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Abstract

Groundwater is an essential source of drinking water worldwide. Among various contaminants that
are present in groundwater, manganese (Mn) is one of tmgand&de drinking water can cause

aesthetic and operational problems and has been associated with cognitive and neurobehavioral effects
in children. In response, Health Canada has estaldishguidelinea maximum acceptable
concentration (MAC) of 120 pg/L and an aesthetic objective (AO) of 20 pg/L for Mn in drinking
water.

Biofiltration provides an environmentally friendly and effective method for removing Mn from water,
as it does not require chemicals and does not produce harprdunts. However, limitations
include a prolonged stagp period with virgin media andnéhished efficacy at lower water
temperatures (&5°C) due taeducednicrobial activity, particularly when iron (Fe) is present-as a co
contaminant in groundwater. Additionally, while biofilters are typically operated continuously (24
h/d), intermittent operation {62 h/d) in smalkcale or remote communities, dependinipcai
demandmay affect the performance of biofilters. Despite research on Mn removal mgblanism
biofiltration, the evolution of #seprocesss as biofilters mature requires further investigation.
Consequently, this research amngeepen the understanding of Mn removal mechanisms in biofilters
from startup to maturity and to investigate the influence of filter media characteristics and operational
modes (intermittent vs. continuous) on the performance of biofilters for Mn antbkeal r

The research was conducted in three phases, utilizing a combinatiorscdl@ilobfilters and
benchscale batch experiments. Filcale biofilters were designed and constructed at a drinking water
facility in Southern OntariocCanadaand were operated under various configurations for
approximately 400 days with raw groundwater containing Mn and Fe. Concurrecahebalkch
experiments with and without inhibitors were conducted to elucidate different Mn removal
mechanisms. This diuemployed multig analytical techniques such as scanning electron microscopy
(SEM), energy dispersiveray (EDX), Raman spectroscopy, adenosine triphos(hBR)
measurements, extracellular polymeric substance (EPS) analysis, cultural plating techniques, and 16

rRNA gene sequencing.

Phaseneevaluated the impact of different filter media, including granular activated carbon (GAC),
sand, and anthracite, on startup, Mn removal mechanisms, and microbial community dynamics.

Findings indicated thhlter media characteristics influence the startup period of Mn re@G®&al
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biofilters primarily initiated Mn removal through adsorption, transitioning to biological and
physicochemical processes, while sand and anthracite predominantly engaged in biological processes
The batch tests confirmed these findings, with sand andcimtinnadia showing biological
dominance at the top layer and GAC media exhibiting physicochemical dominance throughout. The
presence of manganesgdzing bacteria (MNnOB) genera varied across biofilter media types and
depths, highlighting the complex ripkey between biofilter media and microbial colonization

patterns.

Phasdwo focused on the evolution of Mn removal mechanisms in a sand biofilter from startup to
maturity, utilizing a combination of piafle biofilter and benshale batch experiments. The study
revealed an initial dominance of biologically generated maogaesy®ieMnO,), which gradually
transitioned to physicochemical forms of MA@is shift is likely due to the competitive dynamics
between MnQand MnOB, with the influence of MNOB diminishing over ifeer ontributing

factors include chges in the nutrient consumption patterns of MNnOB and shifts in microbial
community compositiorseveral MnOB geneiacludingSphingopyxighiSgomonas, Hyphomicrobium,
Hydrogenophagdyariovoraxyere present in the biofilter from startup to mat@iyes associated

with direct and indirect biological Mn oxidation pathways wererathoted, highlighting the

complex, mukpathway nature diiologicaMn oxidation.

Phasdhree evaluated the performance of intermittently (6 h/d, 12 h/d) and continuously operated
biofilters (24 h/d), in addition to the effects of ala® shutdown. The findings demonstrated that
intermittently operated biofilters maintain Mn and Fe removarefficomparable to continuously
operated biofilters, although continuous biofilters exhibited higher ATP and EPS levels. Biofilters
quickly recoveredfter a 1@ay shutdown, highlighting their robustn@se overall microbial
community compasbn was not significantly different between continuously and intermittently

operated biofilters.

Overall, the study successfully demonstrated thatqaldbiofilters couldeduce Mn levels below

the Health Canada recommended AO of 20 Qg/ L,
presence of Fe at low water temperatures (15°C). The findings highlight the potential of GAC media
to shorten staip times and the feasibility of operating biofilters intermittently without

compromising Mn and Fe removal efficiency.
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1 Introduction




1.1 Problem statement

Manganese the oxidized form in drinking water canse aesthetic and operational prapéerch

as stains in sinke.g.,Tobiason et al., 201@Ylanganesend iron (Fe) oxidesparticlestend to
flocculate and form sediments in distribution lines that can clog pigelieesally leading to
increased energy I@ssies et al., 201AVhile trace levels of Mn are essentighégrowth and
devel opment of humans, several studies have nc
water with cognitive and neurobehavioral effedsiloiren(Bouchard et al., 2007; Rahman et al.,
2017; Wasserman et al., 20¥&)ganeses alsassociated witbrelease in the distribution system
(Trueman et al., 2018)entifying the possible side effects of Mn in drinking water, countries have
issued specific standards for Mn in drinking water (Tdpléldalth Canada hastablishea
maximum acceptable concentratMAC) of 120 pg/L and aaesthetic objectifaO) of 20 ug/L

for Mn in drinking water (Health Canada, 2019).

Table 11 Guidelines for Mn in drinking water

Country/ Organization Guideline Value Standards
(Issued year) (mg/L)
WHO (2020) 0.08 Provisional guideline
Health Canada (2019) 0.12 MAC
0.02 AO
USEPA (1994, 2002) 0.30 Health advisory
0.05 Secondary maximum contaminant le
(SMCL)
Australia (2011) 0.50 Healthbased
0.10 Aesthetic
European Union (1998 0.05 Indicator parameter

The National Drinking Water Survey reported Mn presence in various water sources across different

locationan Canadd Fi g . 1.1), with concentrations excee
Qg/ L in multiple pr ovAthougtetle averbige adndertrati@a im anang , 2 (
provinces were below the MAC threshold, the hi

Columbia, necessitating urgent attentiengdhesean be effectively removed from drinking water
using physical, chemical, and biological mettlepgending on water quality parameters and the

oxidation state of M(Tobiason et al., 201&) groundwater, Mn is usualhgsent in the dissolved
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form Mn(ll), which is oxidized to MrCfollowed by removal of the Ma@recipitates by physical
treatment processeA. detailed description of these physical/chemical methods can be found
elsewherandissummarized iffiable A1.1Brandhuber et al., 2013; Tobiason et al.,.20d6gver,
applyingphysicochemical methods, such as catalytic oxidation with chlorine, can result in the
formation of disinfection byroducts (DBPs), which are carcinog@asu et al., 2016; Tobiason et

al., 2016)Additional challenges include the production of sludge and the continuous use of chemicals,
which increases maintenance and operatiore{Massidi et al., 2018; Mouchet, 1998isled to

the emergence of biological approaches/treatments that are sustainable, ealydnemstty,

control the formation of DBPs, almdver operation & maintenance s@Basu et al., 2016; Mouchet,

1992; Piche et al., 201Bhe commonly used biological approach is aeratipid sand filtration,

also known as biofiltration, which is the focus of this thesis. Biofiltration presents a green and
sustainable treatment technology for Mn removal. In biofiltration, biofiltara@esime biologically

active due to the attachment of microorganisms that form a biofilm and contrieateving
contaminants.

