these groundwaters with perchlorate.

Limnohabitans is also observed prior to, within, and after the FBR
operation. Limnohabitans is not commonly associated with perchlorate
biodegradation.

Limnohabitans is a freshwater bacterium effective in use of a wide range
of substrates. These species show rapid growth and substrate use. They
also have the capability of developing dense communities in both oxic and
anoxic conditions. Unlike pseudomonas, Limnohabitans predominantly
exist as unattached microbes. A benefit of Limnohabitans within the
Longhorn FBR with regards to perchlorate degradation might be
associated with utilization of non-perchlorate electron acceptors prior to
and within the FBR as well as generation of organic substances as detrital
materials.

Figure 8. Plant configuration during FBR recycle (hold) operation.
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The second plant operating condition during which sample collection for
determination of microbial consortia occurred was during a period of non-
discharge under FBR recycling conditions (Figure 8). During this period,
groundwater flow through the LHAAP GWTD was zero and the water
present within the FBR was continuously recycled with acetate addition as
required to maintain a reducing environment within the FBR". This
configuration is enacted during plant upsets that require effluent
discharge analysis before water release’, hold time is less than one week
under normal operation.

The samples analyzed in this study under plant hold condition were
unusual in that the fluidized bed reactor had been in recycle mode for four
months (4/1/2017). During this period, the GWTP did not have any pH
adjustment or nutrient feed. Sample points included the FRB influent and
effluent water. The FBR effluent, which represents the active microbial
populations in the reactor, had only four microbes present in the reactor
above 2%. These were Dechloromonas, Sulfurimonas, Pseudomonas, and
Arcobacter found at 55.1, 9.1, 10.0 and 6.2% in the FBR respectively.

The genus Dechloromonas is an important group of microbes with regards
to the biodegradation of perchlorate in engineered systems. Species within
this genus have been shown to be capable of oxidizing acetate with oxygen,
chlorate, perchlorate, or nitrate as electron acceptors. The effectiveness of
this system for perchlorate biodegradation is unclear as perchlorate
concentrations in the recycled water will be substantially reduced even if
the transformation occurs at an extremely slow rate under these
conditions.

Microbes of the genus Sulfurimonas have been shown to be effective
denitrification bacteria that are also capable of reducing perchlorate and
are species of interest within systems for bioremediation of perchlorate
contaminated groundwater. The use of the biological process of
perchlorate degradation as a means of engineering systems for converting
reduced sulfur species into oxidized forms is documented in Takai et al.

* Longhorn Army Ammunition Plant Admin Record. 2018, Volume 6. GWTP Quarterly Evaluation Report-
1st Quarter 2017.
http://www.longhornaap.com/system/assets/AdminRecord/2018/2018 volume 6.pdf

T Longhorn Army Ammunition Plant Admin Record. 2018, Volume 30. GWTP Quarterly Evaluation Report-
1st Quarter 2018.
http://www.longhornaap.com/system/assets/AdminRecord/2018/2018 volume 30.pdf
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http://www.longhornaap.com/system/assets/AdminRecord/2018/2018_volume_30.pdf
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DISCAHARGED TO INF

(2006), Cheng et al. (2018), Wan et al. 2017b), Haaijer et al. (2008), and
Han et al. (2012).

Pseudomonas contains many species capable of biodegrading
contaminants in FBR systems. The genus is observed in three of the
sampling locations during a period of effective perchlorate degradation in
the LHAAP GWTS. It is probable that the specific species of pseudomonas
present in the groundwater have a capability for utilization of perchlorate
as an electron acceptor because of the long-term contamination of these
groundwaters with perchlorate.

The genus Arcobacter is found in the LHAAP GWTS during the FBR
recycling conditions. Many species within this genus have been shown to
be tolerant of high ion content as would be present during a long recycle
period. One arcobacter species isolated, CAB, has been identified as being
capable of degrading perchlorate (Sievert et al. 2007; Rice et al. 2002;
Madigan et al. 2009).

Figure 9. Sample point during plant shutdown.
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A third operational condition at the LHAAP GWTS plant was used to
evaluate the microbial consortium within the plant under zero flow
conditions with no FBR recycling as shown in Figure 9. A sample was
taken from within the FBR after 30 days of zero flow. Under these
conditions Arcobacter and Geobacter dominated the microbial
populations at 31.5 and 9.9% respectively within the FBR.
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8 Designing Redundancy into the Plant for
FBR Disruptions

Biological systems used for water treatment have several advantages,
which include low-cost operation, operation without introducing
expensive or toxic chemical reagents, low capital costs, and minimal
operator—required operations. One disadvantage of using biological
systems for water treatment is the sensitivity of microbial populations to
variability of the operating conditions of the reactor. Changes in
conditions that can reduce the effectiveness or cause complete failure of
treatment to occur can include fluctuations in temperature, salinity, pH,
input water composition, reactor flow rate, and microbial community
shifts. The inherent potential for system failure is often greater for
biological treatment systems than non-biological treatment. One way to
minimize the risk for system failure in a biological treatment system is to
incorporate a backup process, such as a non-biological polishing process
into the treatment system.

For a non-biological back-up system to be effective, system selection based
on low capital costs and the ability to operate effectively on a
discontinuous operating basis is necessary. These requirements for
perchlorate removal can be satisfied by the use of sorptive technologies
based on ion exchange materials. Ion exchange materials can be
conditioned using an ion that has less affinity for the sorptive material
than an ion for which removal is required. Perchlorate ion is effectively
removed from water using this technique. The anionic nature of
perchlorate over a wide pH range makes quaternary amine-based strong
anion exchange resins useful as a sorptive media. The ion exchange
process is more expensive than FBR biological treatment on a per gallon
basis, but requires low capital resources for installation and rapid,
effective perchlorate removal during periods of upsets. An Ion exchange
scavenger system was installed downstream of the FBR in May 2017 . The
LHAAP treatment system is designed such that an ion exchange operation
can be placed online when the FBR experiences upsets that reduce the
effectiveness of the biodegradation step. As shown in Figures 7, 8, and 9,
an IX unit is in position immediately following the FBR reactor. When a

