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ABSTRACT

Manganese (Mn) is frequently detected in its reduced form, aqueous Mn(ll), in
groundwaters used as drinking water in Canada. Excess Mn(ll) poses the potential risks of water
discolouration, infrastructure corrosion, and health problems, as uncontrolled Mn(Il) oxidation
occurs and produces solid Mn(111/1V)-oxide precipitates in water supplies. As a solution for Mn(11)
in groundwater, biofiltration technology has been considered globally to promote microbially
mediated Mn(I1) oxidation and produce solid Mn(I11/1V) oxides that can be filtered out. However,
previous studies have consistently reported that the biofiltration of cold groundwater with high
Mn(Il) and coexisting metal concentrations (typically Fe(ll)) is challenging at low temperatures
below 15 °C.

Diverse cold-adapted manganese-oxidizing bacteria (MnOB) are ubiquitous in cold
groundwater. The biofiltration of cold Mn(ll)-rich groundwater, which relies on the onset,
acclimation and acceleration of Mn(ll) removal associated with the enrichment of cold-adapted
MnOB and biofilter media ripening in the field, has not been extensively understood.

The objectives of this research were therefore (1) to elucidate the onset, acclimation, and
acceleration of Mn(I1) oxidation (removal) from cold, natural Fe(Il)- and Mn(1l)-rich groundwater
(4 to 8 °C) continuously fed into a two-stage pilot-scale biofiltration unit operated in the field at
varying low on-site temperatures (8-14.8 °C) at the Langham Water Treatment Plant,
Saskatchewan (Canada), (2) to characterize the microbial communities in the Mn and Fe biofilters
and incoming groundwater, as well as in the surface coatings on field-ripened filter media, and (3)
to explore the potential enhancement of biological and physicochemical Mn(ll) oxidation in the
field biofiltration unit.

Over the course of the 183-day pilot-scale biofiltration experiment in the field, the onset of
Mn(Il) removal from the cold groundwater commenced at 8 °C in the Mn filter after 29 days
elapsed and after complete Fe(ll) removal through the Fe filter. The Mn filter (1.55 m high and
0.3 m in diameter) reached steady-state functioning after 97 days, consistently exhibiting a high
Mn(I1)-removal efficiency of 97+0.9%. A gradual shift in redox-pH conditions in the Mn filter, to
oxidation-reduction potential (ORP) values over 300 mV, favoured biological Mn(ll) oxidation,
the growth of viable MnOB populations, and an increase in microbial metabolic activity estimated
by the adenosine triphosphate (ATP) assay. These changes reflected enhanced biological Mn(l1)
oxidation at the low on-site temperatures. However, the empty bed contact time (EBCT) first-order
rate constants (k) for Mn(11) removal were very low, in the range of 10 and 10" min‘?, with a long
half-life of 40 days, even though the Mn(Il) removal efficiency was consistently at 97%. The



Mn(11) removal rate constant accelerated to 0.21 min™ with a very short half-life of 3.31 minutes
at 11+0.6 °C, immediately after three consecutive backwashes and injections of backwash sludge
slurry back into the filter. The substantial increase in k was correlated to the vertical progress of
biofilter ripening from the bottom to the top of the Mn filter, which was not limited by the low on-
site temperatures. Intermediate and end-product Mn(111/1V) oxides (birnessite and pyrolusite) were
detected by synchrotron-based powder X-ray diffraction, confirming the occurrence of Mn(ll)
oxidation based on the known Mn(ll)-oxidation pathway.

High-throughput sequencing (16S rRNA genes, V4 region) of the microbial communities
in the untreated incoming groundwater and filter media from the Fe and Mn filters revealed genus-
level shifts in the bacterial community across the biofiltration unit. Previously known Mn(ll)-
oxidizing bacteria (MnOB) were minor members of the Mn-filter community. Betaproteobacteria
including iron-oxidizing bacteria (FeOB) appeared in both the Fe and Mn filters. Hydrogenophaga
sp., known FeOB, likely acted as a MnOB. Specifically, Hydrogenophaga strain CDMN isolated
in this study can oxidize Mn(ll) at the Mn-filter start-up temperature of 8 °C. Three new potential
MnOB—Azospirillum sp. CDMB, Solimonas soli CDMK, and Paenibacillus sp. COME—were
also isolated from the Fe or Mn filters. A microbial consortium (51 genera including Pseudomonas,
Leptothrix, Flavobacterium, and Zoogloea) was cultured from the field-aged biofilter and rapidly
produced biogenic Mn oxides at 8 °C.

Synchrotron-based X-ray absorption near-edge spectroscopy (XANES) coupled with
electron paramagnetic resonance (EPR) suggested that biogenic birnessite was the dominant Mn
oxide in the Mn-filter media surface coatings. The co-existence of amorphous and crystallized Mn-
oxide surface morphologies on the Mn-filter media, observed using scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM/EDX), suggested concomitant
biological and autocatalytic (physicochemical) Mn(I1) oxidation in the Mn filter.

This study suggested that enhancing both biological and physicochemical Mn(11) oxidation
is critical for the onset, acclimation and acceleration of Mn(11) removal during the biofiltration of
cold groundwater. This study provides crucial insights for improving biofiltration performance in
cold climates, representing a potential breakthrough for rapid biofiltration start-up, the biological
acclimation of cold-adapted MnOB, and accelerated Mn(Il) removal kinetics associated with the
microbially mediated autocatalysis of Mn(I1) oxidation at low temperatures.
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1. GENERAL INTRODUCTION

1.1. Rationales and objectives of the research

Groundwater is a crucial water resource in Canada. Nearly 75% of Saskatchewan’s
communities, including First Nations communities, rely on groundwater for their drinking water
sources (Water Security Agency, 2012). However, it has been reported that approximately 50% of
groundwater treatment plants in Saskatchewan deal with groundwater rich with naturally occurring
metals, typically including manganese (Mn) at a high level over 0.05 mg/L (Island, 2016).
Manganese in groundwater is present mainly in its reduced form, Mn(ll), in the aqueous phase.
Uncontrolled oxidation of aqueous Mn(ll) to solid Mn(l11/1V) oxides causes substantial black
discolouration of water and scaling damage to water supply infrastructure. Frequent consumption
of water that is high in Mn may pose potential health risks associated with intellectual impairment
in school-age children (Bouchard et al., 2011). Excess Mn(ll) in groundwater must be treated for
drinking water production. Commonly, dissolved Fe(ll) is also naturally abundant when
groundwater is rich in Mn(ll). In such cases, Fe(ll) concentrations often exceed the drinking water
standard (0.3 mg/L). Fe(ll) must be treated, typically prior to Mn(Il) treatment, because Fe(ll)
oxidation is thermodynamically more favorable than Mn(l1) oxidation. Fe(ll) is rapidly oxidized
via aeration, and Fe precipitates are easily removed using filtration. However, Mn(ll) removal is
challenging, especially for cold groundwater (4 to 8 °C) continuously flowing into a water
treatment plant in cold climates. This study focuses on Mn(Il) removal through a two-stage, on-
site, flow-through biofiltration unit that continuously receives natural Fe(Il)- and Mn(ll)-rich
groundwater at on-site low temperatures at the Langham water treatment plant (LWTP) in
Saskatoon, Saskatchewan, Canada.

In Saskatchewan, conventional manganese greensand filtration technology for Mn removal
has been generally adopted in many local regions. Manganese greensand filtration requires

chemical oxidizing agents such as potassium permanganate and chlorine for Mn(l1) oxidation. Mn-



oxide precipitates produced by Mn(I1) oxidation are physically removed through filters and settling
tanks (Island, 2016). Biofiltration technology for Mn(Il) removal promotes microbially mediated
Mn(Il) oxidation by enhancing Mn(ll)-oxidizing bacteria (MnOB) (Gage et al., 2001). The
biofiltration treatment uses minimal chemicals (e.g., nutrients), and does not require strong
oxidizing agents. In biofiltration, MnOB play a crucial role in initiating Mn(ll) oxidation under
aerobic conditions and producing biogenic Mn-oxides (Burger et al., 2008b). The formation of
biogenic Mn-oxides is important in the formation of Mn-oxide coatings on aging filter media,
potentially contributing to autocatalytic Mn(I1) oxidation (physicochemical oxidation) (Bruins et
al., 2015a). In other words, enhancing MnOB is a prerequisite for the start-up, biological
acclimation, and successful maintenance of Mn(ll) oxidation during biofiltration.

However, biological Mn(1l) removal from cold groundwater is very challenging due to
depressed mesophilic microbial activity under low temperature regimes below 15 °C in cold
climates. At such low temperatures, the start-up period for Mn(l1) oxidation is typically prolonged
(e.g., 6 to 8 months or even to years), which increases the operation and maintenance costs of the
biofiltration technology (Cai et al., 2014, Tekerlekopoulou et al., 2013, Li et al., 2013). Cold-
adapted MnOB communities and the formation of biogenic Mn-oxides could be advantageous for
groundwater biofiltration in cold climates. However, few studies have sought to describe cold-
adapted MnOB community compositions enriched in field biofiltration units that continuously
receive cold groundwater using high-throughput sequencing analysis, or the characteristics of
Mn(I11/1V)-oxide-rich surface coatings of field-ripened filter media. The overarching goal of the
present research is to expand our knowledge of biofiltration for cold Fe(ll)- and Mn(ll)-rich
groundwater and the underlying Mn(ll) removal mechanisms associated with biological and
physicochemical Mn(ll) oxidation triggered by cold-adapted MnOB. The specific objectives of
this research are to:

1. Describe the onset, acclimation and potential acceleration of Mn(ll) removal during the
operation of the two-stage on-site pilot-scale biofiltration system;

2. Demonstrate biological and physicochemical biofiltration parameters and kinetics of
Mn(I1) removal under the on-site conditions;

3. Characterize microbial communities of the groundwater and filter media using high-

throughput sequencing analyses and culture-dependent analyses;



4. Characterize Mn-oxides in aged filter media obtained from the on-site biofiltration unit,
using multiple instrumentation analyses;

5. Explore potential synergistic treatment strategies that combine biological and physico-
chemical Mn-oxidation for cold groundwater treatment.

1.2. Significance of the research

In general, MnOB are polyphyletic in nature (meaning these microbes have origins from
more than one common evolutionary ancestor), making it difficult to accurately identify the
bacteria involved in Mn(ll) oxidation in the environment (Dick et al., 2006). At the same time,
MnOB are ubiquitous and have been identified in various natural and engineered environments. In
this study, microbial community compositions throughout the biofiltration system for cold
groundwater rich in Fe and Mn were characterized extensively using high-throughput sequencing
and culture-independent analyses. Mn-oxides in the field-aged filter media are thoroughly
characterized using synchrotron-based X-ray near edge spectroscopy (XANES), synchrotron-
based powdered X-ray diffraction (PXRD), X-ray Fluorescence (XRF), scanning electron
microscopy (SEM) with energy dispersive X-ray spectrometry (EDS), and electron paramagnetic
resonance (EPR). Previous studies provide only a limited understanding of how indigenous, cold-
adapted microbial communities are linked to the field aging of filter media and groundwater
chemistry throughout cold-temperature biofilters. In this study, microbial data, groundwater
chemistry, and field media characteristics are integrated to uniquely suggest the synergistic link
between biological and physiochemical Mn(I1) oxidation at temperatures below 15 °C. This study
contributes to expanding our knowledge of enhancing Mn(ll) oxidation in cold groundwater
through biofiltration technology.

Furthermore, this study successfully cultured a cold-adapted microbial consortium derived
from the field-aged biofilter that can rapidly oxidize Mn(ll) and produce biogenic Mn(l11/1V)
oxides at 8 °C. In particular, this study discovered that Hydrogenophaga sp. are capable of
oxidizing Mn(ll) at 8 °C. To the best of our knowledge, this is reported for the first time in this
thesis. The findings of this research are very important for improving biofiltration technology
through the early formation of biogenic Mn-oxides. Ultimately, this study provides insight into the
potential development of cost-effective, energy-efficient, and environmentally friendly

biofiltration systems for environmentally challenging conditions.
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1.3. Thesis organization

This thesis is a manuscript-style thesis and consists of five chapters, as follows:

e Chapter 1 is a general introduction to present the rationales and objectives of the research
and the structure of this thesis.

e Chapter 2 is a literature review that presents background information and identifies key
knowledge gaps in the area of Mn(ll)-biofiltration technology. This chapter covers
problems linked to manganese in water supplies in Canada, conventional physicochemical
water treatment, and biofiltration treatment principles.

e Chapter 3 demonstrates the commencement, acclimation, and acceleration of Mn(ll)
removal in the pilot-scale field biofiltration unit, focusing on groundwater chemistry,
operational parameters, and the kinetics of Mn(Il) removal in response to the vertical aging
of the biofilter columns. In this chapter, a cold-adapted Mn(ll)-oxidizing microbial
consortium derived from the filter media during the steady-state functioning of the
biofiltration system is reported along with characterization of biogenic Mn-oxides formed.
Finally, this chapter suggests a potential biofiltration strategy for cold groundwater.

e Chapter 4 is an in-depth characterization study of microbial community compositions in
the biofiltration system that uses various instrumentation analyses. This chapter explores
the prevailing mechanisms for Mn(ll) oxidation. Changes in bacterial community
compositions are examined in the context of the chemical data and filter media
characteristics, including Mn oxidation states, the surface morphology of filter media
coatings, and field aging (biogenic and abiotic aging).

e Chapter 5 summarizes the major contributions, conclusions, and limitations of the research.

Recommendations for further research are also stated.



2. BACKGROUND REVIEW AND KNOWLEDGE GAPS

2.1. Manganese in water supplies

Manganese is a commonly occurring element found in soil and water and is the second
most abundant transition metal on earth, after iron (Turekian and Wedepohl, 1961). Manganese in
Canadian groundwater occurs naturally as a result of groundwater contact with Mn-containing
rocks and soils in sub-surface environments. Aqueous Mn concentrations in groundwater vary and
depend on various natural environmental factors, such as the abundance of Mn present in the
regional geology and groundwater chemistry. Redox conditions associated with groundwater
chemistry may favour the dissolution of manganese in its reduced state, Mn(l1) (Stokes, 1988). In
Canada, Mn(I1) is most commonly detected in groundwater, but can also be found in surface waters
(e.g., in the Elbow and Bow rivers in Calgary) (Island, 2016).

Groundwater is a major water resource for 30% of Canadians (Environment and Climate
Change Canada, 2013). The development of Saskatchewan’s groundwater resources will
contribute to meeting current and future water requirements in both the public and private sectors.
However, Health Canada has identified manganese, which is often detected in Canadian and
Saskatchewan groundwater in the form of dissolved Mn(ll), as an element of concern at
concentrations exceeding 0.05 mg/L, the national and provincial drinking water standards (DWS)
(Island, 2016). Mn(11) in aquifers is not easily removed at a treatment facility. In water distribution
infrastructure, it can be oxidized by residual disinfectants, bacteria, or household oxidants such as
bleach, and precipitate as dark Mn-oxides (Cerrato et al. 2010). Precipitated Mn-oxides cause
black discoloration in water and can cause scaling in pipes and fixtures. Scaling in distribution
systems can occur at Mn(ll) concentration as low as 0.02 mg/L (Sly et al., 1989, Bean, 1974,
Griffin, 1960). The Environmental Protection Agency (EPA) and Health Canada have therefore
set an aesthetic objective of 0.05 mg/L for Mn(ll) in drinking water (Kohl and Medlar, 2006).
However, a target of 0.01-0.02 mg/L is considered more appropriate to minimize the risk of water

discoloration and pipe scaling. The potential risks of intellectual impairment in children associated
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with frequent consumption of drinking water containing Mn at high concentrations has been
reported (Kondakis et al., 1989, Bouchard et al., 2011).

Considering the possible aesthetic effects associated with Mn(I1) at low concentrations, Sly
et al. (1989) recommended that the Mn(ll) drinking water guideline issued by the EPA should be
lowered from 0.05 to 0.01 mg/L. Currently, Health Canada is reviewing the latest available
information on the effects of Mn(lIl) concentrations in drinking water and is proposing to reduce
the aesthetic objective to 0.02 mg/L and introduce a maximum acceptable concentration (MAC)
of 0.1 mg/L (Island, 2016). However, aqueous Mn(ll) is not easily removed by aeration in neutral
pH conditions, and appropriate treatments for Mn(Il) removal are therefore required. Cost-
effective treatment technology for the removal of Mn(ll) and other contaminants from water
resources has been increasingly demanded in the water treatment industry in Saskatchewan.
Therefore, considering future water consumption rates and water infrastructure costs, the

development of a cost-effective treatment technology for Mn(11) removal is needed.

2.2. Water treatment technologies for manganese removal

2.2.1. Physical and chemical treatment

In neutral pH conditions, aqueous Mn(ll) is not readily oxidized to form Mn-oxides that
can be subsequently removed (Stumm and Morgan, 1996). Therefore, specialized treatment
methods are needed if water resources contain Mn(l1) in concentrations higher than the DWS. The
commonly used methods for treating Mn(I1) at water treatment plants include: chemical oxidation
using oxidizing agents followed by physical separation, chemical oxidation by filter media coated
with Mn-oxides, dissolved air flotation, and membrane filtration (Granger et al., 2014).

Chemical oxidation followed by physical separation involves the use of oxidizing agents
such as chlorine (Cl,), potassium permanganate (KMnQOa), or ozone (O3) to oxidize Mn(ll) to Mn
(1/1V) oxide precipitates. The precipitated Mn-oxides are subsequently separated from the
aqueous phase using settling tanks and/or filters. The purpose of applying chemical oxidants such
as permanganate, or the application of free chlorine to the filter beds, is to stimulate the natural
greensand effect (NGE). The NGE refers to Mn(ll) in the aqueous phase becoming immobilized
by oxidation on the surfaces of filter media (Knocke et al., 1991). Filter media coated with Mn

oxides (e.g., green sand) adsorb soluble Mn(l11) onto its surfaces and oxidize Mn(l1) to Mn(1V) due



to the autocatalytic nature of Mn oxides (Kohl and Dixon, 2012). Dissolved air flotation and
membrane filtration are additional treatments that can support chemical oxidation and increase the
treatment efficiency (Kohl and Medlar, 2006).