E

Mn (ug/L Yukon, Queb_ec: Groundwater
593 1 New Brunswick, Newfoundland and
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Figure 11 Average Mn concentration reported in variossievats Ganaian pranafesitories
(Health Canada, 2019)

Despite the numerous benefits of biofiltration compared to other treatment processes, it faces specific
challenges and limitations. A significant limitation is the prolongeg gtariod for biofilters using

virgin media, which can extend from one xorgnths and is influenced by the influent water



conditionsand operational parametéBruins et al., 2045 The presence of Fe can further
complicate Mn removal Inofilters,specifically at low water temperatures (< 15°C), where the
microbial activity slows doyamdtheefficacy of the biofilter diminishgianciacCasalinét al., 2020;

Ramsay et al., 2018parious methods have been investigated to reduce thg stane of Mn

removing biofilters, mainby using different filter med{&rayaObando et al., 2021; Breda et al.,

2017; Evans et al., 2020:-\0&tkowiak et al., 2015, 204y by applying inoculants from mature
biofilters containingnanganesexidizing bacteriadnOB) (Cai et al., 2015; Ciancio Casalini et al.,
2020; Zeng et al., 201Bpwever, research on media characteristics like surface area, pore size, and
media size has been inconsistent, with most drlisgigon nonadsorptivemedia such as sand

and anthracite. The potentialgonular activated carb@®C) media, with its higher surface area

and pore volume, suggests it could improve adsorption and potentially microorganism attachment

during biofilter stantip, yet this area remains underexplored.

Previous studies employman-adsorptivenedia like sand or anthracite have demonstrated that upon
startup, Mn removal in biofilters typically begins with a biological mechahismgradually shifts

to being dominated by physicochemical processes laisfilter maturegBruins et al., 205

Ol a z-tleyman & Bray, 2000; Sahabi et al., 2809)ever, existing literature has often not fully
explored how these removal mechanisms vary across differdad depther theimpact of using
varied filter media, especialtysorptiveones like GACFurthermore, how the contributions of

physicochemical and biological removals evolve needs further investigation.

Microorganisms play a crucial molkin removal in biofilters. Several known MnOB gesigch as
Lepothrix, Pseudomonas, Sphingobium, Simd§mhiogagyxidich are capable of Mn oxidation

have been identified in biofilt¢Byeda et al., 2017; Cai et al., 2023; Dangeti et al., 2020; McCormick
etal., 2022; Piazza et al., 2019; Tethg 2005However, the presenceMhOB thatcan potentially

oxidize Mndoes not guarantsebstantial Mn oxidation and subsequent Mn removal in biofilters
Moreoverthese identification studies were doragatudesteadystate or an earlier biofilter stage.

Few studies report changes in the microbial community froompstarnaturity and the relationship
between the biofilter stage and the microbial community in the biofilter, especially from natural
groundwate(Cheng et al., 2019; Cheng et al., 204y the dynamic evolution of the microbial

community and its role in Mn removal warhanther investigation.

Biofilters are typically operated continuously without shutthmmmever, certain smattale or

remote communitiesnd facilities with excess plant capagay run their biofilters intermittently.
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Periodic or intermittent operations may adversely affect biofilter performance as the biological activity

may be diminishedlecreasingontaminant removal efficiency. Therefore, the applicability of

biofilters in the intermittent mode for Mn and Fe removal need$uxtiazevaluated.

Thus, key areas that need further investigation are:

= =2 4 -4 A

=

Impact of filter media characteristics on the-gpaof biofilters

Impact of filter media on Mn removal mechagism

Effect of Fe on Mn removal procesat low water temperatures (XC%

Mechanism of Mn removal across different stages of biofilter maturity

Contribution of biological and physicochemical processes to Mn removal over time in
biofilters

Evolution of microbial community over time in biofilters

Impact of intermittent operation on biofilter performance

1.2 Aims and objectives
The primary goal of this PhD research iddtier understanthe Mn removal mechanisms in

biofilters from startip to maturity and to study the impact of operational parameters on the

performance of biofilters for Mn and Fe removal. A combination e$gélat biofilters arlmench

scale batch experimewigscarried out to achieve the following research objectives:

1.

Investigate the impact of filter media characteristics on the performance of biofilters for Mn

and Fe removal during stap.

2. Examine the impact of filter media characteristics on the meaaivemremoval.

Provide a better understanding of the Mn removal mechanisms (biological and
physicochemical) during the startof biofilters and their evolution over time.

Enhance the understanding of the microbial community composition in Mralremov
biofilters.

Assess the impact of intermittent operation and potentiatelomgshutdown on the

performance of biofilters for Mn and Fe removal.

1.3 Outline of thesis
Chapter 1 presents the problem statement, general information about different treatment

technologies for Mn removal, and the need for Mn removal based on health, aesthetic, and operational



considerations. It summarizes the identified knowledge gaps and concludes with the study's goals,

research objectives, and an outline of the thesis.

Chapter 2offers a literature review that discusses the sources of Mn in groundwater, Mn chemistry,
and the processes of Mn removal in biofilters. This includes the mechanisms of Mn removal, factors
affecting Mn removal such as water quality and operational @araamet factors influencing the
startup time of biofilters. Finally, the literature review delves into the performance of biofilters under
intermittent operation for Mn removal adentifieknowledge gaps.

Chapter 3describes the impact of filter media characteristics, such as pore size distribution and media
size, on the staup of biofilters. This includes analyzing the biofilter performance for Mn and Fe
removal, kinetics of Mn removal, characterizaiorMnO, using SEMEDX and Raman
Spectroscopynd establishing potential relationships between culturable MnOB, biological activity
(ATP), and biofilter performance.

Chapter 4 outlines the impact of filter media characteri¢@@sC, anthracite, sand) on the
mechanissof Mn removal and the microbial community composition in biofilters. A combination

of pilotscale and batedtale studies was conducted. The kinetics of Mn removal in batch tests using
biofilter media from the pilstcale biofilters were studied usinglim@arpseudsfirst order(PFO)

and pseudsecondrder(PSQ kinetic models. The contributions of biological and physicochemical
processes to Mn removal for biofilter media from different biofilter bed depths were quantified in
these batch tests. The microbial community composition of the biofilm in the difbéitems vas
determined through 16S rRNA gene sequencing of twel V8gions. Additionallyredicting

potential functional genes associated with Mn oxidation pathways was performed using the
Phylogenetic Investigation of Communities by Reaotisn of Unobserved States (PICRUSt2).

Chapter 5deals with howthe Mn removal process evolves in a biofilter fromgpard maturity,
documenting changes in Mnforphology using SEM and how the contributions of different
removal mechanisms shift throughout the biofilter's operationay Idarrying out batch studies

using the biofilter media collected at day 70, 150, and 240. Finally, changes in microbial community
composition in biofilters were analyzadl key classes and genera involved in Mn oxidation were
identified through 16S rRNgfene sequencing of the-V& regions.

Chapter Ginvestigates the applicability of biofiltration in the intermittent operation mode for Mn and

Fe removal. In this chapter, a comparative analysis of biofilters under continuous and intermittent



operations from their inception through to maturation was congamctethe influence of varied
durations of operation (24 h/d, 12 h/d, 6 h/d) on biofilter performance was evaluated. The impacts
of backwashing and loteym (10 dy3 shutdown on the performance of biofilters were also
investigated. Additionally, the effects of intermittent operation on biological activity (ATP), biofilm
composition by quantifying EPS, and microbial community composition (16S rRNA gene sequencing)
wele evaluated and comphweth those of continuously operated biofilters.

Finally Chapter 7summarizethe mairresearch resultsonclusions, and limitatioftsalso provides

recommendations for practical application and suggests directions for future research.