* Longhorn Army Ammunition Plant Restoration Advisory Board Meeting. July 27, 2017.
longhornaap.com/system/assets/181/original/final_july_2017_rab_handouts.pdf?1501866669
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biological upset occurs, the IX system provides perchlorate removal during
the time between disruption and restoration of effective treatment at the
FBR. During normal operation, the ion exchange process can be
maintained using minimal costs and be available for temporary water
treatment during a subsequent FBR upset.
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Conclusions and Recommendations-

The FBR bioreactor requires a diverse microbial community in addition to
perchlorate degraders for optimal perchlorate removal. Bacteria present in
the extracted groundwater contained a wide range of organisms; some of
which are known perchlorate degraders. As shown in Table 5, the total sum
of the percentages of the most prevalent groundwater microbes is less than
32%. This is due to many other organisms being present at quantities below
2%. Within an FBR bioreactor, a complex mixture of support organisms as
well as perchlorate degraders are preferred to reduce redox levels to those at
which perchlorate can be used as an electron donor and enhance biofilm
formation on biochar media which compensate for plant upsets. The
presence of sulfate reducers as well as facultative anaerobes can reduce
concentrations of sulfate or oxygen from levels that would otherwise cause
disruptions. During plant upset, the diversity of the microbial populations
in the reactor dropped with Dechloromonas, Pseudomonas, and
Sulfurimonas having a cumulative 74.2% in the MiSeq analysis as compared
steady state operation in which the same three organisms compose only
22.4% of the total population (see Table 5). The stress selected populations
did recover during flow conditions indicating survival in niches of the
bioreactor until process stream flow is reestablished and delivery of acetate,
nutrients, and perchlorate is provided.

The LHAAP GWTP FBR for perchlorate degradation is at a disadvantage
to other reactors placed at water treatment plants designed to treat waters
for which perchlorate removal is the primary or only goal of the system.
The post-design installation of the LH FBR in 2010 into a treatment
system originally designed for solvent and metal removal complicates the
perchlorate removal operations. Other versions of FBR bioreactors for
perchlorate removal such as Area M located at the Naval Weapons
Industrial Reserve Plant in McGregor, Texas (NAVFAC 2007), which is
operating as a standalone unit, are perpetually fed groundwater containing
both indigenous microbes as well as perchlorate. This maintains the
microbial consortium required for effective perchlorate removal.

Because of the numerous processes that occur prior to the FBR at
Longhorn, the microbial populations within the reactor vary over time and
under different operational conditions. Three options for overcoming the
issue are:
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1. Regular use of a seed inoculant. This could be done by purchasing a
seed inoculum or maintaining a seed at the process plant grown from
the local groundwater.

2. Providing a slip stream around the metals and VOC treatments. This
side-stream of GW could flow directly into FRB as a source of microbial
consortia associated with the groundwater at LH which has been
shown to contain a broad distribution of microbes that support and
effect degradation of perchlorate.

3. Relocation of the FBR at a more effective position within the
groundwater treatment train.

As the plant is currently in the tail end of its life cycle and is operated with
minimal staff, a periodic reseed using an established inoculum and/or
providing a side-stream of groundwater directly into the FBR is the most
feasible remedy.



ERDC/EL SR-22-7 42

References

Anupama, V. N., P. V. G. Prajeesh, S. Anju, P. Priya, and B. Krishnakumar. 2015.
“Diversity of Bacteria, Archaea and Protozoa in a Perchlorate Treating Bioreactor.”
Microbiological Research, 177: 8-14. https://doi.org/10.1016 /j.micres.2015.04.011.

Bais, H. P., T. L. Weir, L. G. Perry, S. Gilroy, and J. M. Vivanco. 2006. “The role of root
exudates in rhizosphere interactions with plants and other organisms.” Annual
Review of Plant Biology, 57: 233—266.

DOI:10.1146 /annurev.arplant.57.032905.105159.

Balk, M., T. van Gelder, S. A. Weelink, A. J. M. Stams. 2008. “Perchlorate reduction by
the thermophilic bacterium Moorella perchloratireducens sp. nov., isolated from
underground gas storage.” Applied and Environmental Microbiology, 74(2): 403—

409. https://www.ncbi.nlm.nih.gov/pmec/articles/PMC2223267/.

Bardiya, N., and J-H. Bae. 2011. “Dissimilatory Perchlorate Reduction: A Review.”
Microbiological Research, 166(4): 237-254.
https://doi.org/10.1016/j.micres.2010.11.005.

Bilal, M., H. M. N. Igbal, and D. Barcelo. 2019. “Percsistence of pesticides-based
contaminants in the environment and their effective degradation using laccase-
assisted biocatalytic systems.” Science of the Total Environment, 695: 133896.
https://doi.org/10.1016/j.scitotenv.2019.133896.

Borja, J. Q., J. L. Auresenia, and S. M. Gallardo. 2006. “Biodegradation of
polychlorinated biphenyls using biofilm grown with biphenyl as carbon source in
fluidized bed reactor.” Chemosphere, 64 (4): 555-559.
https://doi.org/10.1016/j.chemosphere.2005.11.047.

Buck, U., H. P. Grossart, R. Amann, and J. Pernthaler. 2009. “Substrate incorporation
patterns of bacterioplankton populations in stratified and mixed waters of a humic
lake.” Environmental Microbiology, 11: 1854—1865.

Caporaso J. G., J. Kuczynski, J. Stombaugh, K. Bittinger, F. D. Bushman, E. K. Costello,
N. Fierer, A. G. Pena, J. K. Goodrich, J. I. Gordon, G. A. Huttley, S. T. Kelley, D.
Knights, J. E. Koenig, R. E. Ley, C. A. Lozupone, D. McDonald, B. D. Muegge, M.
Pirrung, J. Reeder, J. R. Sevinsky, P. J. Turnbaugh, W. A. Walters, J. Widmann, T.
Yatsunenko, J. Zaneveld, and R. Knight. 2010. QIIME allows analysis of high-
throughput community sequencing data. Nat Methods. 7(5):335-6. doi:
10.1038/nmeth.f.303.