A possible drawback of using Mn-oxide-coated filter media to remove Mn(ll) from water
is surface deactivation as the media are coated with precipitates, necessitating surface regeneration,
which requires strong oxidants such as Clo or KMnOs. This treatment option is commonly
employed, but can be expensive in the long run. Using Cl. as an oxidizing agent can cause the
formation of chlorinated disinfection by-products (DBPs) when Cl. reacts with natural organic
matter (NOM) in the water, such as humic acids (Singer, 1999). These reactions can produce
chlorinated compounds that often have known or suspected adverse health effects (Singer, 1999).
Employing other conventional treatments for the removal of aqueous Mn(ll) is not economical due
to the high operational and maintenance costs. To overcome the drawbacks associated with
conventional treatment methods, biofiltration technology is currently considered a promising

alternative Mn(11)-removal technology in the water treatment industry.

2.2.2. Biofiltration technology

A standard biofiltration setup consists of a closed column containing filter media (e.g.,
particles of anthracite and silica sand) that support the growth of indigenous microbial populations
that contribute to the removal of heavy metals and organic contaminants from the aqueous phase
(Chaudhary et al., 2003). The combination of contaminant removal mechanisms involved in the
biofiltration process include microbial degradation, adsorption, absorption, and auto-catalysis. The
biofilter media provide surface areas to promote the growth of indigenous microbial communities
seeded in to it, which are enriched to remove specific contaminants using their metabolic activity.
The type of filter media, start-up period, hydraulic loading rates, empty bed contact time (EBCT)
and backwashing are some important design and operational parameters that need to be considered
for biofiltration.

Manganese biofiltration is gaining importance across the globe and is widely implemented
in Europe and North America to treat Mn(I1)-rich groundwater. Mn biofiltration is an eco-friendly,
chemical-free and cost-effective water treatment technology that can overcome the economical,

operational and health-related drawbacks of conventional treatment methods. Mn(ll) removal in



biofilters has been shown to be very effective and consistent at influent Mn(l1) concentrations over
1 mg/L (Li et al., 2005, Pacini et al., 2005, Stembal et al., 2005).

Under anoxic and circumneutral conditions, Mn(ll) is very stable and is not readily
oxidized by the limited available oxygen. The Mn Pourbaix diagram (Fig. 2.1) indicates that the
oxidation of aqueous Mn requires specific geochemical conditions: a redox potential (ORP) over
+300 mV, a pH of 7.5-8, and dissolved oxygen (DO) concentration of 3-5 mg/L. Under these
conditions, Mn(Il) removal in biofilters is reported to be initiated by the biological oxidation
activity of Mn-oxidizing bacteria (MnOB) (Burger et al., 2008b). During biofiltration, indigenous
MnOB from the groundwater accumulate and are enriched on the filter media. They metabolically
oxidize soluble Mn(I1) to form Mn(l11/1V)-oxide precipitates. The oxidized Mn(I11/1V)-precipitate
solids are then separated from the filtrate by the biofilter materials, sand and gravel.

The effectiveness of bacterially-mediated Mn biofiltration is dependent on the redox
potential (Eh), DO concentrations, and pH of the groundwater. MnOB activity for Mn(I1) oxidation
is optimal at pH >6.3, DO >5 mg/L, and ORP/Eh >+300 mV (Burger et al., 2008b, Pacini et al.,
2005, Li et al., 2005, Stembal et al., 2005). Under these conditions, MnOB can actively oxidize
Mn(l1) into precipitates as Mn(111/1V) oxides (Fig. 2.1). In addition to biological Mn(Il) oxidation,
physico-chemical Mn(Il) oxidation may also be promoted by the presence of biogenic Mn(I11/1V)
oxide precipitates on filter media (Bruins et al., 2015a). Therefore, biological oxidation by MnOB
and autocatalytic physico-chemical oxidation, which both form removable Mn-oxides, are the key
mechanisms governing Mn(I1) removal in biofilters.

The performance of Mn biofilters are largely influenced by the design and operational
parameters, which mainly include the start-up period, empty bed contact time (EBCT), and
backwashing rate (Tekerlekopoulou et al., 2013). The start-up period in Mn biofilters refers to the
time required for effluent Mn(11) concentrations to be stable and below the DWS, and unaffected
by changes in influent Mn(11) concentrations. Mn biofilters are reported to show a start-up period
of 2 to 8 months depending on geochemical conditions and filter design (Tekerlekopoulou et al.,
2013). Seeding backwash water with an active microbial community before reintroducing it to
biofilter, as well as replacing virgin media with biologically-aged filter media, have been shown
to reduce the start-up period (Mouchet, 1992, Vandenabeele et al., 1992).



Eh (mV)

Fig. 2.1 Conceptual approach for Mn(11) oxidation mediated by MnOB and associated geochemical response.



The EBCT refers to the time period required for the influent water stream to flow through
the media and is considered an important factor for effective biofiltration. An EBCT of 15 minutes
for biofilters that were aged for 8 months has been shown to remove >90% of influent Mn(ll)
(Katsoyiannis and Zouboulis, 2004). Backwashing is essential for improving biofilter
performance. It cleans the biofilter by reversing the direction of flow to remove the insoluble Mn-
oxides trapped in the filter. Backwashing considerations include the frequency, water type, flow
rate and backwash water disposal. Table 2.1 lists removal efficiencies for biofiltration designs
adopted for Mn(Il) removal and the groundwater geochemical conditions for the studies where

these designs were reported.

2.3. Manganese-oxidizing bacteria

Mn(I1)-oxidizing bacteria are ubiquitous in nature and found in various environments such
as the deep sea, rivers, lake sediments, groundwater, fjords, soils, and water distribution facilities
(Tebo et al., 2005). The MnOB play integral roles in the biogeochemical cycles of manganese,
iron, nitrogen, carbon, sulfur, and several other nutrients and trace metals (Tebo et al., 2005).
MnOB are diverse, and including species in the phyla Firmicutes, Actinobacteria and Alpha-,
Beta- and Gamma-proteobacteria (Tebo et al., 2005). Webb et al. (2005) reported that the Mn(l1)-
to-Mn(1V) oxidation reaction by Bacillus sp. SG-1, amodel MnOB organism, proceeds via Mn(l111)
intermediates. Multicopper oxidase genes (MCOs) found in MnOB (Bacillus sp. SG-1,
Pseudomonas putida MnB1 and GB-1, and Leptothrix discophora SS1) have been reported for
their involvement in Mn(I1) oxidation. Bacterially-mediated Mn(1l) oxidation by Bacillus sp. SG-
1 is a sequence of two enzymatic reactions or one-electron transfer reactions mediated by MnxG
(MCO) enzyme. The presence of Mn(l1l) intermediates and mechanism of the two-step catalysis
by the MCO suggest that Mn(Il) oxidation involves a MCO system that can catalyze the two-
electron oxidation of Mn(Il) (Tebo et al., 2005).

The ability of MnOB to oxidize Mn(ll) is strongly dependent on nutrient and carbon source
availability. Growth media with limited organic carbon sources, e.g., succinate or pyruvate, has
been shown to increase the growth of MnOB over nutrient-rich media (Tani et al., 2003).
Additionally, growth media enriched with Mn(Il) has also been found to enhance the growth of
MnOB, more than for other heterotrophic bacterial species (Francis et al., 2001, Tani et al., 2003),

suggesting that MnOB receive some competitive advantage for growth because of Mn(Il)
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oxidation. At pH 7.5-7.8, higher Mn(1l) oxidation rates by MnOB have been observed (Boogerd
and de Vrind, 1987, Vandenabeele et al., 1992), which supports the theory based on empirical
observations in groundwater treatment plants that MnOB oxidize Mn(ll) best at pH conditions
greater than 7.4 (Mouchet, 1992).

A study from Gouzinis et al. (1998) reported that the presence of MnOB in biofilters can
increase Mn(ll) removal from 25% (based solely on chemical oxidation) to almost 100%, with
combined physical, chemical and biological oxidation. Burger et al. (2008b) reported that bench-
scale biofilters achieved a 90% removal efficiency when inoculated with indigenous microflora.
In the same study, Mn(Il) removal was not achievable in the absence of MnOB. These lines of
evidence suggest that MnOB are crucial for initiating Mn(ll) oxidation in biofilters and to allow
filter ripening (i.e. maturation of filter bed where optimal conditions are developed for manganese
removal in the filter).

Scientific literature about microbial compositions in Mn biofilters reveals that no single
type of bacterium is responsible for Mn(l1) oxidation. Instead, microbial consortia are responsible
(Li et al., 2013, Yang et al., 2014, Thapa Chhetri et al., 2013). Through culture-independent
analysis, known MnOB relatives belonging to Leptothrix, Pseudomonas, Siderocystis,
Hyphomicrobium, Flavobacterium, Variovorax, Arthrobacter, Ralstonia, and Planctomyces
genera were identified in Mn biofilters previously (Thapa Chhetri et al., 2013, Cai et al., 2014,
Yang et al., 2014, Burger et al., 2008a, Li et al., 2013). The diversity of MnOB populations in Mn-
biofilter communities, isolated and identified in pure cultures, suggests bacterially-mediated
Mn(I1) oxidation is a common process in many environments. Several studies have cultured MnOB
from biofilters (Beukes and Schmidt, 2012, Burger et al., 2008a, Abu Hasan et al., 2015). Isolates
of Bacillus sp., Pseudomonas sp., Micrococcus sp. (Abu Hasan et al., 2015), Leptothrix sp. (Burger
et al., 2008a), and Acinetobacteria sp. (Beukes and Schmidt, 2012) are a few of the MnOB found
in Mn biofilters.

In Mn biofilters, biogenic birnessite formed on filter media by microbial consortia can have
a high adsorptive capacity for Mn(ll) (Learman et al., 2011). Lattice structures of biogenic
birnessite have been reported for their outstanding ability to adsorb Mn(ll) and subsequently
promote its physico-chemical oxidation by auto-catalysis (Post, 1999). Therefore, the formation
of biogenic birnessite promotes and accelerates further Mn(ll) removal in biofilters through

physico-chemical Mn(I1) oxidation.
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Table 2.1 Biofiltration designs for Mn(11) removal from groundwater (Granger, 2013)

Design Mn
concentration pH (Cr)n IT/P) Temg)%r?ture Mn r(i/ror;oval Scale References
(mg/L)
Aeration, Pilot -
biofiltration and 1.0-1.8 6.8-7.4 361-423 15-24 88-92 Pacini et al. (2005)
e scale
sand filtration
Aeration and . Katsoyiannis and
biofiltration 04 72 340 N/A >88  Pilotscale 70 v oulis (2004)
Biofiltration 0.7-1.0 7.2-15 N/A N/A 100 Pilot-scale Mouchet (1992)
Aeration and 0 : Abu Hasan et al.
biofiltration 1-6 6-7 346-473 N/A >90% Pilot-scale (2014)
Biofiltration 0.9-14 6.5-7.5 295-368 N/A 100 Full-scale  Burger et al. (2008a)
Aeration and 0.52 75 N/A 3-4 >80%  Pilot-scale  Cai etal. (2014)
biofiltration
Biofiltration 0.8 7.5-7.8 N/A 18-22 >90% Pilot-scale Cai et al. (2015)




Low temperatures can negatively influence biofilter performance. With MnOB activity
significantly decreased below 15 °C (Berbenni et al., 2000, Francis et al., 2001, Tebo and Emerson,
1985, Tipping, 1984), the growth of cold-adapted MnOB populations is critical for the acceleration
of Mn removal under these challenging conditions. Understanding microbial diversity and
community compositions in Mn biofilters and characterizing the Mn-oxides formed at low
temperatures can expand our knowledge of microbially-mediated Mn(ll) oxidation for the

treatment of cold groundwater using biofiltration technology.

2.4. Manganese biofiltration in Canada

In Canada, the commonly applied methods to treat Mn(ll)-rich groundwater are chemical
oxidation followed by sand filtration, adsorption/oxidation, separation using Mn-oxide coated
filter media, and reverse osmosis. All these treatment methods require either strong oxidants (e.g.,
O3, Cly, CIO2, or KMnOQ4), adsorbents (e.g., manganese green sand), or membranes. As a result,
the application of these technologies in practice can be costly.

In Canada, water treatment companies are becoming interested in using biofiltration
technology to treat Mn(I1) in water resources. For the first time in 1992, ONDEO Degremont Ltd.
successfully conducted pilot-scale and full-scale biofilter operations to treat iron (Fe(ll)) and
Mn(Il) from local groundwater wells in Woodstock, NB (Gage et al., 2001). This study reported
that biofiltration technology is economically cheaper than conventional treatments. The total
installation cost for a full-scale biofiltration plant was about 60% less than for a physical/chemical
plant (about $800,000 compared to $1,460,0000). According to the Industry Canada (2008) report,
UV treatment and biological treatment are increasingly preferred in the water treatment industry.
According to the same report (Industry Canada, 2008), the survey conducted by EBI Inc. showed
that biological treatment is one of the most preferred technologies for the water industry in Canada.

Currently a Research and Development team at Delco Water, a Saskatoon-based water
treatment company, is developing a new biofiltration system specifically for Fe(Il) and Mn(Il)
removal from local groundwater supplies. The ultimate goal of this R&D project is to accelerate
biofilteration functionalization for Fe and Mn removal in the water sources, and then scale up the
biofiltration for integration into the existing water treatment plants. As a part of this project, a
pilot-scale biological filtration unit has recently been designed, constructed and operated by Delco

Water at the Langham water treatment plant (LWTP) in Saskatchewan, Canada.
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With total initial concentrations of 2.81+0.02 mg/L for Fe(ll) and 0.88+0.01 mg/L for
Mn(ll) in the influent groundwater, the pilot-scale biofilters at LWTP achieved removal
efficiencies of 99% for Fe(ll) and 60% for Mn(ll). Plastic media, sand, and gravel were used as
filter media in this pilot-scale biofilteration. However, Mn(l1) concentration in the biofilter effluent
did not meet the DWS of 0.05 mg/L, even after the pilot-scale biofilter operated for 6 months (Fig.
2.2). At that stage of the project, the long start-up period for Mn(I1) removal particularly at the low
temperatures specific to the local groundwater source (4 to 8 °C) was observed. The long start-up
periods at that stage of the project was a major concern to Delco Water. Low groundwater
temperatures in biofiltration systems hinder microbial metabolic activity, causing slower rates of
biological Mn oxidation. It is necessary to address this challenge in order to improve the

functioning and efficiency of biofiltration technology under low-temperature regimes.
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Fig. 2.2 Monitoring of Mn(11) concentrations in the groundwater influent and effluent
of the pilot-scale biofiltration unit with newly filled with virgin filter media at the Langham
water treatment plant, showing the long acclimation period for Mn(l1) removal (over 100
days), during which Mn(ll) removal from the groundwater fluctuated greatly at low

temperatures (4 to 8 °C).
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2.5. Problems with biofilter functionalization for manganese removal

Biofiltration technology has been widely adopted in Europe and North America to remove
Mn(I1) from water sources. However, some problems associated with the functionalization of Mn
biofiltration for full-scale operations need to addressed.

Firstly, the long start-up periods observed in Mn biofilteration. A start-up period of several
months is required for biofilters to achieve steady-state functioning and meet DWS with virgin
filter media. Especially under low- temperature regimes, start-up periods can be further prolonged
leading to greater associated costs and reduced treatment capacity (Tekerlekopoulou et al., 2013).

Secondly, Mn(ll) removal in biofilters is also dependent on the existing geochemical
conditions in the local groundwater source. Inefficient Mn biofiltration may be caused by the
groundwater chemistry, (i.e., low pH (<7) and/or high ammonia (NHs-N) concentrations (>2.5
mg/L)) (Gouzinis et al., 1998).

Long start-up periods in Mn biofiltration at low temperatures are a major concern and the
primary challenge to address in this study. It is known that Mn(11) removal in biofilters is initiated
by bacterial oxidation and MnOB are critical for biofilter performance (Burger et al., 2008b).
Bacterial metabolic activity is temperature-dependent and varies from site to site (Berbenni et al.,
2000, Gulay et al., 2016). Low on-site temperatures can hinder MnOB activity, which may result
in long start-up periods or the need for an energy-intensive water treatment facility, and may
ultimately increase the cost of biofiltration operations (Cai et al., 2014, Tekerlekopoulou et al.,
2013). This is a concern particularly in the vast northern cold-climates of Canada, China, some
European countries, and the U.S. (Alaska) (Cai et al., 2014, Berbenni et al., 2000, Bourgine et al.,
1994, Susanne et al., 2017).

Previous biofiltration studies conducted for groundwater at low temperatures (3-15 °C)
have reported a wide range of start-up periods on the order of 2 to 8 months (Bourgine et al., 1994,
Cai et al., 2014, de Vet et al., 2009, Li et al., 2005, Li et al., 2013). Previous studies also reported
that biological Mn(11) oxidation activity significantly decreases below 15 °C (Berbenni et al., 2000,
Francis et al.,, 2001, Tebo and Emerson, 1985, Tipping, 1984). However, other studies
demonstrated the ubiquity of indigenous MnOB that are adapted to cold habitats in Antarctica
lakes (Krishnan et al., 2009), which might suggest a reliable resource for Mn biofiltration
initiation. The functionality of these cold-adapted MnOB specific in low-temperature Mn(Il)
biofiltration has been reported for a few biofiltration studies at low temperatures (Cai et al., 2014,
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Li et al.,, 2013). These studies reported the occurrence of relatives of known MnOB genera
(Pseudomonas, Crenothrix, Leptothrix, and Hyphomicrobium) in the successfully operated low-
temperature Mn Dbiofilters. However, their functionality and importance in Mn(ll) removal
specially at low temperatures is not described (Table 2.2). Therefore, additional research is needed
to investigate the role of MnOB adapted and enriched in biofilters operating at low temperatures,
which may be critical for successful biofiltration. Examining factors that can improve the
conditions for biological Mn(ll) oxidation is critical for designing, planning, and managing
biofiltration, especially when it is implemented in cold climates.