2 Literature Review: Manganese, Biofiltration
& Intermittent Operation

Part of this chapter will Isebmitted for publicaticas:

Arora,H., Peldszuss. &Huck, P. M.(2024)Biofiltration for Manganese removal from Groundwater
A Review

Arora,H., PeldszusS.,SlawsonR. & Huck, P. M.(2024)ntermittent Operation of Drinking Water
Biofilters: Review and Future Research Perspectives



2.1 Sources of Mn in groundwater

Manganese is among the most prevalent metals in the Earth's crust and can be found in several
oxidative statefn subsurface environments, such as soil and rock, Mn appears as dissolved Mn(ll)
and as insoluble Mn(llland Mn(IV) oxides(Brandhuber et al., 2013)he presence and
thermodynamic stability of various manganese (Mn) species in groundwater are influenced by the
reductioro x i dati on (redox) potenti al .Additonglfackoisect r o
influencing the speciation and solubility of manganese (Mn) encompass the physicochemical
characteristics of the surrounding environment. These include the content of organic carbon, cation
exchange capacity, and the presence of maretalarticulates, with pH and redox conditions being

the most significaiiKohl & Medlar, 2006Underanaerobic conditions and relatively low pH, often

found in anaerobic groundwater, Mn is reduced to the more soluble forn{HigrZl))Manganese

is releasedy the weatheringf igneous and metamorphic rocks/minerals in the gr@euhuse

dissolved oxygen (DO) concentrations in groundwater tend to decrease with depth, high Mn
concentrations are more commonly found in deep wells. AnthropogsescafdMin in groundwater
(influenced by surface watamylude industrial discharges, mining aesiyiandandill leaching

(Kohl & Medlar, 2006; Ljung & Vahter, 2007)
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2.2 Biofiltration

In biofiltration, the filter media becomes biologically active as bacteria and other organisms adhere to
its surface, forming a biofilm that aids in the removal of contamie{®imary mechanism for
contaminant removal in biofilteassbiodegradation/biotransformatioA. particle removal step is
oftenprovided before biofiltratian the casef surface watgwhere biofiltration can serve the dual
purpose of physical particlemoval and biodegradation of many organic constitkentsany
groundwater, direct biofiltration is used, with no prior particle removaVk&pusing adsorptive

filter media, such as GAC, biofilters can also remove contaminants alasrgktionduring the

initial stages of biofilter operatiddlicroorganisms break down or alter biodegradable organic
contaminants through two metabolic pathways: direct catabolism (primary substrate utilization) or co
metabolism (secondary substrate utilizgBamner et al., 2013)

In aerobicbiofiltration, which is common in drinking water biofilters, the biological oxidation of
substrates is carried out in the presence of DO, which serves as an electron acceptor. Bacterial enzyme:
catalyze the redox reaction to oxidize biodegradable electoorsualostrates. The most relevant
electron donor substrate materiadiiimking water is biodegradable organic matter (BOM), which

often serves as a primanpstraté€Liu & Huck, 2001)Primary substrates exist in concentrations
sufficient to provide energy for essential cellular processes without the need for an additional substrate
(Benner et al., 201Bxamples of primary substrates indite Fe ammoniaNH "), nitrate (NQ),

dissolved hydrogen {}Hand several sulfspeciegRittmann &Huck, 1989)On the other hand,
secondary substratessuch as micropollutants (e.g., endoclisr@pting compounds,
pharmaceuticals, personal care products, pesticides) and algal metabottestifgligolddrneol

and geosmin), are present in concentrations too low to directly support primary cefiofes. fun

These are biodegraded by bacteria using enzymes produced through the metabolism of primary
substrateéBrown et al., 2020; Rittmann & McCarty, 2001he context of groundwater, which is

the focus of this study, BOM is usually present at very low concenaatiansrganics like Mn,

Fe and NH," act as primary substrates.

2.3 Mn transformation in a biofilter

Manganeseemoval in a biofilter can be broadly classified into physicochemical and biological removal
(Fig 2.2 Barboza et al., 2018he dominant Mn removal mechanism will depend upon the influent
water characteristics, operational parameters, and biofilter operating stgger(statured).
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2.3.1 Homogenous Mn removal

Thehomogeneous oxidation of Ndg oxygen is thermodynamically favored at a ngdt(&liem

& Stumm, 1984hut is very slow in the absence of metal oxide surfaces at a pH, diav i9
usually encountered in drinking water biofilters (p8j:(®lorgan, 2005)However, in natural
environments such as lakes, mammel freshwater ecosystems, the rate of Mn oxidation is

comparatively high, suggesting the importance of biological Mn ox{8adim et al., 2020)

2.3.2 Biological Mn removal
Biological Mn oxidation can occur due to indirect or direct processes (Fig 2.2). Indirect processes

include modification of pH and redox potential by bacterial gifGhwiput et al., 2019; Tebo et al.,
2005)or release of metabolic end products such as hydrogen perg@iléGbdwin et al., 2020;
Tebo et al., 2008y production of superoxide radicals*(@Godwin et al., 2020; Learman et al.,
2011) Direct oxidation occurs via Mn oxidizing enzymes soulitasopper oxidasMCO) or hene
peroxidase®ick et al., 2008; Nakama et al., 2014; Tebo et al. Mi@8&)rganisms likkseudomonas,
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Streptomyces., Crenothix, Gallionella, Leptothrix, and Hytifogemepteaagnle of direct biological

Mn oxidation, have been identified in drinking water biofilters (TableBZins et al., 2017; Burger

et al., 2008a; Cheng et al., 2017; Ci@asalinet al., 2020; Dangeti et al., 2020; McCormick et al.,
2022; Piazza et al., 200@puche (1992)suggested that these microorganisms have the unique
property of causing oxidation and precipitation of dissolved Mn under certair8o®) 6ha redox
potential (Eh> about 36000 mV) conditions. The presence and diversity of MNnOB in the source
water ad their ability to form an active biofilm on biofilter media greatly influence Mn removal in
biofilters. Minganeseemoval in biofilters can also occur through extracellular adsorption, where
soluble Mn binds to the negatively charged(Eéi8ason et al., 2018Jicroorganisms, including
species oPseudomonas, Baailldslycobacteriare known to facilitate this process by promoting
biofilm formation through EPS producti@rondo et al., 2020)

Three commonly found MnORgptothrix discophord, $Seudomonas putida &madE3B-1, and

Bacillus sp. 8(elonging to phylogenetically distinct MnOdsstudied in detail to determine the
mechanism of direct Mn oxidation. The genes involved in the Mn(ll) oxidation share sequence
similarity to MCO enzyméBrouwers et al., 2000; Butterfield et al., 2013; Dick et al. S20@8a!

Mn oxidation genes suchnasxG(Van Waasbergen et al., 1996xA(Morales Medina et al., 2023;
Ridge et al., 20QeumABrouwers et al., 1998@nhdmofA(Corstjens et al., 1997; Morales Medina et

al., 2023)are known to produce MCO enzymes. MCO enzymes utilize multiple coppemCas
cofactors to oxidize a broad range of substrates, includi(®oMmon et al., 1996Yang et al.

(2010) suggested th&€COs lower the activation energy required for the oxidation ddifihg the
oxidation process. However, other enzymes, such as perfRaldeezs et al., 2016; Kohl & Dixon,
2012)and a twecomponent regulatory proté®eszvain & Tebo, 2018pavealso been implicated.
Several genean also facilitate Mn oxidation either directly through enzymatic reactions or indirectly
via chemical reactions involving reactive oxygen species (ROS) stitiHz3,Cand hydroxyl
radicals (OB (Anpo et al., 1999; Hayyan et al., 2016; Liu et al.,I120@RYer, these genes have not

yet been identified within Mamoving biofilters, suggesting that Mn removal in biofilters can take
place through multiple pathways, which have yet to be fully elucidated.

The potential benefits for microorganisms oxidizing Mn include energy gain to sustain bacterial
growth(Yu & Leadbetter, 202@ther possible benefits include the protection of cells from harmful
UV, toxicity from heavy metals, predation, or viral at{8ckswers et al., 200@xidation of

complex humisubstancgSunda & Kieber, 1994ndco-metabolic degradation of micropollutants
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by MnQ, (Meerburg et al., 2012)owever, the physiological roles of these activities remain unclear
(Tebo et al.,, 2005The MnOB such a®seudomorBacillusleptothrixand Pedomicrobiane
heterotrophic and organotrophic and can grow in cultures with or without Mn(ll), suggesitag that
presence of MNOB does not necessarily guarantee Mn ox{detionet al., 20055everal
researchers haaso reported that MNOB does not always correlate with effective Mn control in
biofilters(Burgeret al., 2008a; Kohl & Dixon, 2012he organisms capable of Mn oxidation, such
asLeptothrix sandPseudomonasapalso oxidiZee*, NH,*, andAs, which commonly occur with

Mn in groundwatgiFleming et al., 2011; Van Le et al., 20&pending on the process conditions,
species dBacillusndPseudomaresalso reduce Mn instead of oxidizif@gtrato et al., 2010; Tebo

et al., 2005)

The kinetics and dynamics of Mn oxidation and reduction processes mediated lepantbna

water quality parameters, which can vary betvefdters (Kohl & Dixon, 2012)Burger et al.
(2008apbserved significant differences in the microbiology within four biofilters treating different
groundwater despite a similar filter design. Moreover, the commonly feoxidiking organism
Leptothrixvvas only found in one biofilter, even though all filters achieved 100% Mn removal. This
suggests that biological Mn removal is attributed to a microbial consortium rather than a single species
of organismgVandenabeele et al., 1992 majority of MnOB identification studies are conducted

at a single point in time during biofilter operg#rada et al., 2017; Cheng et al., 2019; Cheng et al.,
2017; Dangeti et al., 2020; McCormick et al., Z02P is a notable gap in research tracking changes

in the microbial community from the stapt phase to maturity, particularly in biofilters treating

natural groundwater.