Carlstrom, C. I., O. Wang, R. A. Melnyk, S. Bauer, J. Lee, A. Engelbrektson, and J. D.
Coates. 2013. “Physiological and Genetic Description of Dissimilatory Perchlorate
Reduction by the Novel Marine Bacterium Arcobacter sp. Strain CAB.” mBio, May/June
2013. DOI: 10.1128/mBi0.00217-13

Chaudhuri, S. K., S. M. O’Connor, R. L. Gustavson, L. A. Achenbach, and J. D. Coates.
2002. “Environmental factors that control microbial perchlorate reduction.” Applied
and Environmental Microbiology, 68(9): 4425—4430.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMCi124121/.

Coates, J. D., U. Michaelidou, R. A. Bruce, S. M. O’Connor, N. Crespi, and L. A.
Achenbach. 1999. “Ubiquity and Diversity of Dissimilatory (Per)chlorate-Reducing
Bacteria.” Applied and Environmental Microbiology, 65 (12): 5234-5241.


https://www.sciencedirect.com/science/article/pii/S0944501315000889?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0944501315000889?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0944501315000889?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0944501315000889?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0944501315000889?via%3Dihub#!
https://doi.org/10.1016/j.micres.2015.04.011
https://doi.org/10.1146/annurev.arplant.57.032905.105159
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2223267/
https://doi.org/10.1016/j.micres.2010.11.005
https://doi.org/10.1016/j.scitotenv.2019.133896
https://doi.org/10.1016/j.chemosphere.2005.11.047
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC124121/

ERDC/EL SR-22-7

43

Coates, J. D. 2015. "Bacteria that respire oxyanions of chlorine." Bergey's Manual of
Systematics of Archaea and Bacteria: 1-5.

Costerton, J. W. 1999. “Introduction to Biofilm.” International Journal of Antimicrobial
Agents, 11(3-4): 217-221. DOI:10.1016/50924-8579(99)00018-7.

Davies, D. G., and G. G. Geesey. “Regulation of the alginate biosynthesis gene algC in
Pseudomonas aeruginosa during biofilm development in continuous culture.”
Applied and Environmental Microbiology, 61(3): 860-867.

https://www.ncbi.nlm.nih.gov/pmec/articles/PMC167351/.

Diaz, E., ed. 2008. Microbial Biodegradation: Genomics and Molecular Biology (1st ed.).
Caister Academic Press. ISBN 978-1-904455-17-2.

DOW Environmental, Inc. 1995. Interim Remedial Action Burning Ground No. 3 and
Unlined Evaporation Pond Longhorn Army Ammunition Plant Karnack, Texas, Pilot
Study Report - Phase II, Prepared for United States Army corps of Engineers Tulsa
District: 70.

Envirogen. 2001. “Operation and Maintenance Manual for the Fluid Bed Reactor System,
Volume 1, Longhorn Army Depot”, 149 pages

Fisher, J., A. Levican, M. J. Figueras, and S. L. Mclellan. 2014. “Population Dynamics and
Ecology of Arcobacter in Sewage.” Frontiers in Microbiology, 5:1-9.
DOI:10.3389/fmicb.2014.00525.

Flemming, H-C, J. Wingender, C. Mayer, V. Korstgens, and W. Borchard. 2000.
“Cohesiveness in biofilm matrix polymers.” Symposium of the Society for General
Microbiology 59: 87—105.

Fuller, M. E., P. B. Hatzinger, C. W. Condee, and A. P. Togna. 2007. “Combined
Treatment of Perchlorate and RDX in Ground Water Using a Fluidized Bed Reactor.”
Groundwater Monitoring & Remediation, 27: 59-64. doi:10.1111/j.1745-
6592.2007.00157.X

Garrity, G. M., D. J. Brenner, N. R. Krieg, and J. T. Staley. (eds.). 2005. Bergey's Manual
of Systematic Bacteriology, Volume Two: The Proteobacteria, Part C: The Alpha-,
Beta-, Delta-, and Epsilonproteobacteria. New York, New York: Springe

Gil-Serrano, A., A. S. del Junco, P. Tejero-Mateo, M. Megias, and M. A. Caviedes. 1990.
“Structure of the extracellular polysaccharide secreted by Rhizobium leguminosarum
var. phaseoli CIAT 899.” Carbohydrate Research, 204: 103-107.
https://doi.org/10.1016/0008-6215(90)84025-P.

Goldberg, J. 2002. “Biofilms and antibiotic resistance: a genetic linkage.” Trends in
Microbiology, 10(6): 264-264. DOI:10.1016/S0966-842X(02)02381-8.

Gonzalez, J. M., M. C. Portillo, P. Belda-Ferre, and A. Mira. 2012. “Amplification by PCR
Artificially Reduces the Proportion of the Rare Biosphere in Microbial Communities.”
PL0S ONE 7(1):e29973.https://doi.org/10.1371/journal.pone.0029973

Haaijer, S. C. M., H. R. Harhangi, B. B. Meijerink, M. Strous, A. Pol, A. J. P. Smolders, K.
Verwegen, M. S. M. Jetten, and J. M. Op den Camp. 2008. “Bacteria associated with
iron seeps in a sulfur-rich, neutral pH, freshwater ecosystem” The ISME Journal,
1231-1242.