Ripened biofiltration unit filter media, with Mn-oxide coating plays a significant role in
enhancing physico-chemical/auto-catalytic Mn(Il) oxidation (Sahabi et al., 2009). Mn-oxide
surface coatings on filter media tend to adsorb and further oxidize soluble Mn(ll), which is an
autocatalytic oxidation reaction. Katsoyiannis and Zouboulis (2004), Cerrato et al. (2011), and
Voegelin et al. (2014) reported that Mn(I1) was oxidized to form Mn(l11/1V)-oxide precipitates in
the biofilters, likely promoting autocatalytic oxidation. Bourgine et al. (1994) and Bruins et al.
(2015a) reported the formation of Mn(l11/1V) oxides in a successfully operated, low-temperature
manganese removal filter. Bruins et al. (2015a) reported the presence of birnessite, a Mn-oxide
with valence +3.5 to +3.9, in the filter media coatings and backwash sludge of a pilot-scale Mn
removal filter operated at 10.5-12.5 °C. In this study, Bruins et al. (2015a) reported the birnessite
formation in the filter column was most likely initiated via biological activity. With the progress
of filter ripening and development of the surface coating, birnessite formation was predominantly
controlled by physico-chemical mechanisms (Table 2.2). Therefore, the autocatalytic property of
Mn-oxide surface layers may accelerate Mn(ll) oxidation under low-temperature regimes
(Learman et al., 2011). However, additional research is still required. Specifically, the types of
Mn-oxides formed on the filter media surfaces in low-temperature biofilters has not been
adequately studied, nor has the synergy between biological and physico-chemical Mn(ll)
oxidation. Understanding the formation of Mn-oxides on virgin filter media, and expanding our
knowledge of key operational and design parameters, are required to overcome the challenges of
treating Mn(l1) in cold-region groundwater.
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Table 2.2

biofiltration systems.

Literature review on characterization of microbial communities and filter media in a low temperature Mn

Temperature Analytical Known AOB,
Design  Contaminants (F‘)’C) tools Key information FeOB and MnOB  Reference
employed genera
Pilot- Fe, Mn, and Bourgine
A 11 SEM Presence of Mn(1V)-oxide identified NA etal.
scale NH.
(1994)
Presence of birnessite on the aged
filter media confirmed. Formation of
birnessite was most
SEM, EPR, likely initiated via biological activity. .
Bench-  Fe, Mn,+and 10.5-12.5 and Raman With the progress of filter ripening NA Bruins et
scale NH4 a al. (2015a)
spectroscopy and development
of the coating, birnessite formation
became predominantly by physico-
chemical mechanisms
Fe. M q The spatial distribution of microbial
€, Nl_r|1,+an populations along the depth of the
4 biofilter demonstrated Nitrospira,
the stratification of the removal of Prostecobacter
Field- 3 seq(ljjlé)nnceing iron, manganese and ammonia Pseudomonas, Li et al.
scale and T-RFLP P Gallionella, (2013)

Leptothrix, and
Hyphomicrobium




_ _ Temperature Analytical _ _ Known AOB,
Design  Contaminant (°C) tools Key information FeOB and MnOB  Reference
employed genera
Candidatus
Nitrotoga,
454 This study has demonstrated that Fe, Crenothrix,
Pilot- Fe, Mn, and 3.4 roseqUe- Mn, and NH4* functional oxidizing ~ Hyphomicrobium, Cai et al.
scale NHz-N pyncing b bacteria that can be acclimated Leptothrix, (2014)

to low-temperature water conditions

Nitrosomonas,
Nitrospira, and
Nitrosospira

8T

a: analytical tools employed characterization of filter media

b: analytical tools employed characterization of microbial community



3. BIOFILTRATION FIELD STUDY FOR COLD Fe(l1)- AND Mn(ll)- RICH
GROUNDWATER: ACCELERATED Mn(Il) REMOVAL KINETICS AND
COLD-ADAPTED Mn(I1)-OXIDIZING MICROBIAL POPULATIONS

Accepted in Water Quality Research

19



This chapter is written in joint authorship with Wonjae Chang (supervisor), Joyce M. McBeth (co-
supervisor), Babak Roshani (Delco Water), and Brian Rindall (Delco Water). The study is part of
an NSERC Engage project and MITACS Accelerate Research in collaboration with Delco Water
led by Dr. Wonjae Chang (Principal Investigator). Babak Roshani and Brian Rindall designed and
operated a pilot-scale biofiltration unit at Langham Water Treatment Plant. Sandeepraja Dangeti
designed and conducted all the lab experiments. PXRD data was collected by Sandeepraja Dangeti
and Joyce McBeth. SEM analysis performed at Saskatchewan Research Council. EPR data was
collected by Dr. Ramaswami Sammynaiken. Jonathan Vyskocil prepared and executed the
sequencing data pipeline in mothur. Data analysis and interpretation, and manuscript preparation
was conducted by Sandeepraja Dangeti under the supervision of Wonjae Chang, Joyce McBeth,
and Babak Roshani. The tables, figures, and references cited herein have been reformatted to fit
the thesis style.

20



3.1. Abstract

Removal of Mn(ll) from Fe(ll)- and Mn(ll)-rich groundwater in cold regions is
challenging, due to slow Mn(Il) removal kinetics below 15 °C. This study demonstrated the onset,
acclimation and acceleration of Mn(ll) removal in a two-stage pilot-scale biofilter (Fe and Mn
filters) at varying low on-site temperatures (8—14.8 °C). Mn(ll) removal commenced at 8 °C in the
Mn filter after Fe(1l) removal. A shift in redox-pH conditions favored biological Mn(Il) removal
and Mn(ll)-oxidizing bacteria increased. The Mn filter reached steady-state functioning after 97
days, exhibiting high removal efficiencies (97£0.9%). Yet, first-order rate constants (k) for Mn(11)
removal were low (10°-10° min?; t1,=~40 d). After consecutive backwashes and a filter
inoculation with backwashed sludge, k remarkably accelerated to 0.21 min? (t12=3.31 min at
11+0.6 °C). The cold-adapted microbial consortium (51 genera), including Pseudomonas,
Leptothrix, Flavobacterium, and Zoogloea, cultured from the field-aged biofilter rapidly produced
biogenic Mn-oxides at 8 °C, which was confirmed by the electron paramagnetic
resonance spectroscopy. Birnessite and pyrolusite detected by synchrotron-based powder X-ray
diffraction, and a repetitive birnessite-like surface morphology on the ripened filter materials, were
consistent with autocatalytic oxidation. Shifting in k indicated the vertical progress of biofilter

ripening, which was not limited by low temperature.

Keywords: Biofiltration; Biological Mn(l1) oxidation; Groundwater; Accelerated Mn(l1) removal;

Mn(Il)-oxidizing bacteria; Birnessite
3.2. Introduction

Dissolved manganese in groundwater exists in its reduced form, Mn(ll). Excess soluble
Mn(ll) is a common element of concern in water supplies. Under redox conditions favorable for
Mn(ll) oxidation, Mn(ll) is converted to solid, dark brown Mn (I11/IV) oxides, which results in
black discoloration and lowers the aesthetic quality of drinking water. The deposition of
Mn(111/1V) oxides causes scaling and corrosion in water supply infrastructure (Pacini et al., 2005).

Biofiltration technology has been widely considered for the treatment of Mn-rich
groundwater. Biofiltration promotes microbially mediated Mn(ll) oxidation that converts soluble

Mn(11) to insoluble Mn(l11/1V)-oxide precipitates, which are easily filtered out by filter media in
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biofiltration systems. However, microbial activity is temperature-dependent. Low temperatures
greatly hinder the activity of mesophilic Mn(I1)-oxidizing bacteria (MnOB), resulting in long start-
up periods and the need for energy-intensive biofiltration (Tekerlekopoulou et al., 2013). This is a
concern particularly in vast northern cold-climate regions (e.g., Canada, Alaska, and northern
China and Europe) (Stembal et al., 2005, Cai et al., 2014, Susanne et al., 2017). Previous studies
report that Mn(11) removal promoted by MnOB activity and/or Mn-oxide surface coatings on filter
materials significantly decreases below 15 °C (Berbenni et al., 2000, Cooley and Knocke, 2016).
The Mn(I1) oxidation activity of Leptothrix discophora (MnOB) incubated at 8 °C, for example,
was suppressed to 50-80% of its oxidation activity at room temperature (Boogerd and de Vrind,
1987).

However, at the same time, MnOB are ubiquitous in natural and engineered environments
such as the deep sea, rivers, lake sediments, fjords, and water pipes (Tebo et al., 2005). Indigenous
MnOB tolerant to low temperatures may be abundant or even prevail in cold habitats (Krishnan et
al., 2009). Enriching growth of MnOB adapted to low temperatures may be crucial for the onset
of Mn(ll) oxidation and the generation of biogenic Mn-oxides. Those biogenic Mn-oxides may
then trigger autocatalytic Mn(11) oxidation during biofiltration (Bruins et al., 2015a, Burger et al.,
2008b), which may positively influence the kinetics of Mn(I1) removal in cold environments. Yet,
cold-adapted MnOB capable of rapidly generating Mn-oxides at low temperatures have not been
extensively reported in previous field studies. In addition, the onset, acclimation, and acceleration
of Mn(Il) removal under low temperature regimes has not been extensively described in
biofiltration studies conducted at field sites.

In this study, a flow-through pilot-scale biofiltration unit containing virgin filter media
(anthracite, sand, and gravel) was installed for a field experiment for the treatment of cold Fe(ll)-
and Mn(l1)-rich groundwater. Aqueous Fe(l1) is often naturally abundant when groundwater is rich
in Mn(Il). Iron oxidation is very thermodynamically favorable and occurs rapidly in the presence
of oxygen. However, the Mn(Il) oxidation kinetics are very slow or negligible in the absence of
biotic and/or abiotic catalysts (Mouchet, 1992). This study focuses on Mn(Il) removal through a
two-stage biofiltration unit at a water treatment plant in the town of Langham (Saskatchewan,
Canada), which has an annual mean temperature of ~2 °C. The temperature of the influent
groundwater that continuously flowed into the biofiltration unit ranged from 4 to 8 °C, and the

effluent temperature of the Mn filter ranged from 8 to 14.8 °C throughout the study. The objective
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of this study was to demonstrate how Mn(ll) oxidation activity commenced, acclimated and
accelerated in the biofiltration unit under the low on-site temperature regime. This study also
addresses how Mn(ll) removal kinetics is related to filter ripening. A cold-adapted MnOB
consortium derived from the sufficiently aged Mn filter was investigated.

3.3. Materials and methods

3.3.1. Natural groundwater

The groundwater source in this field experiment was the Floral Formation of the Dalmeny
aquifer in Saskatchewan (SK) (Fortin et al., 1991), accessed via a groundwater well at the Langham
Water Treatment Plant (52.36 N 106.95 W). Water chemistry data and operational parameter data
for the influent groundwater used in this study are presented in Table 3.1.

3.3.2. Pilot-scale biofiltration system

Fig. 3.1 illustrates the schematic diagram for the biofiltration unit. The biofiltration unit
was designed to remove Fe(ll) in the first filter (Fe filter) and Mn(ll) in the second filter (Mn
filter). From top to bottom, the two filter columns contained four layers of filter media: granular
anthracite, fine sand, coarse sand, and gravel. An aeration tank with an air compressor was installed
between the Fe and Mn filters to aerate the groundwater. The biofiltration experiment was
conducted over 6 months from July 2014 to January 2015, to include both a summer and a winter
season. The operational parameters for the biofiltration unit are summarized in Table 3.1. Detailed

information about the biofiltration operation is available in Supplementary Material.

3.3.3. On-site monitoring and chemical analyses

During biofiltration, water chemistry data were collected on-site for the effluents of the
two biofilters: Fe(Il) and Mn(Il) concentrations, temperature, pH, oxidation-reduction potential
(ORP), and dissolved oxygen (DO). Colorimetric analyses were used to measure Fe(ll) and Mn(l1)
concentrations (Hach Methods 8146 and 8149, respectively). Two sets of three probes were
installed at the outlet of each biofilter (Hach-PD2P1, Hach-RD1P5, and Hach-5540D0C) to
monitor pH, ORP, DO, and temperature. The formation of Mn-oxides on the filter media in the

biofiltration unit was assessed on-site using the leucoberbelin blue | (LBB I) colorimetric assay
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(Sigma-Aldrich Canada). For water samples collected from the Mn filter, off-site analyses were
performed using inductively coupled plasma optical emission spectroscopy (ICP-OES) to
precisely measure Fe(ll) and Mn(ll) concentrations in the groundwater before and after the
biofiltration treatment. Detailed information about effluent sampling (triplicate) and data analyses,

including statistical analyses, is presented in Supplementary Material.

Table 3.1 Operational parameters for the pilot-scale biofiltration unit and water
chemistry data for the influent and effluent groundwater.

Operational parameters

Flow velocity 3.21 m/h

Number of backwashes 9

Filter depth (cm)

Head space 44
Anthracite 50

Fine and coarse sand 41
Gravel 20

Groundwater chemistry

Influent  Mn filter effluent

Temperature (°C)?2 4-8 8-14.8
pH? 7.1 7.2-1.8
ORP (mV)? -45 300 to 500

Total Fe (mg/L)>¢  2.81+0.02  0.002+0.001

Total Mn (mg/L)>¢  0.88+0.01¢ <0.001
NHs-N (mg/L)" ¢ 0.53 0.13
NOs-N (mg/L)"¢ 0.009 0.49

a: Measured using the sensors on-site

b: Sampled at 110 days

c: ICP-OES analyses/colorimetric method

d: 0.88+0.01 mg/L in groundwater influent; and 0.84 mg/L in Fe filter effluent
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3.3.4. Viability, metabolic activity, and cold-adapted MnOB consortium

culturing

The number of viable MnOB, the most probable number (MPN), and adenosine
triphosphate (ATP) concentrations were determined using similar methods to those media in
previous studies (Tebo et al., 2007). Cold-adapted MnOB consortia were cultured at 8 °C using
backwash water collected on Day 110 from the Mn filter. Further information for the culture-
dependent analyses above is presented in Supplementary Material.

Genomic DNA was extracted from the cultured consortium using PowerWater® DNA
Isolation Kits (MoBio Laboratories). Extracted DNA was sent to RTLGenomics (Lubbock, Texas)
for high-throughput amplicon sequencing using the Illumina-MiSeq platform. Raw sequence reads
were processed using the mothur software package, version v.1.32.0, following the standard
operating procedure for MiSeq analyses (Schloss et al., 2009). Paired 16S rRNA gene amplicon
reads from the enriched MnOB consortium was deposited in the European Nucleotide Archive
(ENA) under project number PRJEB15479, and accession numbers ERS1360945 and
ERS1360944.

3.3.5. Mn-oxide characterization

To characterize the surface morphology and elemental composition of the solid precipitates
and filter materials, analyses were conducted using scanning electron microscopy with energy
dispersive X-ray spectrometry (SEM/EDS; Hitachi S3000-N SEM with a Quartz PCI XOne SSD
X-ray analyzer). An electron paramagnetic resonance (EPR) spectroscopy analysis was performed
for the precipitates obtained from the culturable MnOB consortium (Supplemental Material).
Synchrotron-based powder X-ray diffraction (PXRD) analyses were conducted using the Canadian
Macromolecular Crystallography Facility’s bending magnet beamline (CMCF-BM, 08B1-1) at the
Canadian Light Source (CLS). Detailed information about the data processing is available in
Supplementary Material.
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3.3.6. Kinetic analyses for Mn(I1) removal

Mn(I1) removal kinetics are expressed using the following first-order kinetic model that
considers empty bed contact time (EBCT), as described in previous studies (Yang et al., 2015,
Zeng et al., 2015, Cheng et al., 2016, Katsoyiannis and Zouboulis, 2004).

dMn(D]; _

In the equation above (3.1); k is the first-order rate constant (min) for the overall removal
of Mn(ll), which may include biological and/or physico-chemical removal; [Mn]: is the
concentration of Mn(ll) at the EBCT; and EBCT is the amount of time an influent to be treated is

in contact with the filter media in a vertical filter column. The EBCT is calculated as follows:

EBCT = Volume (L)

Flow rate (#)

The Mn(1l) concentrations in samples collected from the four sampling ports of the Mn
filter were measured for the kinetic analysis calculations. Temporal changes in the vertical
distribution of Mn(Il) concentrations were assessed using the four sampling ports installed
vertically along the biofiltration unit at varying depths. Contour maps for Mn(I1) concentrations in
the Mn filter were generated using Surfer 13 (Golden software).

3.4. Results and discussion

3.4.1. Start-up and steady-state functioning of the biofilter

Dissolved Fe(ll) concentrations in the groundwater decreased dramatically through the Fe
filter (Fig. 3.2A). Fe(ll) concentrations in the effluent stream of the Fe filter were consistently
below the drinking water standard (DWS) for Fe(ll) of 0.3 mg/L. Dissolved Fe(ll) was removed
from the groundwater prior to Mn biofiltration consistently over the course of the field experiment
(183 days).
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Fig. 3.2B presents changes in the Mn(I1) concentrations in the Mn filter effluent over time.
Fig. 3.2C shows the effluent temperatures monitored at the outlet of the Mn filter. Mn(Il)
concentrations in the Mn filter effluent were relatively stable over the first month (Days 0-29) at
~0.8 mg/L, which was only ~0.1 mg/L less than the Mn(ll) concentration in the influent
groundwater (0.88+0.01 mg/L). However, between Days 29 and 34, Mn(Il) concentrations began
to decrease in the Mn filter effluent (Fig. 3.2B). Meanwhile, the effluent temperatures were stable
at 8 °C for the first 81 days of the biofiltration experiment, indicating that Mn(ll) removal
commenced in 29-34 days at the on-site temperature of 8 °C. Two additional months were required
to reach steady-state functioning of the Mn filter at 97 days, at which point the Mn(ll) removal
efficiency was high and stable (97£0.9%). The mean effluent temperature during the steady-state
functioning period was 12+0.6 °C.