2.3.3 Heterogenous Mn removal

Manganesexidation, whether through homogeneous or biological prooessks in the formation

of MnO,. MNOB enzymatically oxidszeIn(Il), formingpoorly crystalline oxides with a high specific
surface area, which indicatestrang adsorption capacity. These oxides display an intermediate
oxidation state between 3 and 4, suggesting autocatalytic p(&a¢sbggannis & Zouboulis, 2004;
Nelson et al., 1999; Tebo et al., 2@d¢ such MnQidentified in biofilters is birnesgBruins et

al., 201B,c, Dangeti et al., 2020; -Walkowiak et al., 201 Birnessite belongs to a group of Mn
mineralsvith layered structures, cation exchange capacities, and redox propertiesi(@cticziion
reaction)Post, 1999Pue to these properties, birnessite has a high adsorption capacity for Mn(ll)

and promotes further autocatalysis of Mn(lIl) oxidation (Post BBf8¥site's average Mn oxidation
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stateranges from +3.5 to +3(€ui et al., 2009)inlike pyrolusite (Mnd) which is the most stable
form of MnQ.and possesses only adsorptive properties. The formeduhé€r contributes to Mn
removal by autocatalysis, a-st&p process (Eqs3) Birnessite and similar Mrg@mpoundswith
their autocatalytic propertisgnificantly enhance the efficiency of biofilters in removing Mn.

Mn2* + (x-1)/20; + 20H" +y H:0 A MnO..yHO + H.0 (1)
Mn?* + MnOx.yH:O A MnOy. MNO(y1)H:0 + 2H* )
MNOy. MNO(y¥1)H.0 + (x-1)/20,+ H.0 A 2MnO.yH:0 (3)

Birnessiteobserved to be of biological origin in the early stages of biofilter o&watioset al.,

201%®; Dangeti et al., 2020ndergoes a transition in its formation mechanism as the biofilter matures.
With the development of a coating on the filter media, the formation of birnessite shifts to being
predominantly physicochemi(Bituinset al., 201%. The exact reasons for this transformation in
birnessite formation mechanisms remain elusive. Potential factors include changes in the microbial
community composition responsible for Mn oxidation, crystallization phenomena over time, changes
in the funcibnal behavior of heterotrophic MNOB, or variations in process conditions that may
become less conducive to biological Mn oxidation at later stages. Additionally, the surface morphology
of MnOy evolves significantly with the aging of the filter, with olddra displaying a mineniah

surface composition of Al, Ca, Si, and (Bernstein et al., 202Zhis evolution in structural
characteristics of MR@ further influenced by the presence of cations in the water, stichgs, K

C&*, and Cé" affecting their oxidative activity and adsorptive or catalytic perfolinaecal.,

2019) The elemental composition of the biofilter media also plays a critical role in dictating the
formation of various Mn(phases (Vallej@p15). Thermodynamic modeling using PHREEQC has
predicted the potential formation of diverse Mn@xluding manganite, nsutite, pyrolusite, and
bixbyite, withinenfull-scale biofilters, suggesting different types of,BrObe formed in biofilters

under varying biofilter conditions but was not confirmed experim@faalyet al., 2021)

2.3.4 Biological vs. physicochemical

Several batch studies using biofilter media have been conducted to assess the relative contributions of
the biological and physiochemical prestsdvin removal in biofilters using sodium azide gNaN
asaninhibitof Br eda et a -Neymar2&Biap 20000 %ahabi etaly 2009; Vandenabeele

et al., 1992)Manganeseemoval was attributed to both physicochemical and biological processes

during starup, but as the filter matures, the physicochemical process de(Bretda et al., 2019)
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In a separate study, biofilter media frorryaa3old biofilter exhibited a lower adsorption capacity
and greater dependence on micraloi@litythan15yearold biofilter medi&dSahabi et al., 20098)
similar conclusion was drawnly a z -8leyman & Braf2000) Mn removal mainly occurs due to
adsorptive and aut@atalytic properties of the Mui@ the presence of inhibitors.

The effect of inhibitors should be considered as diminishing microbial activity rather than total
inhibition. The inhibitory effect of Nahn biological Mn removal is primarily limited to direct
pathways, allowing indirect biological removal processes to continue contributing to Mn removal
(Breda et al., 201®uring simultaneous removal of Fe sNldnd Mn, Nahlonly inhibited nitrifying

bacteria, while heterotrophic MnOB remained active. Consequently, the efficiency of Mn removal in
biofilters improved Ol a ZNeymank& Bray, 2000)herefore, ca@onstituents and inhibitors can
influence thee studies' relative contributimdiological and physicochemical removal pregess
Moreover distinguishing between Mpformed biologically or physiochemically, which contribute

to Mn removal through autocatalytic adsorption and oxidation, becomes challenging once the biofilter
maturesNonetheless, these studies offer baseline data, suggesting that the dominant mechanism for

Mn removal in biofilters can change as the filter matures.

The contribution of biological/physicochemical Mn removal in biofilters also depends on the
biofilters age and the filter media’'s characteriBtiegious studies employnmogradsorptivenedia

like sand or anthracite have demonstrated that Mn removal in biofilters typically begins with a
biological mechanism, which gradually shifts to being dominated by physicochemical processes as the
biofilter mature¢Breda et al., 2019; Bruetsal., 201%. However, the existing literature has often

not fully explored how these removal mechanisms vary across fiiféereatl depther the impact

of usingvariougypes of filter media, especiatlgorptive naalike GAC.

2.4 Factors affecting Mn removal in a biofilter

2.4.1 Water quality characteristics

2.4.1.1 pH
Homogenous oxidation of Mn with oxygen in water without a catalyst is very slow at pH values below

8.6 Graveland, 19F1Therefore, in biofilters, Mn removal is likely to occur through either biological
means or heterogeneous removal by autocatalytic oxidation at the pH levels encountered in drinking
water (683) (Katsoyiannis & Zouboulis, 200&yanger et a[2014)observed higher biological Mn

removal at pH 6 compared to pH.® using different types of filter media (GAC and anthracite).
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SimilarlyHoyland et a(2014)bserved more th&8% removal in anthraciteolumnsnoculated

with a mixture of six MNnOBt a pH as low as 6.Burgeret al.(200®) reported similar findings

with inoculation of thé.eptothrigienus at pH 688.3 in biofilters, greater than 98% removal was
observed. The above resualistradicted the study conducted by Kohl & D&iri2), who found

more effective removal at a higher pH-{72 thanat pH 6.5.Possible reasons foreffective
manganese removal at pH 6.5 might be the unavailability of MNnOB that can acclimatize to a pH of
6.5 in the influent wateompared to thprevious two studieshere the filters were inoculaath

MnOB. Bruins et al(2014)recommended pkE 7.1 for effective biological Mn oxidatiofhis

suggests that pH is an important parameter for biological Mn oxidation in biofilters.