https://doi.org/10.1016/s0924-8579(99)00018-7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC167351/
https://doi.org/10.1111/j.1745-6592.2007.00157.x
https://doi.org/10.1111/j.1745-6592.2007.00157.x
https://doi.org/10.1016/0008-6215(90)84025-P
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2FS0966-842X(02)02381-8?_sg%5B0%5D=lfTXVY8iJAOanLTtIYjx7WxuCxxB-ytVZ6L6Gwdrk4s7H0Agg4qmYTuikdRUj_HGzaewS1kxikF-F9pFHJumHF7I6A.RqL4aOYw2nNU5LhQ983Gfuqmka2u9CkZjy0E1dQW0_fz9aNC7mh9-B-3IaNhKBx2qWgDuGNCOQrH1NNm1R678w
https://www.nature.com/articles/ismej200875?platform=hootsuite#auth-1
https://www.nature.com/articles/ismej200875?platform=hootsuite#auth-2
https://www.nature.com/articles/ismej200875?platform=hootsuite#auth-3
https://www.nature.com/articles/ismej200875?platform=hootsuite#auth-4
https://www.nature.com/articles/ismej200875?platform=hootsuite#auth-5
https://www.nature.com/articles/ismej200875?platform=hootsuite#auth-6
https://www.nature.com/articles/ismej200875?platform=hootsuite#auth-7
https://www.nature.com/articles/ismej200875?platform=hootsuite#auth-8
https://www.nature.com/articles/ismej200875?platform=hootsuite#auth-9

ERDC/EL SR-22-7 44

Hahn, M. W., V. Kasalicky, J. Jezbera, U. Brandt, J. Jezberov4, and K. Simek. 2010a.
“Limnohabitans curvus gen. nov., sp. nov., a planktonic bacterium isolated from a
freshwater lake.” International Journal of Systematic and Evolutionary
Microbiology, 60 (6): 1358-1365. (doi: 10.1099/ijs.0.013292-0)

Hahn, M. W., V. Kasalicky, J. Jezbera, U. Brandt, and K. Simek. 2010b. “Limnohabitans
australis sp. nov., isolated from a freshwater pond, and emended description of the
genus Limnohabitans.” International Journal of Systematic and Evolutionary
Microbiology, 60:2946-2950. (doi: 10.1099/ijs.0.022384-0)

Han, ., O. Kotsyurbenko, O. Chertkov, B. Held, A. Lapidus, M. Nolan, S. Lucas, N.
Hammon, S. Deshpande, J-F Cheng, R. Tapia, L. A. Goodwin, S. Pitluck, K. Liolios, I.
Pagani, N. Ivanova, K. Mavromatis, N. Mikhailova, A. Pati, A. Chen, K. Palaniappan,
M. Land, L. Hauser, Y-J Chang, C. D. Jeffries, E-M Brambilla, M. Rohde, S. Spring, J.
Sikorski, M. Goker, T. Woyke, J. Bristow, J. A. Eisen, V. Markowitz, P. Hugenholtz,
N. C. Kyrpides, H-P Klenk, J. C. Detter. 2012. “Complete genome sequence of the
sulfur compounds oxidizing chemolithoautotroph Sulfuricurvum kujiense type strain
(YK-1(T)).” Standards in Genomic Sciences, 6 (1): 94-103.
DOI:10.4056/sigs.2456004.

Han, Y., and M. Perner. 2015. “The globally widespread genus Sulfurimonas: versatile
energy metabolisms and adaptations to redox clines.” Frontiers in Microbiology, 16.
doi: 10.3389/fmicb.2015.00989.

Heilmann, C., O. Schweitzer, C. Gerke, N. Vanittanakom, D. Mack, and F.
Gotz. “Molecular basis of intercellular adhesion in the biofilm-forming
Staphylococcus epidermidis.” Molecular Microbiology, 20(5): 903-1114.
https://doi.org/10.1111/j.1365-2958.1996.tb02548.x

Hickey, R. F., A. Sunday, D. Wagner, V. Groshko, R. V. Rajan, A. Leuschner, T. D. Hayes,
R. S. Skeen, and G. D. Sayles. 1995. Treatment of PAHs in waters using the GAC-FBR
process. United States: Battelle Press.
https://inis.iaea.org/search/search.aspx?orig q=RN:28059159.

Huertas, M. J., V. M. Luque-Almagro, M. Martinez-Luque, R. Blasco, C. Moreno-Vivian,
F. Castillo, and M. D. Roldan. 2006. “Cyanide metabolism of Pseudomonas
pseudoalcaligenes CECT5344: role of siderophores.” Biochemical Society
Transactions, 34 (1): 152-155. https://doi.org/10.1042/BST0340152.

Ilumina. 2018. 16S metagenomics sequencing with the iSeq™ 100 System. Publication
No. 770-2018-009-B QB# 6012. https://www.illumina.com/content/dam/illumina-
marketing/documents/products/appnotes/iseq100-16s-app-note-770-2018-009.pdf

Kasalicky, V., Y. Zeng, K. Piwosz, K. Simek, H. Kratochvilova, and M. Koblizek. 2018.
“Aerobic Anoxygenic Photosynthesis Is Commonly Present within the Genus
Limnohabitans.” Applied and Environmental Microbiology, 84 (1):€02116-17.
https://doi .org/10.1128 /AEM.02116-17.

Kengen, S. W. M., G. B. Rikken, W. R. Hagen, C. G. van Ginkel, and A. J. M. Stams. 1999.
“Purification and Characterization of (Per)chlorate Reductase from the Chlorate-
Respiring Strain GR-1.” J. Bacteriol, 181: 6706-6711.

Larson, S. L., J. K. Newman, C. S. Griggs, M. Beverly, and C. C. Nestler. 2012.
Biopolymers as an alternative to petroleum-based polymers for soil modification:
Treatability studies. ERDC TR-12-8. Vicksburg, MS: USACE Engineer Research and
Development Center.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Han%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=26441918
https://www.ncbi.nlm.nih.gov/pubmed/?term=Perner%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26441918
https://dx.doi.org/10.3389%2Ffmicb.2015.00989
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Heilmann%2C+Christine
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Schweitzer%2C+Oliver
https://doi.org/10.1111/j.1365-2958.1996.tb02548.x
https://inis.iaea.org/search/search.aspx?orig_q=RN:28059159
javascript:;
https://doi.org/10.1042/BST0340152
https://www.illumina.com/content/dam/illumina-marketing/documents/products/appnotes/iseq100-16s-app-note-770-2018-009.pdf
https://www.illumina.com/content/dam/illumina-marketing/documents/products/appnotes/iseq100-16s-app-note-770-2018-009.pdf