Mn(I1) concentrations in the Mn filter effluent collected at the site were 0.03+0.01 mg/L
during the steady-state functioning period. The ICP-OES analyses for the effluent collected on
Day 110 confirmed that total Mn(Il) concentrations in the effluent were below the DWS of 0.05
mg/L (Table 3.1). The difference in the datasets for mean total Mn(ll) concentrations in the
groundwater before and after biofiltration was statistically significant, with p < 0.0001 (t-test,
Table 3.1). The LBB I assay (Fig. 3.2E) provided an on-site indication of Mn-oxide formation on
the anthracite and sand collected from the Mn filter on Day 183 (at the end of the experiment).
Mn(I1) oxidation in the Fe filter was negligible, as indicated by the LBB 1 assay for the filter media
collected from the Fe filter (Fig. 3.2D). Total Mn concentrations in the Fe filter effluent (Day 110)
were as high as 0.84 mg/L. This is most likely due to the lower redox potential in the Fe filter (e.g.,
< 200 mV), which allows Fe(ll) oxidation but not Mn(ll) oxidation (Mouchet, 1992). NHs-N
concentrations were as low as 0.53 mg/L in the groundwater influent, and nitrifying activity would
most likely not prevail in the Fe filter at that low NHs-N concentration.

After Mn(1l) removal began at 8 °C and shortly before the start of steady-state functioning
in the Mn biofilter, the effluent temperature increased from 8 to 13 °C due to indoor heating in the
water treatment facility in October (Fig. 3.2C). There was no direct heat supply to the biofiltration
units. After October, effluent temperatures fluctuated between 9.5 and 14.8 °C until early
December (after the steady-state condition was reached), and then stabilized at 11+0.6 °C for the

rest of the winter period (until January), during which the Mn(Il) removal efficiency of the Mn
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filter was still stable at 97% and was not influenced by the temperature fluctuations (Fig. 3.2B and
3.2C).

3.4.2. Shift in oxidation-reduction potential

The ORP in the Mn filter gradually increased as the Mn(I1) concentrations decreased in the
Mn filter effluent stream (Fig. 3.3A). This correlation was statistically significant based on a
Spearman correlation analysis (correlation coefficient: -0.84, p < 0.0001). Once the ORP in the
Mn filter reached 300 and 313 mV around Days 29 and 34, Mn(ll) removal commenced as
described above (Fig. 3.3A). A steep increase in the ORP from ca. 300 to ca. 430 mV was observed
shortly after a filter backwash with a subsequent inoculation of the Mn biofilter with the
backwashed sludge. At that point, the ORP remained over 400 mV and became relatively stable
between 400 and 500 mV. Once the steady-state functioning of the Mn filter was established, the
ORP was less sensitive to both temperature fluctuations and backwashing frequency (Fig. 3.2C
and 3.3A).

Using the ORP and corresponding pH data measured from the influent groundwater and
Mn filter effluent, a Pourbaix diagrams (Mn-H>O system) was constructed (Fig. 3.3B). The Eh (or
ORP) and pH conditions of the Mn filter notably shifted from reducing to oxidizing conditions
over the course of biofiltration. As the Mn filter acclimated, Eh-pH conditions in the Mn filter
gradually shifted to conditions suited for biological Mn(Il) oxidation, similarly to the results
reported by Mouchet (1992) and Pacini et al. (2005). Once the steady-state functioning of the Mn
filter was reached (after 97 days), all Eh-pH data points fell within the field of biological Mn(I1)
removal. The shift in the redox conditions and pH in the Mn filter suggested the enhancement of
biological Mn(ll) oxidation.

The Fe(Il), NHs-N, DO concentrations, and pH were not within their limiting ranges for
biological Mn(Il) oxidation (Table 3.1). The DO content in the Mn filter was consistent at 9+1.7
mg/L. An increase in NO3-N concentrations from 0.009 to 0.49 mg/L was observed during
biofiltration. However, nitrification did not appear to inhibit Mn(ll) oxidation in the Mn filter,

presumably due to the low initial concentrations of NHs-N (< 1.0 mg/L).
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3.4.3. Viability and metabolic activity of microbial populations

The viable populations of culturable aerobic MnOB in the effluent and backwash water of
the Mn filter (collected on Day 110, early in the period of steady-state functioning) were
significantly greater than in the untreated groundwater (also sampled on day 110), based on the
plate-count enumerations of MnOB at the start-up temperature of 8 °C (Fig. 3.4A; one-way
ANOVA, p <0.0001). Similarly, the MPN data for Day-106 samples showed that a greater number
of culturable heterotrophs were present in the Mn filter effluent (93 MPN/mL) than in the influent
groundwater (2 MPN/mL) and the Fe filter effluent (59 MPN/mL). The ATP concentrations
measured after the experiment in the groundwater, storage reservoir, Fe filter effluent, and Mn
filter effluent indicated that ATP was notably elevated in the Mn filter effluent, indicating that
microbial metabolic activity continued throughout the period of steady-state functioning (Fig.
3.4B).
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Fig. 3.4 (A) Viable Mn(ll)-oxidizing bacteria in the Mn filter effluent on Day 110,

enumerated at 8 °C. (B) ATP concentration.
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3.4.4. Cold-adapted MnOB consortium

The culturing experiment using backwash water collected on Day 110 was conducted to
identify a culturable MnOB consortium adapted to the start-up temperature (8 °C), and to visually
observe biogenic M- oxide formation. The backwash water, used as inoculum, was collected when
the ORP of the Mn filter exceeded 400 mV (Fig. 3.3B). The MnOB consortium enriched from the
backwash water was able to rapidly produce biogenic Mn-oxides within five days at 8 °C (Fig.
3.5). The EDS analysis detected Mn in the precipitates (Fig. 3.5D). The SEM images showed
poorly crystalized precipitates with amorphous morphology, which is characteristic of biogenic
Mn-oxides (Fig. 3.9). The Mn-bearing solid precipitates exhibited a AH of 394 gauss, centered at
a g-factor of 2.0, confirming the biogenic origin of the Mn-oxides (Fig. 3.5E). Conversely, the AH
and g-factor of chemically synthesized birnessite mineral (standard) were 2816 gauss and 2.0,
respectively, indicating an abiotic origin for the Mn-oxides (Fig. 3.10). The rapid formation of
biogenic Mn-oxides at 8 °C reflected that the Mn filter had biologically acclimated to the low on-
site temperatures. Even for filter media that were pre-coated with Mn-oxides in other Mn(ll)-
removal studies, temperatures below 15 °C (especially below 10 °C) still significantly decreased
the Mn(I1) removal efficiencies (Cooley and Knocke, 2016, Jia et al., 2015).

The lllumina-MiSeq 16S rRNA gene sequencing analysis for the microbial consortium
identified known MnOB genera, Pseudomonas, Leptothrix, Flavobacterium, and Zoogloea
(highlighted in bold font in Fig. 3.5C). Approximately 60% of the microbial consortium sequence
reads were relatives of known MnOB. Of these, Pseudomonas, Leptothrix, and Flavobacterium
have been frequently reported in Mn biofiltration studies (Cai et al., 2015, Tekerlekopoulou et al.,
2013). However, the microbial consortium includes other diverse populations (over 46 genera),
including Rhodocista (11.3%), Phaselicystis (7.3%), Bdellovibrio (5.1%), and Hydrogenophaga
(<2.5%).
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3.4.5. Accelerated Mn(I1) removal and filter media ripening

After the multiple backwashes and inoculation of the Mn filter with biologically-aged
backwash sludge collected at high ORP values (+400 mV)—representing the strong activity of
acclimated MnOB and rapid biogenic Mn-oxide formation—a drastic increase in the first-order
rate constant (k) for Mn(1l) removal was observed, an increase of up to five orders of magnitude
(Fig. 3.6D). The k values were as low as 10 to 10®° min* between Day 97 (the beginning of
steady-state functioning) and Day 127. The k value rose steeply to 0.21 min™t immediately after
the multiple backwashes and backwash sludge inoculation on Days 127 to 132 (Fig. 3.6D). The
corresponding half-life (ty2) for Mn(Il) removal was substantially decreased from ~40 days on
Day 92 (before the acceleration) to 3.31 min on Day 159 (after the acceleration).

The acceleration of Mn(1l) removal kinetics in the Mn filter was observed in the middle of
steady-state functioning, at a time when high Mn(ll) removal efficiencies had already been
observed (Fig. 3.6D). This finding indicates that tracking Mn(ll) removal efficiency does not
adequately take into account the ripening of the filter media. Fig. 3.7 shows that k values were as
low as 0.007 to 0.068 min™* between Days 132 and 148, even though the Mn filter exhibited the
97% removal efficiency due to the ripened bottom layers. Low k values reflected the incomplete
ripening of the filter media. The drastically accelerating Mn(11) removal kinetics correlated to the
progressive vertical ripening of the Mn filter media. The filter ripening progressed from the bottom
(gravel), to the middle (sand), and to the top (anthracite), likely due to accumulating precipitates,
biomass and/or sludge solids at the bottom (Fig. 3.7). The different types of filter media did not
significantly affect biofilter ripening. As the k value for Mn(I1) removal reached 0.21 min* with a
short half-life of 3.31 min, Mn(ll) from the influent groundwater was depleted rapidly as it passed
through the topmost layers of the Mn filter (as specifically shown at 159 days in Fig. 3.7). At this
stage, the Mn filter was considered nearly fully ripened based on the maturation of Mn(11) removal
kinetics.

The findings presented herein are important from a field perspective. Tracking changes in
the EBCT-based rate constant for Mn(I1) removal is a simple approach to indicating filter ripening
that is sufficiently advanced to trigger meaningful Mn(Il) removal under low temperature regimes,
and to determining the effective ripening period required for a biofilter. During the period of

accelerated Mn(11) removal, the Mn filter effluent temperatures were very stable at 11+0.6 °C (Fig.
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3.6C and 3.6D). The water temperature of 11 °C did not limit the acceleration of Mn(Il) removal.
The first-order rate constant of 0.21 min* obtained after filter ripening in this study is comparable
to rate constants for Mn(11) removal reported in previous Mn-biofiltration studies conducted at a
wide range of temperatures. Some of those studies were conducted at warmer temperatures and
with pre-aged Mn filter materials (Table 3.2). The 4-month aging period in this study was shorter

than those in previous studies (Table 3.2).

3.4.6. Birnessite and pyrolusite formation and surface morphology

Birnessite (K-rich MnO2; Mn(IV) oxide) and pyrolusite (B-MnO2; Mn(IV) oxide) were
detected in the anthracite collected on Day 183 (end of the experiment), confirming that the Mn
filter was fully ripened with Mn-oxides with the highest Mn oxidation states (Fig. 3.8C) based on
the Mn oxidation pathway. The Mn oxidation states exhibited by birnessite and pyrolusite were
+3.5 t0 +3.9, and +4, respectively. Hausmannite (MnzO4; Mn(I11) oxide) with Mn oxidation state
+2.7 (Bruins et al., 2015b) was detected in centrifuged backwash water collected on Day 110 (early
steady-state functioning period).

The ripened anthracite collected from the Mn filter on Day 183 was coated mainly by Mn-
rich substances with a repetitive coral-like morphology (Fig. 3.8B). This surface morphology is
similar to that of birnessite formed by autocatalytic Mn(ll) oxidation based on visual comparisons
of SEM images (Bruins et al. 2015a; Jiang et al. 2010). However, variations in the surface
morphologies of Mn-rich coatings on the ripened filter media were easily observable on Day 183
(Fig. 3.8A and 3.8B). The SEM images of some surfaces of the ripened anthracite indicated a
birnessite-like surface morphology that contains fewer coral-like patterns and appears to be fluffier
(Fig. 3.8A). This morphology has been observed for biogenic Mn-oxide coatings previously
(Bruins et al., 20154, Jiang et al., 2010). Considering the multiple lines of evidence of enhanced
biological Mn(ll) oxidation, we conclude that wvarying birnessite-like surface-coating
morphologies reflected microbially-mediated autocatalytic signatures of Mn(ll) oxidation.
Birnessite acts as an autocatalyst for physico-chemical Mn(ll) oxidation (Bruins et al., 2015b).
The detection of birnessite (crystalized) in the ripened filter media may be connected to the
accelerated Mn(11) removal kinetics observed in this biofiltration study.
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Table 3.2 Comparison of rate constants (k) from this study and various other Mn biofilter designs.
Temperature k Flow Experiment Scale Initial filter Aging characteristics Reference
(°C) (min™) velocity type media status
(m ht)
: 0.17¢ 7 Field Full-scale Aged 8-month pre-aging  ~asoyiannis and
' g pre-aging Zouboulis (2004)
q . . . Stembal et al.
11.2-14.6 0.50 10-22 Field Pilot-scale Aged 8-month pre-aging (2005)
18-222 0.14-0.16° - Lab Lab scale Virgin MnOB pre-inoculation  Cai et al. (2015)
Aged using synthetic
- 0.53° 7-19 Lab Pilot-scale Virgin Mn(I1)- and As(111)- Y?;‘gl%t)a"
contaminated water
302 0.023° 06003339_ Field Pilot-scale Virgin 5-month aging Zeng et al. (2015)
. . Manganese i Cheng et al.
a C - - - -
8 0.69 Field Pilot-scale sand 18-month pre-aging (2016)
4-month aging:
4-8° . : : - ORP: >+400 mV, :
8 148 0.21 3.21 Field Pilot-scale Virgin Abundant MnOB This study

Mn-oxide formation

a: Influent water temperature
b: Effluent temperature

c: First-order rate constant

d: Treatability factor using mass-transfer-limited kinetics
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Fig. 3.8 SEM images of (A) slightly ripened and (B) well ripened surfaces within the same anthracite sample collected on

Day 183, (C) synchrotron-based PXRD data, and (D) EDS analyses for detecting elemental metals on the well ripened anthracite.



3.5. Conclusions

In the Mn filter, Biological Mn(ll) oxidation was significantly enhanced, based on the
multiple lines of evidences including shift in ORP and elevated microbial metabolic activity. In
the early stage of Mn(l1) biofiltration at 8-14.8 °C, however, the Mn filter exhibited lower k values
ranging from 10 to 10° min? at the variable on-site temperatures. Immediately after multiple
backwashes and the inoculation of the biofilter with biologically-acclimated backwash sludge, k
values markedly increased to 0.21 min*at 11+0.6 °C, which is comparable to k values obtained at
higher temperatures in previous studies. The drastically accelerating k for Mn(ll) removal was
correlated to the vertical progression of filter media ripening through the Mn filter. The PXRD
analyses detected birnessite and pyrolusite with high Mn oxidation states ranging from +3.5 to +4
in the ripened filter media. The varying surface morphologies of the ripened filter materials
exhibited combined biological and autocatalytic signatures. The MnOB microbial consortium
capable of rapidly producing biogenic Mn-oxides at the start-up temperature of 8 °C was obtained
from the biologically-aged backwash water. These findings have important implications for
improving biofiltration in cold regions, and represent a potential breakthrough for accelerating

Mn(I1) oxidation Kinetics in cold groundwater.
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3.7. Supplementary material

3.7.1. Biofiltration system and operation

A pump, flow meter, and universal controller (SC-200, Hach) were installed for each of
the two filters in the biofiltration unit. The biofilters were operated at a flow velocity of 3.21 m/h.
Both filters were configured for downward flow during treatment and upward flow during regular
backwashing for maintenance. Four sampling ports (S1 to S4 in Fig. 3. 1) were installed vertically
along the biofiltration columns to collect water samples from the biofilters. The biofilters were
backwashed using a combination of air scouring (5.8 L/min) and backwashing with raw
groundwater at a flow velocity of 24.4 m/h to generate a 25-30% bed expansion. The backwash
time for each filter was 2 min. Each biofilter was backwashed nine times over the course of the
trial (indicated in Fig. 3.2C). For two of these backwashes (at 49 and 130 days), the Mn filter was

inoculated with ~15 L of backwash sludge.

3.7.2. Effluent sampling, data analyses and Pourbaix diagram construction

Effluent water samples were collected in triplicate from sampling port S4 and preserved by spiking
them at the site with 2% (w/v) nitric acid. Ammonia-N (NH3-N), and nitrate-N (NOz™-N) in the
water samples were measured by colorimetric method using Aguakem 200 Discrete Analyzer at
SRC. A statistical t-test analysis using GraphPad Prism 5 (GraphPad Software) was performed to
verify the statistical significance of the difference in Mn(ll) concentrations before and after
biofiltration. The Pourbaix diagram (Eh-pH plot) for the Mn-H2O system specific to the cold
groundwater in this study was constructed using geochemical modeling software Phreeqcl (U.S.

Geological Survey) and the Geochemist’s Work Bench (Aqueous Solutions LLC).

3.7.3. Viability, metabolic activity, and cold-adapted MnOB consortium

culturing

The viable MnOB from the untreated and treated groundwater samples, as well as from the
backwash water collected from the Mn filter, were enumerated. The microbial enumeration was
conducted using sterile Mn(l1)-amended R2A agar (Sigma-Aldrich) and J medium agar plates

(Tebo et al., 2007) with minor modifications. Inoculated plates were incubated at 8 °C in replicates
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of four. Viable populations sizes enumerated by the R2A and modified J medium plate-counting
analyses were expressed as colony-forming units per milliliter of water (CFU/mL). A statistical
analysis (one-way ANOVA) was performed for the plate-count dataset (GraphPad Prism 5).

The most probable number (MPN) method was also used to estimate the abundance of
heterotrophic bacterial populations in the untreated and treated groundwater, using the IDEXX
SimPlate® (IDEXX Laboratories) according to the manufacturer’s instructions. Concentrations of
adenosine triphosphate (ATP), which is involved in energy transfer for microbial metabolism
(Granger et al., 2014), were measured in the influent and effluent groundwater from the biofilters
using LuminUltra’s ATP measurement test kit (Lumitester™ C-110, Hach).