2.4.1.2 Temperature
Temperature variations, both seasonal and diurnal, notably influence the kinetics of biological Mn

oxidation(CiancicdCasalinet al., 2020Although this review primarily focuses on groundwater, where
temperature variation from a single source tends to be minimal, the differences in temperature across
various geographical locations can be considerable, making temperature a criticahéctor in
effectiveness of biofiltration. The biological activity of MNOB can significantly decrease below 15°C,
affecting the performance of biofilters for Mn rem@ebenni et al., 20081 increase in effluent

Mn concentration occurredhen water temperatureli below 15°C in anthracite bench columns

fed with modified tap watadowever, as temperatures increathexeffective oxidation of Mn
resumed@Hoyland et al., 201&imilarlyPiazza et gR019noted differences in the oxidizing capacity

of MnOB isolated from a groundwater treatment PGWITP)at various temperatures. Moreover,
temperature has been shown to influence theuptaine of biofilters, with faster acclimation
observed at 2@ compared to 12 in both anthracite and GAC biofilt@vcCormick et al., 2021)
Ghiorse and Chapnick (1983) studied the influence of temperdtemaihrixa commonly found
Mn-oxidizing organism in biofilters. With a decrease in temperature f@no 3® C, the growth

rate reduced by 75%, and at temperatures abbole @@wth rates declined steeply, dropping to
zero at 37C. Boogerd & de Vrind (1987) observed similar results, the oxidation activity of Mn(ll) by
Leptothrix discopl{taOB) decreased by-80% when incubated at 8 compared to room
temperature (2C). Conversely, some MnOB genera, suelyar®genophagaap.oxidize Mn at

lower temperatures (8 to°X5 (Dangeti et al., 2017)his suggests thalifferent molecular
mechanisms or differential gene expression may trigger Mn oxidation in MnOB under varying

temperature conditioiiBiazza et al., 2019)
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2.4.1.3 Dissolved oxygen
DO is essential for both the chemical oxidation of Mn and the metabolic processes of MnOB.

(Mouchet, 1992hdicated that MnOB requires DO concentrations greater than 5@g/la z¢c z u k
Neyman & Bray2000)demonstrated that Mroncentrations in effluent significantly ine@agen

DO levels in a biofilter dropped below 2 mg/L. In contfasy et al(2019)found that Mn could

still beeffectively removed with influent DO concentrations aroun@1150mg/L, using ripened

sand coated with an iromanganese axxide (FEMnO,) as the filter media. These differences suggest
varying removal mechansrnthe FeMnOx coating likely facilitates Mn removal predominantly
through adsorption onto the filter media and autocatalytic oxidation, compared to the biological
process, which might require higher DO levels.

SimilarlyCheng et a(2020)observed that filter media coated with a birngégg#eMnQ achieved

higher Mn removal under anaerobic conditions, likely due to a larger contact surface area and pore
volume provided by the Mp©oatingIn a separate studyheng et a(2019)observed that MnO

formed at higher DO concentrations exhibited greater Mn removal activity, attributed to abundant
lattice oxygen. Furthermore, the crystallization of, Mie@ased over time in filters with higher DO

levels (DO= 6.5 = 0.5 mg/L) In contrastit remained constant in filters with lower DO (BQ.5

+ 0.5 mg/L), emphasizing the critical role of DO in both chemical and biological Mn removal
processé€€heng et al., 2019his illustrates that while DO is aaal factor iboth chemical and

biological processes, the effectiveness of Mn removal can vary significantly based on the operational
conditions and the specific characteristics of the filter media used.

2.4.1.4 Nutrients
An increase irthe removal of both Mn and DOC with enhanced nutrients (phosphorus at

concentrations of refdoakflcrency dt iofilter®ig 4 Hensbale setuyrad e
observedGranger et al., 201&milarlyl.auderdale et al. (20 bbserved that Gt: P ratios ranging
from 100:12:4 to 100:8:7 improved Mn removal inguéde anthracite biofilters with chemically
induced MnQ coatings, compared to a phosphdiraged control. However, confounding results
have been reportdcauderdale et #2014 yeported that nutrient addition did not improve the quality
of filter effluent MnTani et al(2003)demonstrated that media with limited organic nutrients more
effectively promote Maxidizergrowththan nutrientrich environmentdMost studies examining

nutrient addition have been conducted on a bench esgaletdue to the challenges associated with
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managing nutrient levels in-&dhle biofilters. This underscores the complexity of optimizing nutrient

levels to enhance biofilter performance.

2.4.1.5 Presence of@onstituents
Fe**, NH4", and Mnare commonly present-constituents in groundwatsignificantly affecting the

biofilters' startip periodor Mn removalThe presence of Fe in the influent water can interfere with
biological Mn removéGouzinis et al., 1998henget al (201 7aevaluatethesimultaneous removal

of Fe, Mn, and NH in pilotscale biofilters and observed thatJmemoval could only occur after

iron was oxidized. Similar results were observedkling filtersandinfluent iron concentration
affected biological Mn oxidatiffekerlekopoulou & Vayenas, 208&pxidation requires low Eh
(106400 mV) and pH ¢8) values and is thermodynamically more favorable than Mn oxidation
(Mouchet, 1992)n addition, iron bacteria can more readily establisbxiciring biofilmghan

MnOB biofilms, leading to Fe removal belMren biofilters. The presence of Fe andN#Hill also

affect the chemical oxidation demand (Egs. 4, 5, and 6).

Fe* + (x-1)/2 O, + 20H + y H,0 A FeQ.yH0 + H:0 (4)
NH; + 1.5 A NO; +H,O + 2H" (5)
NO; + 0.50:; A NO3z (6)

Bruins et al(2014)suggested that effective Mn removal can only be achieved whearmbval
efficiencyexceed85% Biological Mn removal requires a specific ORP, achievable only after complete
nitrification (Abu Hasan et al., 2013jlanganeseremoval was not affected when the ;,NH
concentration in the influent was lower than 2.5 mg/L, and Mn removal can occur only once Fe is
completely oxidizegChengetal., 2017b)Similar results were observe@@uguzinis et al., 1998

low NH," concentrations (< 1 mg N/L), there is minimal impact on biological Mn removal, whereas
(Vandenabeele et al., 198B3erved both negative and positive effects af Nil Mn removal
efficiencylnorganic nitrogen species may also interfere with biologmeiisiiiton(Kohl & Dixon,

2012; Vandenabeele et al., 19@&)te inhibits Mn(Il) removal by half, ienitrate increases Mn(ll)
removal by 38 percef€heng et al., 201R)itrite hasalsobeen observed to reduce Mn oxides to
dissolved Mn(ll).
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Figure 2.3 Stratification in biofilters simultaneously rem@andd\Wr{Heee, T= Biofilter operating days
and zone of contaminant removal is used as a reference and does not represent the actual time and
and zone of removal will depend on factors such as water gjopksatbas@edsliesign parameters)

Biofiltersare characterized by oxygen gradients on a-statgdrom top to bottom and a micro

scale inside biofilnfgandenabeele et al., 199Egnsitions between oxic and anoxic conditions could
occur during filter runs, leading to stratification within the filter bed where iron and ammonia are
removed at the top, followed by Mn (Fig. @€B8eng et al., 2019; Chextal., 201 Thenget al.,

2017b; Ramsay et al., 20T8)s stratification tends to be more pronouncdtemearly stages of
biofilter operation, with more homogenous removal of Mn throughout the filter bed expected as the

filter matures (Fig. 2.3).

Natural organic matter (NOM) can also impact Mn removal in bi¢Tikbis et al., 2005%ince

MnOB are known heterotrophs and organotrophs, the concentration of biodegradable NOM may
influence the overall growth of the microbial community, including Mh@Bs et al., 2020; Tebo

et al., 2005 he bacterial population in a rapid sand biofilter for removing Fe and Mn could also
degrade organic substances from groundiiateh et al., 2002)
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2.4.2 Operational parameters

2.4.2.1 Mode of biofilter operation: Intermittent vs. continuous
Drinking water biofilters are typically operated continuously without shutdown. However, certain

smaklscale or remote communitiesl facilities with excess plant capacity may intermittently run their
treatment plants {83 h/d), regardlesd biofiltration. Additionally, under emergesicsuch as water

intake shutdowns caused by deteriorating source water quality or plant failures, treatment plants may
also experience shutdownsl%7d). Periodic or intermittebiofilter operations involving regular

shudowrs can lead to substrate and oxygen deprivation pelemesding on local conditions.