ERDC/EL SR-22-7

45

Laspidou, C. S., and B. E. Rittmann. 2002. “A unified theory for extracellular polymeric
substances, soluble microbial products, and active and inert biomass.” Water
Research, 36(11): 2711-2720. https://doi.org/10.1016/S0043-1354(01)00413-4

Lee, C. K., C. W. Herbold, S. W. Polson, K. E. Wommack, S. J. Williamson, I. R.
McDonald, and S. C. Cary (2012) Groundtruthing Next-Gen Sequencing for Microbial
Ecology—Biases and Errors in Community Structure Estimates from PCR Amplicon
Pyrosequencing. PLoS ONE
7(9):e44224.https://doi.org/10.1371/journal.pone.0044224

Madigan, M., and J. Martinko, eds. 2005. Brock Biology of Microorganisms (11th ed.).
Prentice Hall. ISBN 0-13-144329-1.

Madigan, M.T., J.M. Martinko, D.A. Stahl, and D.P. Clark 2009. Brock Biology of
Microorganisms, 12th edition. San Francisco: Pearson Education

Mahmudov, R., and C. P. Huang. 2010. “Perchlorate removal by activated carbon
adsorption.” Separation and Purification Technology, 70 (3): 329-337.
DOI: 10.1016/j.seppur.2009.10.016.

Malvankar, N. S., M. T. Tuominen, and D. R. Lovley. 2012. “Biofilm conductivity is a
decisive variable for high-current-density Geobacter sulfurreducens microbial fuel
cells". Energy & Environmental Science, 5 (2): 5790 - 5797.
doi:10.1039/C2EE03388G. ISSN 1754-5706.

Marqués, S., and J. L. Ramos. 1993. “Transcriptional control of the Pseudomonas
putida TOL plasmid catabolic pathways.” Molecular Microbiology, 9 (5: 923-929.
doi:10.1111/§.1365-2958.1993.th01222.x.

MeclIlroy, S. J., R. H. Kirkegaard, B. MclIlroy, M. Nierychlo, J. M. Kristensen, S. M. Karst,
M. Albertsen, and P. H. Nielsen. 2017. MiDAS 2.0: An ecosystem-specific taxonomy

and online database for the organisms of wastewater treatment systems expanded for
anaerobic digester groups. Database 2017. doi:10.1093/database/bax016

Nam, I. H., Y. S. Chang, H. B. Hong, and Y. E. Lee. 2003. "A novel catabolic activity of
Pseudomonas veronii in biotransformation of pentachlorophenol". Applied
Microbiology and Biotechnology, 62 (2—3): 284—290. d0i:10.1007/s00253-003-
1255-1.

Naval Facilities Engineering Command (NAVFAC). 2007. “Perchlorate Remediation and
Property Transfer Success at a Closing Federal Facility.” Naval Weapons Industrial
Reserve Plant McGregor, Texas. 2007 Region 4 EPA-DoD-States Environmental
Conference. https://p2infohouse.org/ref/41/40602.pdf

Nojiri, H., K. Maeda, H. Sekiguchi, M. Urata, M. Shintani, T. Yoshida, H. Habe, and T.
Omori. 2002. “Organization and Transcriptional Characterization of Catechol
Degradation Genes Involved in Carbazole Degradation by Pseudomonas
resinovorans Strain CA10.” Journal of Bioscience, Biotechnology, and Biochemistry,
66 (4): 897-901. https://doi.org/10.1271/bbb.66.897

Nozawa-Inoue, M., K. M. Scow, and D. E. Rolston. 2005. “Reduction of Perchlorate and
Nitrate by Microbial Communities in Vadose Soil.” Applied and Environmental
Microbiology, 71(7): 3928—3934. doi: 10.1128 /AEM.71.7.3928-3934.



https://doi.org/10.1016/S0043-1354(01)00413-4
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.seppur.2009.10.016?_sg%5B0%5D=MNSj7wNtpOs-buD3i-yo0oPOHRPX9J1l2T56S918XAkWpjITHyXcICNgHrCtA_PwlqPe6XPoJKnlB8b0KOlqg4iZbQ.maSJtEhyukIo-VmSZ8BadfBWo3_rSUoqvlvIigQZQj8WZDOunXcpkzIw7ZFLR-b2GIW9efXSQBV7SUDmI1sAmg
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Marqu%C3%A9s%2C+Silvia
https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1111%2Fj.1365-2958.1993.tb01222.x
https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1007%2Fs00253-003-1255-1
https://doi.org/10.1007%2Fs00253-003-1255-1
https://p2infohouse.org/ref/41/40602.pdf
https://doi.org/10.1271/bbb.66.897
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nozawa-Inoue%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16000806
https://www.ncbi.nlm.nih.gov/pubmed/?term=Scow%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=16000806
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rolston%20DE%5BAuthor%5D&cauthor=true&cauthor_uid=16000806
https://dx.doi.org/10.1128%2FAEM.71.7.3928-3934.2005

ERDC/EL SR-22-7

46

Nriagu, J., C. Xi, A. Siddique, A. Vincent, and B. Shomar. 2018. “Influence of Household
Water Filters on Bacteria Growth and Trace Metals in Tap Water of Doha,
Qatar.” Scientific Reports 8, Article Number: 8268 (2018). d0i:10.1038/541598-018-
26529-8

O'Mahony, M. M., A. D. W. Dobson, J. D. Barnes, and I. Singleton. 2006. “The use of
ozone in the remediation of polycyclic aromatic hydrocarbon contaminated soil.”
Chemosphere, 63 (2): 307-314. DOI: 10.1016/j.chemosphere.2005.07.018

Onaca, C., M. Kieninger, K. H. Engesser, and J. Altenbuchner. 2007, "Degradation of
alkyl methyl ketones by Pseudomonas veronii". Journal of Bacteriology, 189 (10):
3759—3767. d0i:10.1128 /JB.01279-06.

Oren, A. 2014. “The Family Rhodocyclaceae.” The Prokaryotes, 975-998.