For the MnOB consortium, the V4 region of the 16S rRNA gene was sequenced using the
universal prokaryotic (archaeal and bacterial) primers 515F (5-GTGCCAGCMGCCGCGGTAA-
3") and 806R (5-GGACTACHVGGGTWTCTAAT-3') (Caporaso et al., 2012). Raw sequence
reads were processed using the mothur software package (v.1.32.0) based on the standard
operating procedure for MiSeq analyses (Schloss et al., 2009). The trimmed sequences were
aligned against the SILVA bacterial and archaeal database for small-subunit rRNA gene reference
alignments (v.119) and classified using the RDP database.

3.7.4. J medium composition

The J medium agar plates were prepared using the following recipe (Tebo et al., 2007): 1.5
mM NH4CI, 20 mM HEPES buffer (~pH 7.4), 2 mM KHCOg, 73 uM KH2PO4, 10 mM sodium
succinate (CsHsNa204), 4 uM Fe2(SO4)3, 100 uM MnSOg4, 15 g noble agar (Anachemia), and 0.2%
(v/v) each of vitamin and trace element mixes (prepared as per ATCC MD-TMS and MD-VS,
www.atcc.org; based on Wolfe's mineral and vitamin solutions) in 466 mL of Langham
groundwater and 500 mL of deionized water. The media were autoclaved and poured in to sterile
perti plates.
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Fig. 3.9 (A)&(C): The SEM images indicating the amorphous nature of the solid

precipitates collected from the MnOB consortium derived from the backwash water (Day
110). (B)&(D): the results of the EDS analyses for detecting elemental metals in the

precipitates.

3.7.5. Electron paramagnetic resonance (EPR) spectroscopy

An electron paramagnetic resonance (EPR) spectroscopy analysis was performed for the
solid precipitates obtained from the culturable MnOB populations enriched from the Mn filter
backwash water. These precipitates were centrifuged and air dried for the EPR analysis.
Chemically-synthesized birnessite mineral was used as a reference standard (Hardie et al., 2007).
The EPR analysis was performed at 295 K (room temperature) using an X-band Bruker EMX EPR

spectrometer operating at 9.8 GHz. The spectra were imported for analysis into Xenon data-
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processing software (version 1.1b60, Bruker Organization). The EPR signal line width (AH in
gauss) was determined from peak to peak (distance between the highest and lowest points of the

first-order EPR signal wave) (Bruins et al., 2015a).

i AH = 2816 gauss
I:

P

0 1000 2000 3000 4000 5000 6000 7000
Magnetic field (gauss)

Fig. 3.10 The EPR analyses for the birnessite mineral standard (AH=2816 gauss).

3.7.6. Synchrotron-based powder X-ray diffraction (PXRD)

The beamline is equipped with a Rayonix MX300HE CCD X-ray detector and a silicon
(111) double crystal monochromator (Fodje et al., 2014). Three types of samples were prepared in
duplicate for the PXRD analyses: virgin anthracite, ripened anthracite from the Mn filter (183
days), and pellets from centrifuged backwash water samples from the Mn filter (110 days). The
samples were dried in a desiccator, ground to a fine powder, and loaded into 1.5 cm long, 0.81
mm/0.032 inch polyimide capillary tubes (Cole-Parmer) sealed at both ends with cyanoacrylate
adhesive (Loctite 454 Prism Instant Adhesive Gel). The PXRD patterns were collected at a
capillary-to-detector distance of 200 mm and an incident beam energy of 18 keV (A = 0.68878 A)
at ambient conditions. The sample-to-detector distance, tilt, and detector alignment were calibrated

using a lanthanum hexaboride (LaBs) standard (NIST SRM 660a LaBs). A pattern from an empty
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polyimide capillary tube was also collected at the same conditions as the samples, then subtracted
from the sample data during integration. The 2-D PXRD patterns were processed using General
Structure Analysis System (GSAS) Il software (Toby and VVon Dreele, 2013), and were radially
integrated to produce intensity versus 20 plots, with a 20 resolution of 0.005°. Phase analyses were
performed to identify Mn-oxide phases using X’Pert HighScore Plus software (v.3.0e) with a built-
in Inorganic Crystal Structure Database, Powdered Diffraction File 2/4 (Degen et al., 2014).

9/2/2015 det spot HFW WD
‘ 10:16:14 AM | ETD | 15.00kV | 3.0 | 41.4 pm | 9.6 mm

Fig. 3.11 SEM images of virgin anthracite.
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4. MICROBIAL COMMUNITIES AND BIOGENIC Mn-OXIDES IN A
SUCCESSFULLY-OPERATED BIOFILTRATION UNIT FOR COLD Fe(ll1)-
AND Mn(I1)-RICH GROUNDWATER
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4.1. Abstract

This field study investigated the microbial communities in a two-stage, pilot-scale, flow-
through biofiltration unit that successfully removed Fe(1l) and Mn(11) from cold groundwater (4—
8 °C). We have examined the relationships between the microbial data to groundwater chemistry
and characteristics of the field-aged biofilter media. lllumina MiSeq sequencing of 16S rRNA gene
amplicons obtained from the influent groundwater and biofilters (solids, effluents, and backwash
water) revealed genus-level shifts in the bacterial community across the biofiltration unit from the
influent groundwater, to the Fe filter, to the Mn filter. This community shift reflects the functional
enhancement of biological Fe(ll) and Mn(ll) oxidation. Relatives of known Fe(ll)-oxidizing
bacteria (FeOB) in class Betaproteobacteria dominated the Fe filter. Previously-known Mn(ll)-
oxidizing bacteria (MnOB) were minor members of the Mn-filter community. Betaproteobacteria
(including FeOB) appeared in both the Fe and Mn filters. Hydrogenophaga sp. (a known FeOB)
likely acted as a MnOB; specifically, Hydrogenophaga strain CDMN isolated in this study can
oxidize Mn(ll) at 8 °C. Alphaproteobacteria were major (40+10%) part of the community in the
Mn filter, however, none of these Alphaproteobacteria classified as known MnOB. Three new
potential MnOB—Azospirillum sp. CDMB, Solimonas soli CDMK, and Paenibacillus sp.
CDME—were isolated from the Fe or Mn filters. Synchrotron-based X-ray near-edge spectroscopy
(XANES) coupled with electron paramagnetic resonance (EPR) revealed that biogenic birnessite
was the dominant Mn-oxide. The co-existence of amorphous and crystallized surface
morphologies of Mn-oxide on the Mn-filter media suggests the potential occurrence of both

biological and autocatalytic Mn(l1) oxidation in the biofilter.

4.2. Importance

Understanding the microbial community in in situ engineered biofilters is important for
advancing biofiltration technology, which relies heavily on indigenous bacteria. Yet, microbial
communities in operational biofiltration systems in the field, especially under environmentally-
challenging conditions such as low temperature groundwater in cold climates, have not been
extensively investigated. We explore how functional microbial communities changed in an on-site
biofiltration unit for the treatment of cold Fe(ll)- and Mn(ll)-rich groundwater, and link the

microbial data to groundwater chemistry and filter aging. The results show shifts in the microbial
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communities reflecting the functional enrichment of useful microorganisms that form Fe- and Mn-
oxides. This study reports new putative Mn(Il)-oxidizing bacteria including Hydrogenophaga sp.
which is likely responsible for Fe(11) and Mn(11) oxidization in this low temperature system (8 °C).
This study also reveals the biogenic formation of birnessite in the successfully-operated biofilter,

a reliable indication of microbially-mediated Mn(11) oxidation.

4.3. Introduction

Uncontrolled oxidation of dissolved Mn(Il) in groundwater resources for drinking water
production is a common concern (Cerrato et al., 2010). Solid dark brown Mn(I11/1V) oxides formed
by Mn(I1) oxidation cause black discoloration of water and scaling in water distribution facilities,
lowering the aesthetic quality of drinking water and damaging water supply infrastructure. High
Mn content in water can also elevate the risk of neurobehavioral disorders in children (Bouchard
et al., 2011). Dissolved Fe(ll) and Mn(ll) often coexist in groundwater. Fe(ll) oxidation is
thermodynamically more favorable than Mn(Il) oxidation, and thus Fe(ll) is generally rapidly
removed from groundwater prior to Mn(Il) treatment (Mouchet, 1992).

Biofiltration is an attractive water treatment technology, mainly because it does not require
the use of strong oxidants (e.g., chlorine). Microbially-mediated Fe(Il) and Mn(Il) oxidation
promotes removal of excess Fe(ll) and Mn(ll) from groundwater flowing into fixed-bed
biofiltration columns filled with filter media (e.g., anthracite and sand). Mn(ll) oxidation is
kinetically negligible in the absence of abiotic catalysts and biocatalysts (Katsoyiannis and
Zouboulis, 2004). The roles of Mn(l1)-oxidizing bacteria (MnOB) are thus crucial for the start-up,
acclimation, and successful maintenance of Mn(Il) removal in biofiltration, especially under
environmentally-challenging conditions such as low temperature groundwater regimes in Canada,
Alaska, northern Europe and Asia, and Antarctica. In comparison to regions in the
southeastern/southwestern USA where the groundwater temperatures are in range of 19.5 to 25
°C, Canadian groundwater temperatures are generally in the range of 4 to 8 °C (Health Canada,
1995, Hackbarth, 1978). In general, Mn(ll) oxidation is significantly hindered below 15 °C,
causing long start-up periods and slow Mn(ll) removal during biofiltration (Berbenni et al., 2000,
Tekerlekopoulou et al., 2013). Therefore, enriching MnOB that are tolerant to low temperatures is

critical for successfully operating biofiltration for groundwater treatment in cold climates.
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In addition to biological Mn(Il) oxidation, physico-chemical Mn(Il) oxidation may occur
on Mn(l11/1V)-oxide surface coatings (formed by Mn(lIl) oxidation) on filter media. In other
laboratory studies, amorphous biogenic Mn-oxides formed by MnOB likely exhibited high surface
areas for immobilizing Mn(Il) and acted as strong oxidants that subsequently further enhance
Mn(Il) oxidation (autocatalysis) (Sahabi et al., 2009, Learman et al., 2011, Post, 1999). Bruins et
al. (2015b) reported that abiotic Mn-oxides formed by physico-chemical oxidation predominate
over biogenic Mn-oxide formation on filter media surfaces in a ripened rapid sand filter (RSF).
However, RSF systems, which require chemical-oxidizing agents, are different from biofiltration
treatment systems. Enriching useful MnOB microbial populations (biocatalysts) that are adapted
to cold groundwater temperatures are crucial for achieving successful treatment of Mn(Il)-rich
groundwater under low-temperature regimes.

This study investigates microbial communities in a two-stage pilot-scale biofilter installed
for the treatment of cold Fe(ll)- and Mn(ll)-rich groundwater with influent temperatures ranging
from 4 to 8 °C. The microbial data were then examined in the context of changes in treated
groundwater effluent chemistry (concentrations of Fe(ll), Mn(ll), NHs-N, and NO3z™-N) and the
characteristics of Mn-oxides associated with biofilter aging (oxidation states, Mn mineral
identification, and biogenic/abiotic oxide origins). High-throughput amplicon sequencing
(IMumina MiSeq) of the V4 region of 16S rRNA genes in the biofilters and groundwater, as well
as culture-dependent approaches, were used to identify putative MnOB. Mn-oxides that form on
the filter media (solids) were extensively characterized and identified using multiple instrumental
analyses, including synchrotron-based X-ray near-edge spectroscopy (XANES), X-ray
fluorescence (XRF), scanning electron microscopy (SEM) with energy dispersive X-ray
spectrometry (EDS), and electron paramagnetic resonance (EPR).

This study reveals the functional enrichment of cold-tolerant microbial communities,
including microbial populations acting as FeOB and MnOB in the biofilters. It also shows that
biogenic birnessite (Mn-oxide) that formed on the field-aged Mn-biofilter media can be a reliable
indicator of successfully engineered biofiltration that relies on biological and potentially
autocatalytic Mn(I1) oxidation at low on-site temperatures.
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4.4. Materials and methods

4.4.1. Groundwater

The source of the groundwater used in this study was the Floral Formation of the Dalmeny
Aquifer and was collected from a well at a water treatment plant (WTP) in the Town of Langham
(52°21'32.9"N 106°57'02.6"W), 35 km northwest of the City of Saskatoon in Saskatchewan (SK),
Canada. Aqueous Fe(l1) and Mn(l1) are naturally abundant in this groundwater at concentrations
of 2.81+0.02 and 0.88+0.01 mg/L, respectively, which exceed the provincial drinking water
standards (DWS) for Fe (0.3 mg/L) and Mn (0.05 mg/L). The temperature of the incoming
groundwater at the Langham WTP is generally stable and varies between 4 and 8 °C. The
oxidation-reduction potential (ORP) of the untreated groundwater varies between -32 and -75 mV,
and the pH is 7.90+0.02 (Chapter 3; (Dangeti et al., 2017)).

4.4.2. Biofiltration performance

Fig. 4.1 presents a schematic diagram of the biofiltration unit, which consists of separate
Fe and Mn filter columns (1.55 m high and 0.3 m in diameter). The fixed-bed filters are comprised
of four filter-media layers: granular anthracite, fine sand, coarse sand, and gravel. To maintain
aerobic conditions, an aerator was installed to re-oxygenate the water before it entered the Mn
filter.

The pilot-scale biofiltration unit was operated continuously at Langham WTP for 183 days
(Chapter 3; (Dangeti et al., 2017)). Briefly, Fe(ll) concentrations in the Fe-filter effluent stream
rapidly decreased below the DWS of Fe (0.3 mg/L) within five days of operation. The Fe(ll)
oxidation continued for the duration of the biofiltration experiment. The onset of Mn(I1) removal
began at around 30 days. A high Mn(ll) removal percentage of 97% (bringing the Mn(ll)
concentrations to below the DWS of 0.05 mg/L) was maintained after 97 days, at which point the
mean temperature of the Mn-filter effluent was 12.0+0.6 °C. The ORP of the Mn-filter effluent
shifted to over +300 mV, within the favourable range for biological Mn(l1) oxidation.

To confirm the changes in the groundwater chemistry for water samples collected from the
groundwater, Fe and Mn filter effluents (sampled on Day 106 of operation), inductively coupled
plasma optical emission spectroscopy (ICP-OES) and inductively coupled plasma mass

spectrometry (ICP-MS) analyses were performed at the Saskatchewan Research Council (SRC).
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Ammonia-N (NH3-N) and nitrate-N (NOs-N) in the water samples were measured using a
colorimetric method with a Aquakem 200 Discrete Analyzer at the SRC. The detection limits for
Fe, Mn, ammonia (NH3-N), and nitrate (NOs™-N) analyses using ICP-MS/OES or colorimetry were
0.0005 mg/L, 0.0005 mg/L, 0.01 mg/L, and 0.009 mg/L, respectively.

4.4.3. Sampling and sample nomenclature

A total of 19 samples, including water, backwash sludge and filter media samples, were
aseptically collected from the biofiltration unit on Days 110 (for water and backwash sludge
samples) and 183 (for inner filter solids) and were shipped in an ice box to the Environmental
Engineering Laboratory at the University of Saskatchewan. The shipped samples were
immediately processed (by filtration or centrifugation) at the lab. For DNA extractions, each water
samples was filtrated through Nalgene® 0.2 um polyethersulfone (PES) membrane. The 50 mL
aliquots of backwash sludge samples were centrifuged at 4000 g for 10 minutes and the supernatant
was discarded. The processed samples and the filter media samples were then stored at -20 or -85
°C until further sample prepration.

The sample nomenclature, presented in Fig. 4.1, is associated with the sampling locations
or sample types. The influent groundwater and initial backwash sludge from the Fe filter are
denoted as GW and BWS, respectively. The anthracite and sand samples collected from the Fe and
Mn filters are designated as Fe-An and Mn-An, and Fe-Sa and Mn-Sa, respectively. Fe-Ef refers
to groundwater effluent samples collected from the bottom of the Fe filter (prior to Mn filtration).
Backwash water samples from Fe and Mn filters are denoted as Fe-BW and Mn-BW, respectively.
The 19 samples, including GW samples in triplicate and all other samples (BWS, Fe-Ef, Fe-An
Mn-An, Fe-Sa, Mn-Sa, Fe-BW and Mn-BW) in duplicate, were analysed using microbial

community and/or Mn-oxide characterization.

4.4.4. DNA extraction and high-throughput amplicon sequencing

Genomic DNA was extracted from the 19 samples using PowerWater® DNA Isolation
Kits (MoBio Laboratories). The DNA concentrations of the samples were measured using the
Qubit® dsDNA High Sensitivity Assay kit (Thermo Scientific Canada) and ranged between 0.1
and 20.8 ng/pL. DNA purity (A260/A280: 1.7+0.3 for the 19 samples) was determined using a
NanoDrop 1000 (Thermo Scientific Canada).
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Fig. 4.1 A schematic representation of the two-stage flow-through pilot-scale

biofiltration unit with anthracite, sand, and gravel as filter media, as well as the sampling
locations and sample types. Sample abbreviations: GW: Influent groundwater; BWS: Initial
backwash sludge used as an inoculum for the Fe filter; Fe-An: Fe-filter anthracite; Fe-Sa:
Fe-filter sand; Fe-BW: Fe-filter backwash; Fe-Ef: Fe-filter effluent; Mn-An: Mn-filter
anthracite; Mn-Sa: Mn-filter sand; and Mn-BW: Mn-filter backwash waste.

The extracted DNA samples were submitted to RTL Genomics, Lubbock, Texas, for
Illumina MiSeq sequencing of the VV4-region of the 16S rRNA Bacterial and Archaeal gene for
amplicons. The  Earth  Microbiome  Project universal  primers 515F  5'-
GTGCCAGCMGCCGCGGTAA-3"and 806R 5’-GGACTACHVGGGTWTCTAAT-3' were used

for amplification (Caporaso et al., 2011). The pair-end sequences were processed using mothur,

54



version v.1.32 (Schloss et al., 2009). The mothur lllumina MiSeq standard operating procedure
(SOP) was followed to align, filter, trim, remove chimeras, and classify and assign taxonomy to
the reads. Read pairs were combined in to contigs and screened to remove short reads with
degenerate bases or reads of 8+ homopolymers. The screened sequences were aligned using the
SILVA rRNA database for bacterial and archaeal small-subunit rRNA reference alignments
(v.119), and were pre-clustered with the single-linkage algorithm. Chimeras were removed using
UCHIME, with the most abundant sequences used as references (Edgar et al., 2011, Schloss et al.,
2011). Sequences were then classified using the Bayesian algorithm of the Ribosomal Database
Project (RDP) classifier with a minimum bootstrap confidence cut-off of 80% (Wang et al., 2007).
The lowest number of sequence reads obtained from the 19 samples was 8209, these number of
sequences reads per sample were subsampled to 8,000. The subsampled sets of reads were
clustered into operational taxonomic units (OTUSs) by setting a 0.03 distance limit (equivalent to
97% similarity) using the average neighbor algorithm in mothur.