Biological filtration is governed by mass trangetnteerthe bulk liquid andthe biofilm, substrate

diffusion inside the biofilm, substrate utilization, graavitidecay of microorganisrRittmann,

1995) Howeverfor readly biodegradablearbonboth internalandexternamasdransfedimitations

canbe ignored(Huck et al., 2015Compared to continuous biofiltration, which benefits from a
constant source of substrates, intermittent operations are characterized by a periodic supply of
substratesSince the only source of the substrate is in thdidpuid, it must be transported by
diffusion across the stagnant layer into the biofilm matbi&,uilized by thenicroorganismg:his

process creates a substrate concentration gradient within the biofilm, acting as a driving force for
diffusion With periodic substrate supply, tbeaentration gradient is likely to decrease during off
periods, resulting in a lowdiffusion rateinto the biofilm and thereby impacting the biological
removal of contaminanisiao et al., 2013; Prest et al., 2016)

Moreover, intermittent operation can lead to anoxic conditions or low oxygen levels within biofilters,
impacting biomass lev@iiquette et al., 199&)Ithough a substantial amount of biomass may be
retained, this operation type applies selective pressure on the microbial community, likely influencing
biofilm composition, thickness, and the extent of EPS producbaeequently, the performance

of biofilters under intermittent mode may adversely affect biofilter efficacy, as biological activity may
diminish, potentially leading to decreased contaminant removal efficiertoypotentially slower

biofilm development, morextended stattp periods mawlso be observed for intermittently
operated biofilter&Given these challenges, the performance of biofilters operating intermittently may
not be uniform but may vary significantly depending on several factors, including water quality and
operational parameters (Fig. 2.4).
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2.4.2.1.1 Impact of water quality parameters on Mn removal
Microorganisms in drinking water biofilms derive energy and nutrients from primary or secondary

substrates in the influents. Since thesmlyce of the substrate is in the influent, this supply is likely
not continuous in intermittent operation. If the nutrients are severely depleted during biofilter
shutdown periods, microorganismesy consume ERBrown et al., 2020; Zhang & Bishop, 2003)
This may affect the i o f physiced groperties and lead to thinner biofflie et al., 2014)
Conversely, nutrient limitations can prompt excess EPS sepretimgjngfilamentous biofilm
morphology, especially during Fstyless periods like substiat@ting conditiongLauderdale et al.,

2011) This casubsequently impalirehydraulic performance of biofilters and diminish the efficiency

of contaminant removg@rown et al., 2020; Keithley & Kirisits, 20EQ¢ess EPS production could

also lead to a thicker biofilm, which might act as a diffusion barrier to substrates and dissolved oxygen
across the biofilm$azarova & Manem, 1995; Leung et al., 2006; Simpsonl-208&)ale et al.
(2011) observed that when the biofilters were no longer ndinet@d, the microorganism
responsible for EPS production were redueadingo increased contaminant removal from the

biofilters.
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Mn removal in biofilters requires the presence of MnOBafamationof catalytidinOx(Bruins

et al., 20159. MnOB requirea DO content > 5 mg/Lan Eh > about 36800 mV (depending on

the pH) and a pH > 7.1Mouchet, 1992)n cases of intermitterperation, the absence of a
continuous oxygen supply can lead to anoxic conditions, favoring the activity of bacteria that use
Mn(IV) oxides as an electron acceptor for respiration instead of oxygen. This situation can chemically
reduce MnQ releasing soluble Mn(ll) into the water and thus increasing effluent Mn concentration
(Gregory & Carlson, 200Byans et a{(2020)pbserved that during a winter shutdown, two biofilters
receiving different source waters exhibited significantly varied Mn removal efficienciesugpon start
While biofilters at one utility did not show any decrease in total Mn removal, the othecexkperie
significant reduction in Mn removal across biofilters, including Mn, eiéasially due to anoxic
conditiors in the biofilters Although the operating conditions at these utilities were markedly
different, itis challenging to attribute the feemance discrepancies solely to differences in their
influent water characteristidonetheless, the impact of water quality characteristics on intermittent
biofilters remains significant and warrants further investigation. Further research into characterizing
the microbial community, understanding biofilm formation, and examininge tbé E&IS could

provide deeper insights into the operation of drinking water biofilters in intermittent modes.

2.4.2.1.2 Impact of operational parameters on Mn removal
In the case of intermittent biofilter operatiadditional parameters such as duration of biofilter

shutdown, filter media status (submerged vs. drained), backwashing frequency, and technique
influence biofilters' performandéhe duration of the shutdown period is expected to influence the
concentration of contaminants in the effluent after relétartl also determine if other actions are
required to mitigate the potential negative impacts of the biofilter shutdown. In the case of intermittent
operatbn, subjecting biofilters to backwash before restart has been shown to negate the negative
impacts and improve filter performagdeuette et al., 19989)he effect of a longerm shutdown

(two weeksvs. four weekswas studied on biofiltersmoving Mn from surface water during cold

water conditions (<2&) with GAC and anthracite as biofilter medaagiheseemoval across the

GAC biofilters decreased after the f@eek shutdown, but no differences were observed in the two
week shutdown. In contrast, Mn removal across the anthracite biofilter decreased following both
shutdowngEvans et al., 2020)

During the shutdown period, biofilters can be kept either drained or submerged. If biofilter media

drying occurs, this might cause the loss of biological attithty filter remains submerged, the
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decreasing amount of substrate in the surrounding stagnant water may compromise the biofilm
communities of organisniSvans et al(2020)observed that the biofiltecould maintain active

biomass through the tweeek shutdown and suggested the possibility that leaving the biofilters
submerged and backwashing before bringing the biofilters back online may have contributed to
maintaining the biomas&eng et al(2019)observed thasubmerging biofilters during shutdown
negatively impactede performance of biofilters removing, Mhereas drained biofilters showed

better Mn removal. A decrease in the DO was obserakithg the biofilter anaerobic, thus possibly
inhibiting the growth and reproduction of MNnOB and resulting in an increase in effluent Mn
concentration after restart. Further research is required to optimize operational strategisfor eff

Mn removal in biofilters under intermittent conditions.

2.4.22 Biofilter media
Greenstein et af2018)observed that GAC pilstale biofilters could achieve nearly 100 percent

removal of influent Mn, while anthracite pilot columns only removed an average of 12 percent of the
influent Mn. Despite similar levels of biological activity measured as ATProadiattypes, GAC

filters exhibited greater microbial diversity than anthracite biofilters. This might be due to GAC having
a more mature biofilm and more established,M@danthracite. Howevan another studythere

washo significant difference in Mn removal efficiency between-$maiehGAC and anthracite
biofilters(Granger et al., 201#uck et al.Z000) suggested that after the initial adsorption capacity

is exhausted, anthracite and GAC biofilters redissolved organic carh@md by extensioiin

would likely show no substantial performance difference.