Otterholt, E., and C. Charnock. 2011. “Microbial quality and nutritional aspects of
Norwegian brand waters.” International Journal of Food Microbiology, 144 (3):
455—463. https://doi.org/10.1016 /i.ijfoodmicro.2010.10.034

Peng, J-S, W-C Tsai, and C-C Chou. 2002. “Inactivation and Removal of Bacillus cereus
by sanitizer and detergent.” International Journal of Food Microbiology, 77(1-2): 11-
18. https://doi.org/10.1016/S0168-1605(02)00060-0.

Pinto, A. J., and L. Raskin. 2012. PCR Biases Distort Bacterial and Archaeal Community
Structure in Pyrosequencing Datasets. PLoS ONE
7(8):e43093.https://doi.org/10.1371/journal.pone.0043093

Polk, J., C. Murray, C. Onewokae, D. E. Tolbert, A. P. Togna, W. J. Guarini, S. Frisch,
and M. Del Vecchio. 2001. Case study of ex-situ biological treatment of perchlorate-
contaminated groundwater. In 4th Tri-Services Environmental Technology
Symposium. June (pp. 18-20).

Rice, E. W., M. R. Rodgers, I. V. Wesley, C. H. Johnson, and S. A. Tanner. 2002.
“Isolation of Arcobacter butzleri from ground water.” Letters in Applied
Microbiology. https://doi.org/10.1046/j.1365-2672.1999.00483.x

Rodgers, J. D., and N. J. Bunce. 2001 “Treatment methods for the remediation of
nitroaromatic explosives.” Water Research, 35 (9): 2101-2111.
https://doi.org/10.1016/S0043-1354(00)00505-4.

Roling, W. 2014. “The Prokaryotes.” The prokaryotes: Deltaproteobacteria and
epsilonproteobacteria, 157-172. DOI: 10.1007/978-3-642-39044-9_38

Rowe, A. R., P. Chellamuthu, B. Lam, A. Okamoto, and K. H. Nealson. 2015. "Marine
sediments microbes capable of electrode oxidation as a surrogate for lithotrophic
insoluble substrate metabolism." Frontiers in microbiology 5: 784.

Sandoval-Carrasco, C. A., D. Ahuatzi-Chacén, J. Galindez-Mayer, N. Ruiz-Ordaz, C.
Juarez-Ramirez, and F. Martinez-Jerénimo. 2013. “Biodegradation of a mixture of
the herbicides ametryn, and 2,4-dichlorophenoxyacetic acid (2,4-D) in a
compartmentalized biofilm reactor.” Bioresource Technology, 145: 33-36.
https://doi.org/10.1016/j.biortech.2013.02.068.

Schirmer, M., U. Z. Ijaz, R. D’Amore, N. Hall, W. T. Sloan, and C. Quince. 2015. “Insight
into biases and sequencing errors for amplicon sequencing with the Illumina MiSeq
platform.” Nucleic Acids Research, 43(6): e37. https://doi.org/10.1093/nar/gku1341



https://ui.adsabs.harvard.edu/#search/q=author:%22O'Mahony%2C+Mark+M.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Dobson%2C+Alan+D.+W.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Barnes%2C+Jeremy+D.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/#search/q=author:%22Singleton%2C+Ian%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/link_gateway/2006Chmsp..63..307O/doi:10.1016/j.chemosphere.2005.07.018
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1913341
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1913341
https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1128%2FJB.01279-06
https://doi.org/10.1016/j.ijfoodmicro.2010.10.034
https://doi.org/10.1016/S0168-1605(02)00060-0
https://sfamjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Rice%2C+E+W
https://sfamjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Rodgers%2C+M+R
https://sfamjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wesley%2C+I+V
https://sfamjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Johnson%2C+C+H
https://sfamjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Tanner%2C+S+A
https://doi.org/10.1046/j.1365-2672.1999.00483.x
https://doi.org/10.1016/S0043-1354(00)00505-4
https://www.researchgate.net/publication/292383424_The_prokaryotes_Deltaproteobacteria_and_epsilonproteobacteria
https://www.researchgate.net/publication/292383424_The_prokaryotes_Deltaproteobacteria_and_epsilonproteobacteria
https://doi.org/10.1093/nar/gku1341

ERDC/EL SR-22-7 47

Segar, R. L., Jr., S. Y. Leung, and S. A. Vivek. 1997. Treatment of Trichloroethene-
contaminated Water with a Fluidized-bed Bioreactor. Annals of the New York
Academy of Sciences, 829: 83-96. d0i:10.1111/j.1749-6632.1997.tb48567.x

Shaw Environmental, Inc. 2006. “Quarterly Evaluation Report 15t Quartyer (January-
March) 2006 Groundwater Treatment Plant Longhorn Army Ammunition Plant
Karnack, Texas.”

Shrout, J. D., and G. F. Parkin. 2006. “Influence of electron donor, oxygen, and redox
potential on bacterial perchlorate degradation.” Water Research, 40(6): 1191—1199.
https://doi.org/10.1016 /j.watres.2006.01.035

Shrout, J. D., T. E. Scheetz, T. L. Casavant, and G. F. Parkin. 2005. “Isolation and
characterization of autotrophic, hydrogen-utilizing, perchlorate-reducing bacteria.
Applied Microbiology and Biotechnology, 67(2): 261—268.
https://link.springer.com/article/10.1007%2Fs00253-004-1725-0

Sievert, S. M., E. B. A. Wieringa, C. O. Wirsen, and C. D. Taylor. 2007. “Growth and
mechanism of filamentous-sulfur formation by Candidatus Arcobacter sulfidicus in
opposing oxygen-sulfide gradients.” Environmental Microbiology, 9 (1): 271-276.
https://doi.org/10.1111/j.1462-2920.2006.01156.X

Song, Y, and B. E. Logan. 2004. “Effect of O2 Exposure on Perchlorate Reduction by
Dechlorosoma sp. KJ.” Water Resources, 38: 1626-1632.