Rarefaction curves, Good’s coverage values, and the Shannon diversity index (H") were
calculated by using the mothur community diversity calculators (Schloss and Handelsman, 2005).
Shannon diversity index was used to calculate the Evenness (J') based on Pielou’s evenness index
(J’ = H’/In(S); S=0TUs) and effective number of species (e!") (e = exp(H")) (Blackwood et al.,
2007). To examine beta diversity, OTU-based distance matrices were created using Yue & Clayton
theta values (Yue and Clayton, 2005) via the mothur “dist.shared” command. Principal coordinate
analysis (PCoA) plots for the sequence reads were constructed to visualize sample clustering, and
analysis of molecular variance (AMOVA) was used to determine significant differences between
the microbial compositions of the samples. OTU-based Venn diagrams were constructed to
compare the shared richness among samples. The raw sequence reads of the 19 samples were
deposited into the European Nucleotide Archive (ENA) database of the European Molecular
Biology Laboratory (http://www.ebi.ac.uk/ena) under project number PRJEB15260 (accession
numbers ERS1310608 to ERS1310626) (http://www.ebi.ac.uk/ena/data/view/PRIJEB15260).

4.45. MnOB isolation

MnOB were isolated from 102 and 107 dilutions of the GW, Fe-Ef, Fe-BW, and Mn-BW
samples (diluted in phosphate buffer solutions) on J agar medium prepared using the groundwater

samples (Nealson, 2006). The detailed composition of the J medium is described in Tebo et al.
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(2007) and Nealson (2006). All cultures were incubated in the dark at 8 and 17 °C. Pure cultures
were isolated by iterative plate streaking (at least five times) at room temperature. Mn(ll)-
oxidation activity was confirmed in these isolates by adding 0.04% leucoberbelin blue 1 (LBB I)
to the brown precipitates that formed in the flasks (Cerrato et al., 2010). Genomic DNA from the
cultured putative MnOB isolates was extracted using the PowerWater® DNA Isolation Kits
(MoBio Laboratories). The extraction protocol was conducted as per the manufacturer’s
instructions. The extracted DNA was used as template to amplify partial 16S rRNA gene
amplicons by polymerase chain reaction (PCR) on a Veriti™ Thermal Cycler (Applied
Biosystems). Universal primers, 27F 5-AGAGTTTGATCMTGGCTCAG-3' and 1492R 5'-
GGWTACCTTGTTACGACTT-3' (obtained from Sigma-Aldrich), were used in the PCR
amplifications. Each 50 uL of PCR reaction contained 1 xL of template DNA, 27.5 uL of Econotaq
plus 2x mix (Lucigen), 10 M of each primer, and PCR grade water. The amplification protocol
was as follows: an initial denaturation of 94 °C for 2 min; 30 cycles of 94 °C for 30 sec, 54 °C for
30 sec, 72 °C for 90 s; and a final extension of 72 °C for 10 min. PCR amplification for each isolate
was conducted in triplicate. The presence and the size of amplified 16S rRNA gene amplicons in
the PCR products were confirmed using gel electrophoresis (Lonza- FlashGel™ DNA system,
1.2% agarose, 13 well). The amplified PCR products were sequenced with 27F and 1492R
sequencing primers at the Genome Quebec Innovation Centre, McGill University. The forward
and reverse 16S rRNA gene sequences were assembled into contigs and were manually curated
using Sequencher software (Gene Codes Corporation). The curated 16S rRNA gene contig
sequences were compared using the Basic Local Alignment Search Tool (BLAST) and Genbank
database on the National Centre for Biotechnology Information (NCBI) website. RDP version 11.4
was used to determine the species similarity and to assign the taxonomic affiliation (Cole et al.,
2014) (https://rdp.cme.msu.edu/seqmatch/segmatch_intro.jsp ). The curated amplicon sequences
were deposited into the European Nucleotide Archive (ENA) database of the European Molecular

Biology Laboratory (http://www.ebi.ac.uk/ena; accession numbers LT628526 to LT628536).

4.4.6. Synchrotron-based XANES analyses

XANES analyses were performed at the Mn K-edge (6539 eV) in fluorescence mode
employing a single element Ketek AXAS-M (M5T1T0-H80-ML5BEV) silicon drift detector on
the IDEAS beamline (08B2-1) at the Canadian Light Source (CLS), Saskatoon, SK. The beamline
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was equipped with a Ge(220) crystal monochromator. Two to eight scans were collected for each
sample, over the Mn K-edge region from -50 eV to -20 eV (step size 1eV, 3s dwell time), and -20
eV to +100 eV (step size 0.3 eV, dwell time 3 s). A Mn(0) metal mesh was used to calibrate the
monochromator, based on the first derivative of the K-edge for Mn(0). The commercial standards
for different Mn-oxidation states were Mn(11)SO4 (Sigma-Aldrich, 99% pure), Mn(lIl) oxide
(Sigma-Aldrich, 99% pure), Mn(1V) oxide (Sigma-Aldrich, 99% pure), and KMn(V11)O4 (Sigma-
Aldrich, 99% pure). The filter samples (Fe-BW, Fe-An, Fe-Sa, Mn-BW, Mn-An, and Mn-Sa) were
air-dried in a desiccator and ground with boron nitride. The samples were loaded, fixed, and sealed
onto the holders using Kapton tape. Manganite, birnessite, pyrolusite, and bixbyite were used as
mineral standards; J. Dynes supplied the birnessite sample and the remainder of the samples were
acquired from the USask Geological Sciences minerals collection.

ATHENA (Demeter© 2006-2016) (Ravel and Newville, 2005) was employed for data
analysis. The K-edge absorption edges of Mn in the spectra of each filter sample (Fe-BW, Fe-An,
Fe-Sa, Mn-BW, Mn-An, and Mn-Sa) were obtained based on the position of the first derivative of
the K-edge in each spectrum. A linear regression model was applied to these values to determine
the oxidation states (valences) of the Mn absorption edges (eV) in the XANES spectra of the
standards and filter samples (Nam et al., 2007). Principal component analysis and linear
combination fitting (LCF) were conducted in ATHENA to determine the proportions of each Mn
phase in the Mn-filter samples (Mn-An, Mn-Sa, and Mn-BW). The R-factor and reduced chi-
squared () values were used to verify the goodness of fit and check for reliability and consistency.

4.4.7. XRF and SEM-EDS

The anthracite filter media samples (Fe-An and Mn-An) collected from both the Fe and
Mn filters on Day 183 at the end of the biofiltration experiment were sent to the Saskatchewan
Research Council (SRC) in Saskatoon for XRF and SEM-EDS analyses. Briefly, the elemental
composition of the anthracite surface coatings was determined by Wavelength Dispersive (WD)
XRF (S8-Tiger Bruker) with XS-55, PET, and Li200 analyzer crystals. Samples were prepared
using the loose powder method and loaded onto Teflon containers with Mylar windows.
Geochemical standards GSP2 and DC73301 were used to calibrate the instrument.

SEM-EDS was employed to characterize the morphology and elemental composition of

the anthracite samples. The carbon-coated anthracite was analyzed using a QEMSCAN 650F
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equipped with two energy dispersive X-ray detectors (Bruker 5030). EDS measurements were
taken on the spots where crystal morphologies were consistent with the presence of Mn-oxides.
The samples were observed in secondary electron mode at an acceleration potential of 10 to 15
keV and a working distance of ~10 mm.

4.4.8. EPR analyses

To identify the origins (biogenic or abiogenic) of Mn-oxides from air-dried, ground Mn-
filter samples (Mn-BW, Mn-An, and Mn-Sa), EPR analysis was performed at 295 K, using an X-
band Bruker EMX EPR spectrometer (9.8 GHz) in the Saskatchewan Structural Sciences Centre
(SSSC) at the University of Saskatchewan. Chemically-synthesized birnessite mineral was
provided by J. Dynes (CLS) as the reference standard (Hardie et al., 2007). The EPR spectral data
was processed using Xenon (version 1.1b60, Bruker Organization). The line width (AH in gauss;
distance between the highest and lowest points of the first-order signal wave) in the EPR spectra
was used to clarify the results as either biogenic or abiotic Mn-oxides. Kim et al. (2011) report that
biogenic, biomineral, and abiogenic origins of Mn-oxides exhibit AH values of < 600, 600 to 1200,

and > 1200, respectively.

4.5. Results

4.5.1. Microbial diversity indices

With an average length of 275 bp, a total of 288,116 v4-region 16S rRNA gene sequences
derived from the 19 samples (GW, BWS, Fe-Ef, Fe-An Mn-An, Fe-Sa, Mn-Sa, Fe-BW and Mn-
BW) passed all quality filtering in mothur (Table 4.1). The number of sequence reads for the
samples ranged from 8,209 to 28,265 and were subsampled to 8,000 sequences per sample for
comparative statistical analyses. The rarefaction curves for the different sample types are presented
in Fig. 4.10 (Supplementary Information).

Community metrices for the samples are presented in Table 4.1. Good’s coverage estimator
ranged from 0.95 to 0.99 (mean 0.98, SD 0.01). The OTUs defined at 97% sequence identity
ranged from 182 to 966 OTUs per sample. The richness (equal to OTUS) of the incoming natural
groundwater (GW) ranged from 467 to 966 (mean 726, SD 250), which was generally higher than
the filter samples (Fe-An, Fe-Sa, Fe-BW, Mn-An, Mn-Sa, and Mn-BW) which had richness values
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of 182 to 486 (mean 329, SD 85). The community in the continuously flowing effluent stream
from the Fe filter (FeFf) had a relatively greater richness (640 and 714, n=2) than the filter samples.

The biofilter communities exhibited lower diversity indices (i.e., richness, Shannon index,
effective diversity number, and evenness) than the GW community (Table 4.1). The mean effective
diversity number (e") for the GW community was 191+30, whereas the Fe- and Mn- filter inner
solid sample communities exhibited lower mean e values of 30+4 (Fe-An 1, Fe-An 2, Fe-Sa 1,
and Fe-Sa 2) and 50£10 (Mn-An 1, Mn-An 2, Mn-Sa 1, and Mn-Sa 2), respectively. The evenness
(J’) of the GW community was 0.8+0.03, which was closer to 1.0 than the Fe- and Mn- filter inner
solid samples (0.58+0.03 and 0.69+0.03, respectively).

4.5.2. PCoA and AMOVA analyses

Fig. 4.2 presents the result of PCoA analysis for the comparisons of the influent
groundwater and biofilter communities (similarity/dissimilarity). The PCoA plots indicate the
GW, Fe-filter, and Mn-filter communities clustered differently based on Yue & Clayton’s measure
of community dissimilarity. The PCoA plots show the GW community was more similar to the Fe
filter effluent community (Fe-Ef) community than to the biofilter communities. Multiple detailed
comparisons of the PCoA plots for the samples are presented in Supplementary Fig. 4.11.

The GW community was statistically different from the Fe-filter communities, including
the inner filter and effluent samples (Fe-An, Fe-Sa, Fe-BW, BWS, and Fe-Ef), based on the
AMOVA analyses (p<0.0001; Table 4.S1). The Mn-filter communities (Mn-An, Mn-Sa, and Mn-
BW) were also significantly different from the GW community (p=0.009), the inner Fe-filter
communities (p<0.0001), and the Fe-filter effluent community (p=0.008), as presented in Table
4.S1 (Supplementary Information).
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Table 4.1 Community coverage, richness, diversity, and evenness measured for high-throughput sequencing data from

groundwater, initial backwash sludge, Fe-filter, and Mn-filter communities.

Eilter Sample Number of Good's,&1 . Richness®® Di'versigyb Evenness® Accession
Sequences  coverage® estimate® number
. . . Project number:
OTUs(S)  H e’ I (PRJJE815260)
GW1 11375 0.99 467 5.1 157 0.82 ERS1310618
Groundwater GW 2 19068 0.97 745 54 215 0.81 ERS1310619
GW 3 12567 0.95 966 5.3 200 0.77 ERS1310620
Initial backwash BWS 1 8209 0.98 360 2.6 13 0.43 ERS1310614
sludge* BWS 2 25643 0.98 403 2.8 17 0.47 ERS1310615
Fe-BW 1 9161 0.98 301 1.9 6 0.33 ERS1310610
Fe-BW 2 10492 0.99 283 2.2 9 0.38 ERS1310611
Fe-An 1 8669 0.98 354 3.2 25 0.55 ERS1310608
Fe filter Fe-An 2 21085 0.98 392 3.4 29 0.57 ERS1310609
Fe-Sal 20527 0.99 328 3.5 34 0.61 ERS1310616
Fe-Sa 2 9507 0.98 350 3.5 32 0.59 ERS1310617
Fe-Ef 1 11229 0.96 640 3.3 27 0.51 ERS1310612
Fe-Ef 2 9540 0.96 714 3.7 40 0.56 ERS1310613
Mn-BW 1 9389 0.97 445 4.2 65 0.68 ERS1310623
Mn-BW 2 22228 0.97 486 4.3 71 0.69 ERS1310624
M filter Mn-An 1 28265 0.99 223 3.6 38 0.67 ERS1310621
Mn-An 2 22662 0.99 182 3.4 31 0.66 ERS1310622
Mn-Sa 1 14824 0.99 307 4 57 0.71 ERS1310625

Mn-Sa 2 13676 0.99 295 4.1 60 0.72 ERS1310626
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Abbreviations: LWTP, Langham water treatment plant; OTU, operational taxonomic unit; H’, Shannon diversity index; e!’, effective
number of species; J’, Pielou’s evenness; GW, groundwater; BWS, backwash sludge; Fe-BW, Fe filter backwash; Fe-An, Fe filter
anthracite; Fe-Sa, Fe filter sand; Fe-Ef, Fe filter effluent; Mn-BW, Mn filter backwash; Mn-An, Mn filter anthracite; Mn-Sa, Mn filter
sand.

GW, Fe-BW, Fe-Ef, and Mn-BW samples were collected after 110 days of operation; Fe-An, Fe-Sa, Mn-An, and Mn-Sa samples were
collected after 183 days of operation; BWS samples were collected from trial experiment at LWTP.

* BWS was used as inoculum to Fe filter at start of experiment.

# OTUs calculations were carried out at 97% sequence similarity.

a: All samples are subsampled to 8000 sequences.

b: Sequences are clustered using the average neighbor method.

c: Diversity estimates and evenness were calculated based on Shannon index.



4.5.3. Venn diagram analysis

The influent groundwater and Fe-filter effluent communities shared 527 OTUs in the
continuous flow-through biofiltration unit (Fig. 4.3). A considerable number of OTUs were shared
between the Fe- and Mn-filter communities (Fig. 4.3). For example, the Fe-BW and Mn-BW
samples obtained from the backwash water from the two filters shared 235 OTUs (Fig. 4.3). The
Mn-filter communities had relatively lower numbers of shared OTUs with the GW community;
for instance, Mn-BW shared only 123 OTUs with the GW community (Fig. 4.3).
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Fig. 4.2 The principle co-ordinate analysis (PCoA) plots for sequence reads from the

GW, Fe- and Mn-filter-associated samples based on operational taxonomic unit (OTU)
distance matrices created using Yue & Clayton theta values. The OTU clusters were defined

using a 97% similarity threshold.
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Fig. 4.3 A Venn diagram for illustrating the shared and non-shared OTUs within the
GW, Fe-BW, Fe-Ef, and Mn-BW communities.

4.5.4. Community composition

For the 19 samples, 99.9% of the total subsampled sequence reads (151852/152000) could
be taxonomically assigned using the SILVA v119 database at a minimum sequence identity cut-
off of 80%. At the genus level, 487 taxa (473 bacteria and 14 archaea) were identified from the
sequence reads. The GW and biofilter communities (both the Fe and Mn biofilters) were dominated
by bacteria (92+2 and 99+2%, respectively). Archaea in the GW communities represented only
8+2% (1869/16000) of the total sequence reads.

At the phylum level, Proteobacteria predominated in the communities associated with the
GW, Fe filter, and Mn filter. Proteobacteria represented 4014, 79+7, and 67+9% of the sequence
reads in the GW, Fe-filter, and Mn-filter communities, respectively (Fig. 4.4A). Bacteria belonging
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to the Nitrospirae and Verrucomicrobia phyla were enriched in the Mn filter-associated

communities, comprising 12+7 and 5+1 %, respectively. As shown in Fig. 4.4B, within
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Fig. 4.4 The community compositions in the GW and Fe and Mn filters at (A) the
phylum level and (B) Proteobacteria classes. Results show percent of total sequence reads for
each sample type.
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the Proteobacteria classes, the GW, Fe-filter and Mn-filter community compositions varied
considerably. The GW community mainly consisted of Betaproteobacteria (39+6%),
Gammaproteobacteria  (31+8%), and Deltaproteobacteria  (17£4%). However,
Betaproteobacteria were dominant in the Fe-filter communities (87+4%). The abundance of
Alphaproteobacteria communities in the Mn filter reached 40+£10%. Alphaproteobacteria
populations were low in the GW and Fe-filter communities, but notably abundant in the Mn-filter
communities (Mn-An, Mn-Sa, and Mn-BW).