Several researchers have explored the use of alternative media such as quartz, calcium carbonate
polystyrene, manganese ox{Besda et al., 201 6xidecoated autactivated silica sand, gabon Mn
(JezWalkowiak et al., 201ZhalcedonitéJezWalkowiak et al., 201%nd virgin pumicAraya

Obando et al., 202The use of virgin pumice, silica sand, and anthracite as biofilter media does not
impact the stap time of biofilters removing MArayaObando et al., 2021yhereaBreda et al.
(2017)observed differences in the stgrttimes of biofilters using quartz, calcium carbonate,
polystyrene, and manganese oxides. This suggests that the choice of biofilter media can affect the
startup phase of biofilterStandardbiofilter media include anthracite, sand, GAC, or a combination

of these as dual media for Mn removal. However, comparative data on anthracite, sand, and GAC

biofilters operated under similar conditions are scarce, indicating a need for further research.
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In studies investigating the impact of filter media on biofilter performance for Mn removal, the effect
of media size is often not addressed. The available surface area for biological growth depends on
media size, a critical parameter for the optimizéatmpance of traditional filters. However, the

impact of decreased contact time associated with increased media size on Mn removal in biofilters is
currently unknown. The selection of filter media can influence the organisms present in the biofilter
and th& functional potential and actiViirisits et al., 2019)ymaczewski et §2020)studied the

impact of the microstructure of filtration material (silica sand, chalcedonite sand, and GAC) on
autocatalytic properties for Mn removal from groundwater. It was observed-tethaaiion times

were influenced by the mesopore volumes auifispsurface area of the filtration material, with
shorter autactivation times for GAC and chalcedonite (24 and 32 days, respectively) compared to
silica sand (50 days). The presence of mesopores in chalcedonite sand might facilitate microbial growth
and oxide deposition within the pqidesWalkowiak et al., 201@)though this study did not confirm

it. Further investigations are required to determine the impact of filter media characteristics, such as

pore volume distribution and surface area, on biofilter performance for Mn removal.

2.4.2.3 Empty bed contact time (EBCT)
EBCTrepresents the time the influent water to be treated is in contact with the biofilt&B@ddia.

is a critical parameter in the biological oxidation of Mn, especially when Feg"ard pildsent in

the influent water, which can lead to stratification (Fig. 2.3). The required EBCT to achieve specific
performance levels depends on the kinetics of the process; thus, kinetics directly influence the
minimum EBCT needed for optimal perfonceLiu et al.(2001)observed that biodegradation
kinetics improved with longer EBCT under-wadder conditions. However, with fioster kinetics,
anincrease in EBCT will give diminishing returns beyond a certain thiesldgdale et al. (2016)

did not observe a clear relationship between decreasing EBCT (from 6.4 min taB8dvmnin)
removal efficiency under cel@ter conditions while spiking Mn. The authors suggested that a higher
loading rate may have contributed to inadequate Mn removal duringtepligstig, as the two

EBCTs were not tested in parallel. In another, &EB{yT was lowered from 13.2 to 8.5 min, and no
reduction in Mn removal was observed across the biofiiterboth removing Mn below 50 pg/L
(Lauderdale et a2014) HoweverBruins et al(2014)proposed that an EBCT of more than 11.5

minutes is essential &ffectiveMn removal in groundwater biofilters containing Fe and. NH

Hoyland et al2014)examined the impact of media depth (i.e., the EBCT available) on Mn removal
in benchscale biofilters. The study showed that around 60 to 90 percent of Mn removal occurred in
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the top 10 cm of the biofilter. They also noted that Mn removal extended deeper into the biofilter bed
with higher influent Mn concentrations, suggesting the possibility of incomplete Mn removal with
shallower media depths (i.e., shorter EB&hs)ar results were observed when Mn concentration
was increased from 1 to 10 mg/L in a gtale biofilter whilmultaneously removing Mn, Fe, and

NH4" (Cheng et al., 2018)anganeseemoval occurred in deeper layers of the biofilter bed, and the
kinetics of Mn oxidation did not adhere to Hirster kinetics at a concentration of 10 mg/L.
Therefore, the EBCT necessary for effective Mn removal is likely influenced by water quality
chaacteristics, includimgn, Fe, and other emntaminant concentrat®n

2.4.2.4 Backwashing
Key factors such as backwash frequency/duration and the use of air scour are among the conditions

that can affect Mn removal in biofiltédrauderdale et al., 201Bjuins et al(2017)noted that the

impact of backwashing frequency on Mn removal was more pronounced duringuthplsiag of

new anthracite biofilter&fter 14 days of continuous operatittie Mr(Il) removal efficiencyas
decreastrom 28% to <10%Bruinset al., 2017However, as the biofilters matured, the influence

of backwash frequency on Mn removal became less significant, a change attributed to the growth of
biomass and the accumulation of MrdD the biofilter mediaFurthermore, more frequent
backwashing could hinder the formation of a catalytic layer on the biofiltewmeldimsessential

for effective Mn removgBruinset al., 2017; Cai et al., 20I8)e intensity and duration of
backwashing also affected the presence of MNOB and could alter the density of microorganisms within
the biofilters(Cai et al., 201&j et al., 2006)Thus, the optimal management of backwashing is
essential for maintaining the balance between a healthy microbial community and the effective
removal of Mn in biofilters.

2.5 Importance of biofilter starp period

The stadup period is definegisthe timetakenby thebiofilters to achieve the treatment objective
Manganeseemoval in biofilters depends on the acclimation of MnOB and the developmeng of MNnO
which can affect the stanp period. The primary cause of concern with a longeustarte for a

new biofilter includes wastage of produced water, energyassstiated with pumping and
backwashing, and alternate options to meet the production needs duringughére@rir he start

up period of biofilters can range from a few days to more than six months, depending on the biofilter
media, water quality cheteristics, and operational paraméeeyaObando et al., 2021; Breda et

al., 201} Thepresence of econstituents such as hHand Fe can significantly affect the start
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process of Mn removing biofilte(&atsoyiannis & Zouboulis, 2006; Pacini et al., 2005;
Tekerlekopoulou & Vayenas, 2008)e ceprecipitationof MNCGO; can also hinder the stap
process as ltas noadsorptive or autocatalytic properties and can cover the already formed MnO
(Buamah et al., 2009)

Various methods to reduce the st@rtime of MAremoving biofilters have been explored, including

using different filter med{drayaOb ando et al . , 2021; Breda et a
Walkowiak et al., 2018pplying inoculants containing Mn@&ancioCasalini et al., 2020; Guo et

al., 2019)adding ¢éayer of matured media to biofilt@Bsuinset al., 201% Guo et al., 2019; Jia et al.,

2015; Piispanen & Sallanko, 20@8hgoxidants or adjusting Fe/Mn ratio to develogVieO,

(Cheng et al ., 2018; g t eandbadjusting gkGranger et al..22016;5; Y a
McCormick et al., 202[Mable A2.2). However, tbffectiveness of tkestrategiess ste-specific

dependhg on initial Mn concentratiorpresence ofco-contaminantstemperature, pH, and
operational parameters.

2.6 Knowledge gaps

Key areas that need further investigation are:

1 Impact of filter media characteristics such as pore size distribution, mexid sizdace
area on the stamp of biofilters and Mn removal mechanisms.

1 Applicability of biofiltration for Mn removal in low water temperatures®°@® irb the
presence of Fe.

1 Enhance understanding of how contributions of different Mn removal mechanisms (biological
and physicochemical) evolve from stprto maturity and how these contributions change
with increasing biofilter depth.

1 Provide a better understanding of how the microbial community composition evolves in
biofilters anddentify potential Mn removal pathways.

1 Investigate the impact of intermittent operation on biofilter Mn removal performance,
evaluate the influence of different intermittentgdbwn periods and starp methodologies
on the performance of biofilteiand determine the impact of intermittent operation on

biological activity, biofilm development, and microbial community composition.
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Evaluating Manganese Removal in Groundwater

Using Pilot-Scale Biofilters: The Role of Filter Media
Characteristics during Stadup

Part of this chaptdras been submitted for publicatasn

Arora, H., PeldszusS., LambaRautapuroN., SlawsonR., Kendall,B., & Huck, P.M. (2024)
Evaluating Manganese Removal in Groundwater Using Pilot Scale Biofilters: The Role of Filter Media
Characteristics during Stapt Submitted t@vater Resegothnal

27



3.1Summary

This study investigated the influence of filter media characteristics on Mn removal in groundwater
biofilters during the staup phase. Six pilgtale biofilters containing three different GAC, two
anthracite, and a sand media weratwandrinking water utility for 133 days to examine their Mn
removal performance while monitoring ATP and bacterial growth. Key findings demonstrate the
critical role of media characteristics, especially for GAC, wikticibs higher surface area and total

pore volume, siwed earhgtage Mn adsorption and high extents of Mn removal. Adsorption initially
contributed to Mn removal during the stgrtof the GAC media, followed by a transition to
biological and physicochemical oxidation over time. In contrast, biologesdgeaominated Mn
removal on anthracite and sand during-gparAdditionally, the presence of MnOB bacteria was
detected in biofilterATP levels were correlated to Mn removal up until the biofilters were acclimated,
showing the potential of ATP asaatlimation monitoring metric. Once acclimated, all biofilters
consistently reduced Mn levels from 60.9 + 4.5 ug/L to below 5 pg/L (>90% removal) while
concurrently removing Fe, thereby highlightin
(<15°C). This study demonstrates the advantage of GAC media for Mn removal in biofilters during

startup in regions with lower water temperatures.