Steinberg, L. M., J. J. Trimble, and B. E. Logan. 2005. “Enzymes responsible for chlorate
reduction by Pseudomonas sp. are different from those used for perchlorate
reduction by Azospira sp.” FEMS Microbiology Letters, 247 (2): 153—159.
https://doi.org/10.1016/j.femsle.2005.05.003

Suidan, M. T., J. R. V. Flora, T. K. Boyer, A. M. Wuellner, and B. Narayanan. 1996.
“Anaerobic dechlorination using a fluidized-bed GAC reactor.” Water Research, 30
(1): 160-170. https://doi.org/10.1016/0043-1354(95)00098-6.

Sun, Y., R. L. Gustavson, N. Ali, K.A. Weber, L. L. Westphal, and J.D. Coates, (2009).

Behavioral response of dissimilatory perchlorate-reducing bacteria to different
electron acceptors." Applied microbiology and biotechnology 84(5): 955-963.

Sutherland, I. W. 2001. “Biofilm exopolysaccharides: a strong and sticky framework.”
Microbiology, 147(Pt 1): 3-9. DOI:10.1099/00221287-147-1-3

Sutton, P. M., and P. N. Mishra. 1994. “Activated Carbon Based Biological Fluidized Beds
for Contaminated Water and Wastewater Treatment: A State-of-the-Art Review.”
Water Science & Technology, 29 (10-11): 309-317.

Takai, K., M. Suzuki, S. Nakagawa, M. Miyazaki, Y. Suzuki, F. Inagaki, and K. Horikoshi.
2006. “Sulfurimonas paralvinellae sp. nov., a novel mesophilic, hydrogen- and sulfur-
oxidizing chemolithoautotroph within the Epsilonproteobacteria isolated from a
deep-sea hydrothermal vent polychaete nest, reclassification of Thiomicrospira
denitrificans as Sulfurimonas denitrificans comb. nov. and emended description of
the genus Sulfurimonas.” International Journal of Systematic and Evolutionary
Microbiology, 56 (8): 1725—1733. 10.1099/ijs.0.64255-0


https://doi.org/10.1111/j.1749-6632.1997.tb48567.x
https://doi.org/10.1016/j.watres.2006.01.035
https://link.springer.com/article/10.1007%2Fs00253-004-1725-0
https://sfamjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Sievert%2C+Stefan+M
https://sfamjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wieringa%2C+Elze+B+A
https://sfamjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wirsen%2C+Carl+O
https://sfamjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Taylor%2C+Craig+D
https://doi.org/10.1111/j.1462-2920.2006.01156.x
javascript:;
javascript:;
javascript:;
https://doi.org/10.1016/j.femsle.2005.05.003
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1099%2F00221287-147-1-3?_sg%5B0%5D=jkKzAqd0i-sO-hpAaZ3qhRTN1epWNWZTl-Z8qDal0YmfhsoKz16cWJesOy_1OH9oSy3dKJ2md2zEMAJJ_liX3ha_OQ.TE4_RdhOmLIzh04Bi_7sMFTvRoYgtI0Nif23mGzJuAvQ4r1mYhXpUJr16wORQrBspylC1JEfZluNLu6g-NNwCw
https://www.microbiologyresearch.org/search?value1=Koki+Horikoshi&option1=author&noRedirect=true

ERDC/EL SR-22-7 48

Wallace, W., T. Ward, A. Breen, and H. Attaway. 1996. “Identification of an Anaerobic
Bacterium which Reduces Perchlorate and Chlorate as Wolinella succinogenes.”
Journal of Industrial Microbiology and Biotechnology, 16(1): 68—72.
https://link.springer.com/article/10.1007/BF01569924

Wan, D., Q. Li, Y. Liu, S. Xiao, and H. Wang. 2019a “Simultaneous reduction of
perchlorate and nitrate in a combined heterotrophic-sulfur-autotrophic system:
Secondary pollution control, pH balance and microbial community analysis.” Water
Research, 165, 115004.

Wan, D., Y. Liu, Y. Wang, H. Wang, and S. Xiao. 2017. “Simultaneous bio-autotrophic
reduction of perchlorate and nitrate in a sulfur packed bed reactor: Kinetics and
bacterial community structure.” Water Research, 280-292. doi:
10.1016/j.watres.2016.11.003.

Wan, Y. X., L. A. Zhou, S. Wang, C. M. Liao, N. Li, W. T. Liu, and X. Wang. 2018.
“Syntrophic growth of Geobacter sulfurreducens Accelerates Anaerobic
Denitrification.” Frontiers in Microbiology, 1572-1579.
https://doi.org/10.3389/fmicb.2018.01572

Wen, L. L., Y. Zhang, J. X. Chen, Z. X. Zhang, Y. Y. Yi, Y. Tang, B. E. Rittmann, and H. P.
Zhao. 2017. “The dechlorination of TCE by a perchlorate reducing consortium”
Chemical Engineering Journal, 313: 1215-1221.
https://doi.org/10.1016/j.cej.2016.11.021

Willems, A., and M. Gillis. 2015. “Hydrogenopha.” Bergey’s Manual of Systematics of
Archaea and Bacteria. https://doi.org/10.1002/9781118960608.gbmo00947

Wu, C-C, S. Ghosh, K. J. P. Martin, J. Ameet, V. J. O. Denef, M. Terese, and N. G. Love. 2017.
“The microbial colonization of activated carbon block point-of-use (PoU) filters with
and without chlorinated phenol disinfection by-products.” Environmental Science:
Water Research & Technology, 3 (5): 830-843. https://doi.org/10.1039/C7EW00134G

Xing, W., J. Li, P. Li, C. Wang, Y. Cao, D. Li, Y. Yang, J. Zhou, and J. Zuo. 2018. “Effects
of Residual Organics in Municipal Wastewater on Hydrogenotrophic Denitrifying
Microbial Communities.” Journal of Environmental Sciences, 65: 262-270.
https://doi.org/10.1016/j.jes.2017.03.001