4.5.5. Genus-level heat map integrated with chemistry data and flow direction

of biofiltration

To construct the heat map shown in Fig. 4.5, the top 30 genera based on the percentage of
sequence reads, including unclassified genera, were considered for each of the four distinctive
microbial habitats (GW, BWS, Fe filter, and Mn filter), representing 70 unique genera out of a
total of 120. The heat map shows the percentages of sequence reads for the 70 most abundant
genera, which are aligned with respect to the direction of flow through the biofiltration unit. Shifts
in the representative genera from the influent groundwater to the Fe and Mn filters are easily visible
(i.e., darker blue pixels refer to more abundant genera, and yellow pixels represent minor genera
in the heat map). In addition, shared genera that appeared in both the Fe and Mn filter samples
may be metabolically versatile members of the microbial communities, may include genera
capable of both Fe and Mn oxidation, and can be easily identified in the heat map. Results for the
functional genera are presented in further detail in the next section.

The concentrations of Fe, Mn, and NHs-N in the influent groundwater collected on Day
106 of biofiltration operation were 2.8, 0.9, and 0.53 mg/L, respectively. The Fe concentration
decreased to 0.018 mg/L (below the DWS) in the Fe filter effluent collected on the same day, while
Mn and NHzs-N concentrations were unchanged. In the Mn filter effluent, the concentration of Mn
decreased to 0.0036 mg/L (also below the DWS), the NH3-N concentration decreased to 0.13
mg/L, and the NOs™-N concentration increased to 0.49 mg/L (from <0.009 mg/L in GW).
Furthermore, the XRF analyses of the Fe and Mn filters consistently confirmed the precipitation
of Fe or Mn on the filter media (Table 4.S2; Supplementary Information). In the Fe-An sample,

the XRF analyses showed a larger quantity of Fe precipitates (4.3%, w/w) than Mn precipitates
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(0.03%, w/w), whereas Mn precipitates (2.9%, w/w) exceeded Fe precipitates (0.03%, w/w) in the

Mn-An samples.

4.5.6. FeOB, MnOB, AOB, and NOB

A few known relatives of FeOB, MnOB, ammonia-oxidizing bacteria (AOB), and nitrite-
oxidizing bacteria (NOB) were identified among the 70 screened genera in the heat map for GW,
BWS, Fe-filter, and Mn-filter samples (Fig. 4.5). Relatives of known FeOB Gallionella (Hallbeck
et al., 1993) and Sideroxydans (Liu et al., 2012) were a high proportion of reads in the Fe-filter
communities (20£20 % and 30+ 20 %, respectively). Relatives of the MnOB genera Planctomyces
(Schmidt et al., 1981) and Hydrogenophaga (Marcus et al., 2017) are included in the core taxa
presented in the heat map in both the Fe and Mn filters (Fig. 4.5). Relatives of other known MnOB
belonging to the genera Pseudomonas, Hyphomicrobium, Albidiferax, Athrobacter, Acinetobacter,
Zoogloea, Ralstonia, and Pedomicrobium (Tebo et al., 2005, Akob et al., 2014, Beukes and
Schmidt, 2012) were detected in both the Fe- and Mn-filter communities. However, their
abundances were very low or negligible in both filters (less than 1% of sequence reads each), and
were thus not included in the heat map of the top 30 genera. Relatives of known AOB in genus
Nitrosomonas (Arp et al., 2002) were identified in both biofilters, but were present in higher
proportions in the Mn filter (20£10%) than in the Fe filter (6£3%). Similarly, relatives of known
NOB of the Nitrospira (Lucker et al., 2010) genus were present in higher proportions in the Mn
filter (15+£4%) than in the Fe filter (2.8+£0.4%).

The shift in microbial community composition from the GW to the Fe filter and the Mn
filter involved enrichment of many unclassified genera (Fig. 4.5). Well-known FeOB relatives in
the Betaproteobacteria (Gallionella, Sideroxydans, Ferriphaselus, and Hydrogenophaga) were
identified in the Fe filter (Fig. 4.5). Interestingly, the known FeOB genera Gallionella,
Sideroxydans, Hydrogenophaga (Chan, 2014), and Ferriphaselus (Kato et al., 2014), which were
within the representative taxa (70 genera), appeared in both the Fe- and Mn-filter communities. In
particular, Hydrogenophaga, also reported to be capable of iron oxidation (Chan, 2014), was
recently recognized as an MnOB (Marcus et al., 2017). This genus was found in high read
abundance in both Fe- and Mn-filter samples in this study. Furthermore, the Hydrogenophaga sp.
strain CDMN isolated in this study was culturable as a MnOB at 8 °C; this has not been previously

reported.
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Fig. 4.5 A heat map for the 70 most abundant bacterial genera (including unclassified genera) classified from the sequence
reads from the 19 samples (GW and Fe- and Mn-filter samples). In the heat map, red, green, and purple boxes indicate the
relatives of known FeOB, MnOB, and AOB or NOB, respectively (unc.: unclassified genus). Note that the heat map is shown on
a log scale. Water chemistry data graphs show ICP-MS results for groundwater and effluent water samples.



From the detailed survey of the 70 genera within the heat map, only 24 genera had been
reported in the literature at the time of this study. The remaining 46 genera were unclassified or
not previously reported in terms of their detailed characteristics. These unclassified genera
comprised 66+3%, 21-23% (n=2), 25+8%, and 31+9% of the sequence reads in the GW, BWS, Fe
filter, and Mn filter, respectively. Interestingly, as visualized in the heat map, the distinct

emergence of Alphaproteobacteria in the Mn filter did not include previously known MnOB.

4.5.7. Putatively new MnOB isolates

A total of 11 isolates were cultured from the samples associated with the Fe and Mn filters
(Table 4.2). Of these, Azospirillum sp. CDMB, Solimonas soli CDMK, Paenibacillus sp. CDME,
and Paenibacillus sp. CDMG, which exhibited Mn(ll) oxidative activity during the LBB | assays
showing Mn(I11/1V) oxide formation, have not been reported as MnOB. These are new putative
MnOB identified in this study. The phylogenetic tree, which includes the genera with percent
sequence reads greater than 1% as well as previously known functional species (FeOB, MnOB,
AOB, and NOB), indicates the putative MnOB are clustered within five major phyla:
Actinobacteria, Firmicutes, and Proteobacteria (Alpha-, Beta-, and Gamma-) (Fig. 4.12;

Supplementary Information).
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Table 4.2

MnOB isolates from this study

Mn-oxides . .
I;Zﬁt: formation Close relative Id?(;: )'ty Acr;\elzzsmn SEQ yrllalla Source
(LBB | assay) ) Pny
Putatively new MnOB
CDMB + Azospirillum sp. 99% LT628527  Alphaproteobacteria Mn filter
CDME Paenibacillus sp. MC5-1 99% LT628529 Firmicutes Mn filter
CDMG Paenibacillus sp. MC5-1 99% LT628531 Firmicutes Fe filter
CDMK + Solimonas soli (T) DCY12 96% LT628533 Gammaproteobacteria Fe filter
Known MnOB
CDMA + Pseudomonas sp. LAB-21 99% LT628526 Gammaproteobacteria Fe filter
Mycobacterium
CDMC + Frederiksbergense (T) DSM 99% LT628528 Actinobacteria Fe filter
44346
CDMH + Mycobacterium sp. 22-29 99% LT628532 Actinobacteria Mn filter
CDML + Pseudomonas sp. 12A 19 99% LT628534 Gammaproteobacteria ~ Mn filter
CDMM + (17 °C) Hydrogenophaga sp. Esa.33 99% LT628535 Betaproteobacteria Mn filter
CDMN +(8°C) Hydrogenophaga sp. Esa.33 99% LT628536 Betaproteobacteria Mn filter
Non-MnOB
CDMF - Rhodococcus sp. 17 99% LT628530 Actinobacteria Mn filter

backwash




4.5.8. XANES analyses

The XANES spectra of the Mn(0) to Mn(VII) standards covered K-edge energies from
6539 eV for Mn(0) to ~6557 eV for Mn(VII) (Fig. 4.13). The Mn K-edge XANES spectra of the
Fe-filter samples (Fe-BW, Fe-An, and Fe-Sa) identified Mn phases dominated by the +3 oxidation
state (Figs. 4.6 and 4.13). However, the Mn-filter inner samples (Mn-BW, Mn-An, and Mn-Sa)
displayed distinctly higher Mn oxidation states of nearly +4 (Figs. 4.6 and 4.13).

The XANES-based LCF analysis for known Mn minerals (bixbyite, birnessite, and
pyrolusite) and the Mn-filter inner samples revealed birnessite (with Mn oxidation states of +3.5
to +3.9) is the dominant Mn-oxide in the Mn-BW (93.1%), Mn-An (92.5%), and Mn-Sa (100%)
samples (Fig. 4.7).
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Fig. 4.6 The oxidation states of Mn in the Fe-filter (Fe-BW, Fe-An, and Fe-Sa) and Mn-

filter (Mn-BW, Mn-An, and Mn-Sa) samples based on linear regression analysis for the Mn
oxidation states and corresponding absorption edges (eV) of the XANES spectra of the
standards: Mn (0) metal, Mn(11)SO4, Mn(111) oxide, Mn(IV) oxide, and KMn(V11)Oa.
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Fig. 4.7 The linear combination fitting (LCF) analysis of the mineral spectra (bixbyite,

birnessite, and pyrolusite) for the Mn filter samples: (A) Mn-BW, (B) Mn-An, and (C) Mn-
Sa.
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4.5.9. SEM-EDS analyses

The typical features of FeOB—twisted stalks and filamentous sheaths (Emerson et al.,
2010) — were observed in SEM images of the surfaces of the Fe-An samples (Figs. 4.8A and
4.8B). The correponding EDS analyses confirmed the high intensity of the Fe peak (Fig. 4.15A).
For the surface coatings of the Mn-An samples, a visible coral-like morphology was consistently
observed, reflecting the autocatalytic nature of the Mn-oxides (Bruins et al., 2015a) (Fig. 4.8D).
However, an irregular amorphous surface morphology, which is relevant to biogenic Mn-oxide
formation (Miller et al., 2012), was also consistently observed (Fig. 4.8C). The corresponding EDS
analyses for the Mn-An samples showed high peak intensities for Mn and Fe (Fig. 4.15B).

4.5.10. EPR analysis

The EPR spectra of birnessite (control standard), and the Mn-BW, and Mn-Sa samples are
presented in Fig. 4.9. The chemically synthesized birnessite mineral produced a signal centered at
a g-factor of 2.0 and a AH of 2710 gauss in the EPR spectra, confirming its abiotic origin (Kim et
al., 2011) (Fig. 4.9A). On the other hand, the EPR spectra of Mn-BW (centrifuged solids) and Mn-
Sa centered at a g-factor of around 2.0 and had AH values of 504 and 487 gauss, respectively (Figs.
4.9B and 4.9D). The AH values observed in the Mn-BW and Mn-Sa spectra were less than 600
gauss, indicating a biogenic origin of Mn-oxides as similarly observed by Kim et al. (2011). The
EPR spectra of Mn-BW (Fig. 4.9B) and Mn-Sa (Fig. 4.9D) samples showed a sextet of hyperfine
lines of Mn. These spectral patterns around g-factor=2 are typical for Mn (111/1V) oxides possibly
containing Mn(Il) (Bruins et al., 2015b, Saisaha et al., 2013). In addition, a sharp signal at g-
factor=2.0 with a narrow AH of 6 gauss appeared in the EPR spectrum of the Mn-Sa sample (Figs.
4.9C and 4.9D), where suggests the presence of biologically oriented organic radicals (protein)
interacted with Mn(1V) (Nick et al., 1991, Chang et al., 2004).
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(B)

(D)

Fig. 4.8 The scanning electron microscopy (SEM) images of the surface morphologies
of the anthracite filter media collected on Day 183 (at the end of the field experiment). The
typical features of FeOB, twisted stalks (A) and filamentous sheaths (B), were observed in
the SEM images of the surfaces of the Fe-An samples. An amorphous, unregularly
reticulated, fluffy and filamentous surface morphology (C) was observed in the SEM images
of the Mn-An sample, along with a repetitious, coral-like, crystallized surface morphology

(D) on other surfaces in the same Mn-An sample.
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Fig. 4.9 The EPR spectra recorded at room temperature for the (A) birnessite

reference standard, (B) Mn-BW, and (C) Mn-Sa, and a zoomed-in EPR spectrum for the
Mn-Sa sample (D) (g1-g7 refer to the g-factor).
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4.6. Discussion

4.6.1. Distinctive functional enrichment in the Fe and Mn filters

Differences in the microbial community diversity metrics, along with the similarity-
dissimilarity analysis between the communities, indicated there is less diversity in both biofilter
communities compared to the microbial community of the influent natural groundwater. The
biofilter communities were significantly different from the groundwater community. In addition,
Fe and Mn biofilter communities significantly differed from each other, although they shared a
considerable number of OTUs. These results reflect the enrichment of microbial populations
specifically adapted to the inner environments of the Fe and Mn biofiltration columns.

Based on the heat map of the representative genera (Fig. 4.5), genus-level shifts in
microbial communities were confirmed to occur sequentially from the influent natural
groundwater to the Fe-filter community, and further to the Mn-filter community. The compiled
evidence from the microbial community heat map, key chemistry data throughout the biofiltration
system, and the XRF analyses, which confirmed the precipitation of Fe and Mn as oxides on the
biofilter media, supports the conclusion that microbial enrichment has occurred for functional
microorganisms that enhance Fe(I1) and Mn(I1) oxidation, and nitrification, in the biofiltration unit
that continuously received cold groundwater during operation in the field (4 to 8 °C).

However, the enrichment characteristics of the FeOB- and MnOB-related populations were
considerably different at the genus level. Two distinctive microbial enrichments occurred in the in
situ biofilter in the field; (1) the Fe filter was mainly enriched with easily culturable, well-known
FeOB, and (2) the microbial community in the controlled environment of the Mn filter has enriched
in populations that are not previously recognized as MnOB. Specifically, the Fe filter was
predominantly enriched in members of the Betaproteobacteria (Fig. 4.5). This is mainly due to the
high sequence read proportion (50+10%) of well-known FeOB relatives, which include the genera
Gallionella, Sideroxydans, Ferriphaselus, and Hydrogenophaga. However, the previously known
MnOB (Pseudomonas, Hyphomicrobium, Albidiferax, Athrobacter, Acinetobacter, Zoogloea,
Ralstonia, and Pedomicrobium) identified in the Mn filter comprised less than 1% of the total
sequence reads when combined. Furthermore, members of the Leptothrix genus, which are widely

studied as representative MnOB (Burger et al., 2008a) were not identified in the Mn filter. The
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only genus of previously known MnOB of note in the Mn filter was Planctomyces (2+2% of
sequence reads) (Fig. 4.5).

The distinctive shift in microbial community compositions from the Fe filter (including Fe-
Ef) to the Mn filter is due to the substantially increased abundance of Alphaproteobacteria
(40£10%), which included the genera Hirschia, Sphingopyxis, Gemmobacter, Pseudolabrys, and
6 other unclassified genera. These genera are not known for Mn oxidation. In addition, the genera
Haliscomenobacter, Sediminibacterium, Terrimonas, Opitutus, Bdellovibrio, Thiobacillus,
Hirschia, Woodsholea, and Sphingopyxis, which are not known as MnOB, were also abundant in
the Mn filter. Whether these populations act as MnOB, or are indirectly involved in Mn oxidation
(e.g., through co-metabolism), or are active using other substrates available in the biofilter or
incoming groundwater is not known.

The MnOB isolated from the Fe- and Mn-filter samples (confirmed by the formation of
Mn(111/1V) precipitates) broadly belong to the class Alphaproteobacteria, Betaproteobacteria,
Gammaproteobacteria, Firmicutes, and Actinobacteria. As stated earlier, Azospirillum sp. CDMB,
Solimonas soli CDMK, Paenibacillus sp. CDME, and Paenibacillus sp. CDMG have not been
reported previously as MnOB. Mycobacterium sp. (strain CDMC) and Hydrogenophaga sp.
(strains CDMM and CDMN) have only recently been reported as MnOB (Marcus et al., 2017).

4.6.2. Potential microbial versatility for Fe and Mn oxidation

Betaproteobacteria, including common FeOB, appeared in both the Fe and Mn filters. The
common known FeOB genera Gallionella, Sideroxydans, and Hydrogenophaga were abundant in
the Mn filter (totalling 8+3% of the sequence reads). Based on the heat map showing microbial
community shifts across the biofiltration system (Fig. 4.5), members of the Betaproteobacteria
including Gallionella, Sideroxydans, and Hydrogenophaga, were also abundant in the effluent
stream (Fe-Ef) of the Fe filter. The Fe filter effluent is the influent to the Mn filter and therefore a
source of FeOB populations for the Mn filter. Likely as a result of this transfer, a considerable
number of OTUs were shared between the Fe- and Mn-filter communities (Figs. 4.3 and 4.12).

This interpretation of an enrichment of FeOB in the Mn filter communities is supported by
the changes in Fe concentration in the effluent water. The Fe concentration in the Mn-filter influent
was one-fold magnitude lower after flowing through the Mn filter i.e., from 0.018 mg/L in Mn
filter influent (Fe-Ef) to 0.001 mg/L in Mn filter effluent. In addition, the Mn filter backwash
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sludge (Mn-BW) also contained a considerable amount Fe precipitates. The FeOB in the Mn-filter
likely caused Fe(ll) oxidation in the Mn filter, and thus a decrease in Fe concentrations in the
effluent. In addition, known MnOB were observed in the Mn filter, and were likely responsible for
Mn(Il) oxidation. The microbial communities in the Mn filter can thus support both Fe and Mn
removal. This is consistent with previous single-columned biofiltration studies where Fe and Mn
removal can be successfully achieved in a single column (Li et al., 2013, Yang et al., 2014).

In the Mn filter microbial communities, the relatives of known FeOB (Gallionella,
Sideroxydans, and Hydrogenophaga) and MnOB (Planctomyces, and Hydrogenophaga) co-
existed. The co-existence of FeOB and MnOB also occurs commonly in natural environments
(e.g., ferromanganese deposits) (Northup et al., 2003, Sujith et al., 2017) and engineered
environments (Fe and Mn biofilters) (Thapa Chhetri et al., 2013, Cai et al., 2015, Yang et al.,
2014). However, the identity of microbes that are able to oxidize both iron and manganese are still
an area of investigation.