Yen, K. M., M. R. Karl, L. M. Blatt, M. J. Simon, R. B. Winter, P. R. Fausset, H. S. Lu, A.
A. Harcourt, and K. K. Chen. 1991. “Cloning and characterization of a Pseudomonas
mendocina KR1 gene cluster encoding toluene-4-monooxygenase.” Journal of
Bacteriology, 173 (17): 5315—5327. doi: 10.1128/jb.173.17.5315-5327.1991

Yu, G., D. Fadrosh, J. J. Goedert, J. Ravel, and A. M. Goldstein. 2015. Nested PCR Biases
in Interpreting Microbial Community Structure in 16S rRNA Gene Sequence
Datasets. PLoS ONE 10(7):e0132253.https://doi.org/10.1371/journal.pone.0132253

Zhang, H., M. A. Bruns, and B. E. Logan. 2002. “Perchlorate Reduction by a Novel
Chemolithoautotrophic, Hydrogen-Oxidizing Bacterium.” Environmental
Microbiology, 4: 570-576.

Zhao, H-P, S. Van Ginkel, Y. Tang, D-W Kang, B. Rittmann, and R. Krajmalnik-Brown.
2011. “Interactions between Perchlorate and Nitrate Reductions in the Biofilm of a
Hydrogen-Based Membrane Biofilm Reactor.” Environmental Science & Technology
45 (23): 10155-10162, DOI: 10.1021/es202569b


https://link.springer.com/article/10.1007/BF01569924
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wan%20D%5BAuthor%5D&cauthor=true&cauthor_uid=27838020
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=27838020
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=27838020
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20H%5BAuthor%5D&cauthor=true&cauthor_uid=27838020
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xiao%20S%5BAuthor%5D&cauthor=true&cauthor_uid=27838020
https://doi.org/10.3389/fmicb.2018.01572
https://doi.org/10.1016/j.cej.2016.11.021
https://doi.org/10.1002/9781118960608.gbm00947
https://pubs.rsc.org/en/results?searchtext=Author%3AChia-Chen%20Wu
https://doi.org/10.1039/C7EW00134G
https://doi.org/10.1016/j.jes.2017.03.001
https://www.ncbi.nlm.nih.gov/pubmed/?term=Winter%20RB%5BAuthor%5D&cauthor=true&cauthor_uid=1885512
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fausset%20PR%5BAuthor%5D&cauthor=true&cauthor_uid=1885512
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lu%20HS%5BAuthor%5D&cauthor=true&cauthor_uid=1885512
https://www.ncbi.nlm.nih.gov/pubmed/?term=Harcourt%20AA%5BAuthor%5D&cauthor=true&cauthor_uid=1885512
https://www.ncbi.nlm.nih.gov/pubmed/?term=Harcourt%20AA%5BAuthor%5D&cauthor=true&cauthor_uid=1885512
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20KK%5BAuthor%5D&cauthor=true&cauthor_uid=1885512
https://dx.doi.org/10.1128%2Fjb.173.17.5315-5327.1991

REPORT DOCUMENTATION PAGE o ADD e e

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining
the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for
reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA
22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display
a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
September 2022 Final

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Microbial Dynamics of a Fluidized Bed Bioreactor Treating Perchlorate in Groundwater 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

Heather Knotek-Smith and Catherine Thomas 5¢. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Environmental Laboratory

U.S. Army Engineer Research and Development Center ERDC/EL SR-22-7

3909 Halls Ferry Road

Vicksburg, MS 39180-6199

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

US ARMY ENVIRONMENTAL COMMAND

2450 CONNELL ROAD

11. SPONSOR/MONITOR’S REPORT
FORT SAM HOUSTON, TX NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES
Project CEERD-EL-17-69, “Longhorn Army Ammunition Plant Perchlorate System Assessment, Augmentation, and Analysis”

14. ABSTRACT

Optimization of operation and performance of the groundwater treatment system regarding perchlorate removal at Longhorn Army
Ammunition Plant (LHAAP) is dependent on specific conditions within the reactor and the larger groundwater treatment process. This
study evaluated the microbial community compositions within the plant during periods of adequate perchlorate degradation, sub-
adequate perchlorate degradation, and non-operating conditions. Factors affecting the performance of the LHAAP ground water
treatment system (GWTS) perchlorate de-grading fluidized bed reactor (FBR) are identified and discussed. Isolation of the FBR from
naturally occurring microbial populations in the groundwater was the most significant factor reducing system effectiveness. The
microbial population within the FBR is highly susceptible to system upsets, which leads to declining diversity within the reactor. As
designed, the system operates for extended periods without the desired perchlorate removal without intervention such as a seed
inoculant. A range of modifications and the operation of the system are identified to increase the effectiveness of perchlorate removal at
LHAAP.

15. SUBJECT TERMS Explosives industry
Groundwater — Pollution Ammunition
Groundwater — Purification — Perchlorate removal Bioreactors
16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE
OF ABSTRACT OF PAGES PERSON
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include
. . . SAR 56 area code)
Unclassified Unclassified Unclassified

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18







	Abstract
	Figures and Tables
	Preface
	1 Introduction
	1.1 Background
	1.2 Problem Statement
	1.3 Objectives
	1.4 Approach

	2 Perchlorate Biodegradation
	3 Fluidized Beds for Biological Treatment
	4 Results and Discussion
	5 Summary of Known Properties for the Genera Selected
	5.1 Arcobacter
	5.2 Dechloromonas
	5.3 Geobacter
	5.4 Hydrogenophaga
	5.5 Limnohabitans
	5.6 Pseudomonas
	5.7 Sulfurimonas
	5.8 Thauera

	6 Water Treatment Operations Occurring Prior to the FBR Operation
	7 Microbial Populations Within the LHAAP Groundwater Treatment System
	7.1 Microbial populations of the pumped groundwater as it enters the LHAAP groundwater treatment systems
	7.2 Microbial populations within the LHAAP groundwater treatment system
	7.3 Limnohabitans and pseudomonas

	8 Designing Redundancy into the Plant for FBR Disruptions
	9 Conclusions and Recommendations-
	References


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