Hydrogenophaga sp. have been reported to oxidize both Fe(Il) and Mn(ll) (Chan, 2014,
Marcus et al., 2017). This genus was present in the Mn filter (2.7+0.3% of the sequence reads) and
can oxidize Fe(Il) and Mn(Il), which suggests it has a potential dual function in this biofiltration
system, oxidizing both Fe and Mn (Chan, 2014, Marcus et al., 2017). The adaptation of
Hydrogenophaga sp. strain CDMN, to the low temperatures and redox conditions present in the
Mn filter (7 to 14.5 °C, >300 mV) could make this strain functionally important for biofiltration
in cold climates. Biogenic Mn(111/IV) production, resulting from Mn(ll) oxidation in the early
stages of biofiltration, can promote autocatalytic Mn(ll) oxidation and potentially shorten the

typically long start-up period required for Mn biofiltration at low temperatures (below 15 °C).

4.6.3. Biogenic birnessite as a signature of microbially mediated Mn(ll)

oxidation

Based on the synchrotron-based XANES analysis, the precipitates on the Mn-filter
materials exhibited Mn oxidation states between +3.7 and +4.0. Semi-quantitative LCF analyses
of the XANES spectra of the Mn filter indicated that birnessite was the primary Mn-oxide (>90%
in Fig. 4.7). In addition, the EPR analyses for these precipitates confirmed the biogenic origin (vs.
abiotic origin) of the birnessite-dominant precipitates in all samples associated with the Mn filter

(Mn-BW and Mn-Sa). Linking the microbial community data for the Mn filter to the biogenic
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birnessite formation conclusively indicated the Mn-filter community (most members of which
have not been previously recognized as MnOB) was promoting biological Mn(Il) oxidation in the
Mn-biofilters.

Bruins et al. (2015a) observed shifts in the origins of birnessite from biogenic to abiogenic
in an aged pilot-scale RSF system for Mn removal from groundwater (pretreated to remove Fe(ll))
using EPR analyses of the aged filter media. Bruins et al. (2015b) also report that birnessite formed
by abiotic Mn(l1) oxidation on the surfaces on the ripened filter media in full-scale RSF systems.
These findings suggest physico-chemical Mn(ll) oxidation is the dominant mechanism in RSF
systems. RSF treatment technology has generally higher flow velocities (e.g., 4-21 m/h) than
biofiltration systems (e.g., 2-10 m/h), and often requires chemical oxidizing agents. MnOB might
have initiated and/or enhanced Mn(1l) oxidation, resulting in the formation of Mn(l11/1V) oxides
that acted as adsorbents and autocatalysts for further physico-chemical Mn(ll) oxidation on the
Mn-oxide surface coatings during the course of the RSF treatment (Bruins et al., 2015a, Bruins et
al., 2015b). However, the role of MnOB in field-aged filter media enriched with abiotic Mn-oxides
(birnessite) is not known (Bruins et al., 2015a).

In this study, the formation of biogenic birnessite in the nearly fully-aged Mn biofilter
materials (183 days) is observed to progress vertically along with Mn(Il) oxidation in the field
(Chapter 3; accepted to Water Quality Research Journal, July 2017). Based on the EPR analyses
for the filter media, no notable conversion of the Mn(I1)-oxidation mechanism from biological to
physico-chemical Mn(Il) oxidation is associated with the surface-catalytic reaction on the aged
filter media. The characteristics of the EPR spectra for the inner Mn-filter solids (with AH<600
gauss), along with the results of the XANES analyses (+3.86 to +3.88 oxidation states in the Mn-
filter samples), provide additional insight into the biogenic nature of the Mn (I11/1V) oxides, which
potentially contain organic radicals associated with enzymatic reactions and biological derivatives
(Nick et al., 1991, Chang et al., 2004). This further supports the notion that Mn filter solids were
biologically aged in the field. Furthermore, an amorphous, unregularly reticulated, fluffy, and
filamentous surface morphology, which is characteristic of biogenic Mn-oxides (Miller et al.,
2012), was easily observed in the SEM images for the Mn filter media (Mn-An; Fig. 4.8C).
Biological Mn(ll) oxidation, indicated by the characteristic EPR signal for biogenic Mn-oxide
formation, may be responsible not only for the initiation but also the maintenance of biological

Mn(I1) oxidation in biofiltration systems.

78



Interestingly, autocatalytic Mn(I1) oxidation on the surface coatings was also observed. A
repetitious, coral-like, crystallized surface morphology on other surfaces in the same Mn-filter
media (Mn-An) was concurrently observed in the SEM images (Fig. 4.8D). This surface
morphology reflects the autocatalytic nature of some Mn-oxide surface coatings, as reported by
Jiang et al. (2010) and Bruins et al. (2015a). Such variations in the surface morphology of the aged
filter media in this study imply both biogenic and abiotic Mn(I1) oxidation occurred in the on-site
Mn filter, rather than a complete conversion from one dominant oxidation mechanism to another
(biological to physico-chemical) as observed in the RSF study by Bruins et al. (2015a).

Biogenic Mn-oxides act as strong oxidizing agents with high surface areas that potentially
accelerate Mn(ll) oxidation (Learman et al., 2011). The formation of biogenic birnessite is
therefore advantageous for initiating, enhancing, and maintaining biological Mn(Il) oxidation.
Birnessite is an intermediate product of the Mn oxidation pathway and pyrolusite (Mn(IV) oxide)
is thermodynamically favored as the final oxidation product (Stumm and Morgan, 1996, Bruins et
al., 2015b). In our study, pyrolusite is a minor mineral and birnessite is the dominant Mn-oxide in
the filter media. This implies that, in biofiltration systems, the continuous supply of biogenic
birnessite by metabolically-active MnOB adapted to low on-site temperatures may play a critical
role in shortening the start-up period, maintaining Mn(Il) oxidative activity, and further increasing
the rate of Mn(ll) removal in cold climates. As a result, this study suggests the formation of
biogenic birnessite can be a key indicator, and even a prerequisite, for successful biofiltration
systems that combine biological and autocatalytic Mn(I1) oxidation at low temperatures.

4.7. Conclusions

High-throughput sequencing of the microbial community, coupled with extensive
instrumentation analyses of the field-aged filter media, confirmed the enrichment of microbial
communities that microbially mediate oxidation of Fe(Il) and Mn(ll) in a continuous, flow-
through, on-site biofiltration system for cold groundwater. The heat map (genus level) integrated
with sequential changes in the chemistry of the groundwater throughout the biofiltration system
confirmed the occurrence of shifts in microbial community compositions and their functions from
the influent groundwater, to the Fe filter, to the Mn filter. The members of the microbial biofilter
communities in the Fe and Mn filters were unique for Fe(Il) and Mn(Il) oxidation; however,

significant numbers of new putative MnOB appeared in both biofilters (class Betaproteobacteria).
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More specifically, this study revealed that Hydrogenophaga sp. can oxidize manganese and
generate Mn(111/1V) oxides even at low temperatures (8 °C).

The enrichment characteristics differed in the Fe and Mn filters. Well-known, readily
culturable FeOB were abundant in the Fe filter whereas MnOB relatives were enriched in the Mn
filter. The notable emergence of several genera in the Mn filter (belonging to the class
Alphaproteobacteria) not traditionally known as MnOB was observed. This study indicated
putatively new MnOB belonging to the Alphaproteobacteria, Firmicutes, and
Gammaproteobacteria (isolates Azospirillum sp. CDMB, Solimonas soli CDMK, Paenibacillus
sp. CDME, and Paenibacillus sp. CDMG).

The lines of evidence obtained from multiple instrumental analyses for the characterization
of the aged filter media revealed the formation of biogenic birnessite, which can promote further
autocatalysis for Mn(l1) oxidation activity. Biogenic birnessite can be a robust indicator for the
occurrence of biological Mn(ll) oxidation and a crucial driver for the potential subsequent

autocatalytic oxidation of Mn(Il).
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Table 4.S1  Statistical comparison of microbial communities between GW and Fe- and Mn-filter-associated samples based on

the OTU distance matrix calculated by Yue & Clayton’s measure of community dissimilarity

Sample comparison p-value
GW vs. Fe filter-associated samples (Fe-An, Fe-Sa, Fe-BW, Fe-Ef, and BWS) <0.0001*
GW vs. Mn filter-associated samples (Mn-An, Mn-Sa, and Mn-BW) 0.009*
Fe-Ef vs. Mn filter-associated samples (Mn-An, Mn-Sa, and Mn-BW) 0.008*
Fe filter-associated (Fe-An, Fe-Sa, and Fe-BW) vs. Mn filter-associated samples (Mn-An, Mn-Sa, and Mn-BW) < 0.0001*

* for p < 0.05 (mothur)



Table 4.S52  Elemental composition of Fe-An, Mn-An, and virgin anthracite (control) in

weight percent determined using XRF analyses.

Sample Ca Si Fe Al S P K Cl
Virgin anthracite 297 53 156 2.62

Mg Mn
1.04 0.035 0.091 0.19 0.054 0.023
Fe-An (day 183) 2.2 561 429 1816 112 0.079 0.12 0.11

Mn-An (day 183) 1.34 3.92 0.03 1.9 1.73 0.061 0.13 0.13
Unit: wt. %

0.04 0.023
0.05 291
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5.1. Key findings and conclusions

Understanding the roles of Mn(ll)-oxidizing bacteria (MnOB) and Mn(l11/IV) oxides
during the start-up, acclimation, acceleration and successful maintenance of Mn(Il) removal by
biofiltration is a prerequisite for improving Mn biofiltration functionalization. Furthermore, this
information can be applied in the development of innovative strategies and technologies to shorten
the long start-up periods, especially when Mn biofiltration technology is implemented in cold
regions.

To meet the proposed objectives of this thesis, we studied a continuous pilot-scale
biofiltration unit comprised of two flow-through columns (Fe filter and Mn filter) installed at the
Langham water treatment plant. This pilot-scale biofiltration unit is operated to treat dissolved
Fe(I1) and Mn(I1) from a local, low-temperature groundwater source (4-8 °C).

Dissolved Fe(Il) concentrations in the Mn filter effluent rapidly decreased below the DWS
within 5 days of operation. The biofiltration system operated at steady-state thereafter in terms of
Fe(I1) concentrations. Mn(l1) removal in the pilot-scale biofilters commenced at 8 °C after 29 days
of operation, and dissolved Mn(ll) concentrations in the Mn filter effluent started decreasing as
ORP values rose over +300 mV. After 97 days of operation, the pilot-scale biofiltration unit
consistently exhibited a high Mn(11) removal efficiency of 97.0+0.9%, which corresponded to a
mean effluent temperature of 12.1+0.6 °C during the period of steady-state functioning. Between
Days 92 and 127, the Mn filter still exhibited lower first-order Mn(1l) removal rate constants (k
values) ranging from 10 to 10-° min. However, immediately after multiple backwashes and the
inoculation of the biofilter with biologically-acclimated backwash sludge (Days 127 to 132), k
values markedly increased to 0.21 min at 11.0+0.6 °C, which is comparable to k values obtained
at higher temperatures in previous studies. The vertical progression of Mn filter media ripening
was related to the drastic increase in the k values. This study indicated that the biofilter inoculation
with biologically-aged backwash sludge is important for promoting the acceleration of Mn(ll)-
removal, as evidenced by high ORP values (> +400 mV) and the presence of acclimated MnOB
and solid precipitates containing biogenic Mn-oxides.

Based on the research results presented in this thesis, we conclude that biological Mn(ll)-
oxidation activity was significantly enhanced in the biofiltration unit at low temperatures.

Evidence for this includes: (a) the growth of viable MnOB populations active at the low start-up
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temperature (8 °C), (b) a shift in redox conditions in favor of biological Mn(Il) oxidation, and (c)
higher ATP concentrations in the biofilter effluent relative to the influent groundwater.

[llumina MiSeq high-throughput amplicon sequencing for the microbial community,
coupled with extensive characterization of the backwash sludge and field-aged filter media,
confirmed the enrichment of microbial communities that can actively mediate Fe(Il) and Mn(ll)
oxidation. The heat map (Fig. 4.5, genus level) integrated with changes in the chemistry of the
groundwater throughout the biofiltration system confirmed the occurrence of shifts in microbial
community composition and their functions from the influent groundwater to inside the biofilters.
The members of the microbial biofilter communities in the Fe and Mn filters were unique for Fe(ll)
and Mn(ll) oxidation; however, significant numbers of FeOB and MnOB appeared in both
biofilters (class Betaproteobacteria). The enrichment characteristics differed in the Fe and Mn
filters. Well known FeOB were abundant in the Fe filter, and a number of relatives of known
MnOB were present in the Mn filter. The sequencing results also showed several genera were
present in the Mn filter that belong to the subphylum Alphaproteobacteria that are not traditionally
known as MnOB. This study identified several putative MnOB belonging to the subphyla
Alphaproteobacteria, Firmicutes, and Gammaproteobacteria: Azospirillum sp. CDMB, Solimonas
soli CDMK, Paenibacillus sp. CDME, and Paenibacillus sp. CDMG.

The surface morphologies of Mn-oxides on the aged filter media exhibited both biological
and autocatalytic origins. Evidence obtained from SEM, PXRD, and XANES analyses of the aged
filter media revealed the presence of biogenic birnessite, which can further promote autocatalysis
and Mn(l1)-oxidation. The detection of biogenic birnessite in the fully ripened filter media, largely
coated by birnessite-type minerals, may be connected to the acceleration of Mn(ll) removal
kinetics observed in this pilot-scale biofiltration study. Biogenic birnessite may therefore be a
robust indicator of the occurrence of biological Mn(11) oxidation and a crucial driver for potential
subsequent autocatalytic Mn(I1) oxidation.

Finally, this study indicated the feasibility of triggering the rapid formation of biogenic
Mn-oxides using a cold-adapted MnOB consortium derived from the aged Mn biofilter materials.
In particular, the rapid formation of biogenic Mn-oxides at 8 °C, within 5 days from the start of
microbial culturing, was confirmed. The Illumina-MiSeq 16S rRNA gene sequencing analysis for
the microbial consortium cultured at 8 °C identified relatives of known MnOB, including the

genera Pseudomonas, Leptothrix, Flavobacterium, Hydrogenophaga, and Zoogloea. More
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specifically, culture-dependent and -independent approaches in this study revealed that
Hydrogenophaga sp., can produce Mn(I11/1V) oxides, even at the low on-site temperature of 8 °C.
The findings of this study have important implications for improving biofiltration functionalization
in cold regions, and represent a potential breakthrough for accelerating the onset and kinetics of

Mn(Il) oxidation in challenging conditions.

5.2. Recommendations

The outcomes and conclusions drawn from this research have important implications for
improving our understanding of the role of MnOB and Mn(I11/1V) oxides in biofiltration systems
and facilitating biofiltration functionalization for cold Fe(ll)- and Mn(Il)-rich groundwater. This
study has described the acceleration of Mn(ll) removal kinetics and addressed the relationships
between the microbial community, groundwater chemistry, and field ripening of filter media in a
pilot-scale biofiltration system operating at varying low on-site temperatures (8-14.8 °C). The
research outcomes can therefore offer important insight into a potential breakthrough for
developing innovative strategies to improve Mn-biofilter functionalization and shorten start-up
periods for Mn(I1) removal in groundwater below 15 °C. The following recommendations can be
made for improving Mn-biofilter function:

e Track the changes in the EBCT-based first-order rate constant for Mn(1l) removal. This is

a simple indicator for filter ripening. In the field, especially in the initial phases of biofilter
operation, changes in the EBCT-based first-order rate constant can provide a meaningful
understanding for filter ripening and biofilter performance. This information could be
helpful in the process optimization especially when biofilters are operated below 15 °C.

e Inoculate the biofilters with field-aged backwash sludge containing acclimated MnOB and
biogenic Mn-oxides. This is an important way to trigger the acceleration of Mn(Il) removal
Kinetics.

e Mn removal in biofilters can be accelerated by creating favorable conditions for MnOB to
rapidly produce biogenic birnessite on the filter media or by replacing the virgin filter
materials by media coated with biogenic birnessite.

e Hydrogenophaga sp. have dual function to mediate both Fe(1l) and Mn(ll) oxidation at 8

°C. Inoculate the biofilters treating Fe and Mn-rich groundwater with Hydrogenophaga sp.
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to reduce the start-up time at low temperatures. Use Hydrogenophaga sp. as a genus-
specific marker to identify bacterial mediated Fe(Il) and Mn(l1) oxidation in biofilters.

Inoculate biofilters with virgin filter media with cold-adapted MnOB consortia derived
from field-aged biofilters. This may be a feasible approach for triggering the rapid
formation of biogenic Mn-oxides, shortening the onset of Mn(ll) oxidation, and

accelerating overall Mn(I1) oxidation kinetics at low temperatures.

In addition to the recommendations made for practical application to Mn biofiltration systems,

following future research directions are recommended to expand the current knowledge:

Biological and physico-chemical Mn(l1) oxidation mechanisms govern the Mn removal
in biofilters. However, further research is still needed to understand the synergy between
these mechanisms in filter ripening. This knowledge will help the water treatment industry
to develop technologies to reduce or eliminate the filter ripening time completely.
Inoculating biofilters with MnOB or using pre-coated (or pre-aged) Mn-oxide filter media
to shorten the start-up period in Mn biofiltration systems are currently in use. However,
the combined effects of MnOB bioaugmentation and pre-coated Mn-oxide filter media on
Mn(I1) oxidation in cold groundwater remain to be characterized.

Cold-adapted MnOB enriched in the biofilters play a key role in initiating, accelerating
and maintaining Mn(Il) oxidation. It is thus important to assess how conventional
operation and design parameters for biofiltration units improve or inhibit the growth
kinetics of cold-adapted MnOB at low temperatures.

As an alternative to the field aged Mn-oxide coated filet media, fresh birnessite coated
filter can be used to reduce the start-up time in Mn biofilters. However, when fresh
birnessite coated filter media and MnOB are used in the biofilters, further understanding
is needed in the (a). Optimization the filter media ripening, and (b). MnOB biofilm

formations and their interactions with birnessite coated filter media.
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