Keywords.iron, ATP, manganese oxides, pore size distribution, marmadizseg bacteria
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3.2 Introduction

Manganesen drinking water, traditionally linked to aesthetic and operational issues, has recently
gained attention due to emerging health concerns. Multiple studies have demonstrated a significant
correlation between elevated levels of Mn in drinking watedO(>pg/L) and cognitive and
neurobehavioral effects in children (Bguchard et al., 2007; Rahman et al., 2017). Furthermore,

Mn has been identified as a key drivEboélease in distribution systdifisieman et al., 2018)d
exacerbates health issues relatad ¢éaposuréWright et al., 2008n response, the World Health
Organization has set a provisional guideline of 80 pg/L for Mn in drinking water (WHO, 2020), while
Health Canada has established a MAC of 120 pg/L and an AO of 20 pg/L (Health Canada, 2019).

In groundwater, Mn predominantly exists as dissolved,Mijtth can undergo oxidation through
various processes within a biofilter, including homogeneous, heterogeneous, and biological pathways
(Tebo et al., 2005; Vries et al., 20Di¥solved Mn(ll) can also be removed through adsorption
depending on the filter media properfsamah et al., 2008Yhile homogeneous oxidation of

Mn(ll) by oxygen is thermodynamically favored at neutral pH (Diem & Stumm, 1984), it is slow in
the absence of metal oxide surfaces like,Mviich act as a catalffdbrgan, 2005Biological Mn

oxidation occurs through both indirect and direct processes. Indirect processes involve bacterial
growthinduced pH and redox modifications, while direct oxidation involves specific éhelgmes

et al., 2005Manganes@xidation, regardless of the process, results in Mn@ation. The Mn

removal is further facilitated by the adsorption of Mn onto Mn oxides, catalyzing the transformation
of Mn(ll) to MnO; through oxidation. During the stap of biofilters, the primary formation of

MnOy is a consequence of biological Mn oxidation in sand and anthracite lfRriilieset al.,

201%; Dangeti et al., 2020)

However, the effectiveness of biofilters is challenged by low water tempedain€} (vhich can
slow down the statp process, particularly in the presence of Fe, a comriontaminant in
groundwater(Ciancio Casalini et al., 2020; Ramsay et al., ¥ati8us methods have been
investigated to reduce the stgrttime of MAremoving biofilters, mainby using different filter
media(ArayaObando et al., 2021; Breda et al., 2017; Evans et al., 2024kdezak et al., 2015)
and applying inoculants from mature biofilters containing Nld@t al., 2015; Ciancio Casalini et
al., 2020)
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Despite numerous studies investigating the impact of different filter media-ugn stsential
characteristics like surface area, pore size distribution, and media size have often been insufficiently
addressed, leading to conflicting find{AgayaObando et al., 2021; Evans et al., 2020; Granger et

al., 2014)Moreover, these studies have primarily focused eadsorptive media like sand and
anthracite. GAC media provide a higher surface area, pore, asidnecreasedvailabilityof

functional groug which may contribute tmicroorganisms' adsorption and potential attachment
during the initial stages of biofilter operation. The role of biofilter media is critical dutipgadart

it offers surfaces for microorganism attachment and biological Mn oxidation. The extent of available
external surface area biological growth depends on the media size, and a higher specific surface
area may also enhance Mn removal through direct adsorption on the media. These factors may
influence the Mn removal mechanism, especially duringpstarinaczewski et al. (2020served

that mesopore volumes and specific surface area of the filter media were dominant factors affecting
the starup time for Mn removal but did not explore the contributions of MNOB and teliin

removal. Overall, there is limited information on the role of media characteristicenmoWwimg

biofilters and a limited understanding of the dominant processes for Mn removal in biofilters,
particularly across different filter materials.

This study aims to bridge these gaps by examining the relationship between filter media properties
and Mn removal efficiency in biofilters used for groundwater treatment during-the @tasge,
addressing challenges such as low water temperaturespaeseiice of Fe while also investigating

the roles of MnOB and MnOThe specific objectives are: 1) to investigate the influence of pore size
distribution and media size on the biofilter performance and the kinetics of Mn removal, 2) to
characterize Mnn the ripened filter medium coating to gain insights into the mechanism of the
Mn removal process and 3) to investigate the relationship between culturable MnOB, biological
activity and biofilter performance. To achieve these objectives, sscaidobiofilters were set up

and operated for 133 days, thus providing a comprehensive understanding of the factors influencing
Mn removal and offering practical insights for water stilitie

3.3 Materials andethods

3.3.1 Experimental setup and opegatomditions
The pilotscale biofilters were operated at a water treatment plant in Southern Ontario. Raw water

from groundwater wells was collected in two 1000 L tanks, where it was aerated before pumping into
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the biofiltersThe average groundwater DO was less than 1.8 ReydLwater quality parameters
were anaied weekly (Table 3.1)

Table 3.1 Influenvater characteristfmot scale biofilters

Parameter Meant S.D (number of data pointc Max  Min Units
Temperature 11.6 £ 2.3 (40) 14.1 8.6 °C
pH 7.5+ 0.3 (40) 7.9 7.1 -
Manganese 60.9 £ 4.5 (20) 684 514 Mo/L
Iron 71.7 + 17.4 (20) 127.2 56.3 Hg/L
TOC* 0.8+0.1(4) 0.6 0.9 mg/L C
Hardness* 248 + 38 (4) 301 195 mg/L as CaC®
Alkalinity* 182 + 23 (4) 213 75 mg/L as CaC®
ORP 158 + 30 (40) 204 107 mV
DO (after aeration) 8.#0.9 (68) 10.1 7.8 mg/L

*Analyzednonthly; TOC = total organic carbon

The pilotscalesetupconsisted of siRVC columnsRVCSCH 80Q Fabco plastic®ach witlaninner
diameteof ~0.1m, heighof 3 m, and media deptt 1.2 m over 0.2 m gravel supféiy. 3.1 &
Text A3.1). Three different types of commercially socoatobsedSAC (GAC1, GAC2, GAC3),
two typegmedia size) of anthracite (Al,,ARy one type of sand (S1) were used (TekBA3.
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Figure 3.1 Schematics ofgukde biofilter setup
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All media were sieved to ensure an effective size-af@8&5rmand uniformity coefficient (UC) of

1.8 except for Alwhich had a size of 1-1®5 mm. The effluent flow rate in each column was
maintained at 5 m/mesulting in an empty bed contact time of 14.4 minutes or less due to a reduction

in filter bed volume over time as filter media was removed for sampling. Backwashing was done once
per week with a flow rate of-20 m/h using the effluent from the biddii$, resulting in bed
expansions of 2B0% which was performed until clear watelQ5min) was observed in the

supernatant and backwash effluent

3.3.2 Analytical methods

Influent and effluent water samples were colleeteklyfor Mn and Fe analysis. In addition, samples
werecollected from different bed depths for analysis on days 18, 28, 56 a8dl, 128, Thevater

samples were collected in atihned (7% HNE 50 mL plastic tubes (Falcon®, V&/Rand

transported on ice to the laboratory for immediate processing. The samples were acidified with 2%
HNO; (ARISTAR® PLUS, VWR Chemicals BDHt® pH < 2 and stored at°@ beforetheir
analysisusing triple quadrupole inductively coupled plasma mass spectrometriCRENIS)

Agilent 8800Helium was used as a collision cellagasscandium was used as an internal standard

to correctinstrument drift. United States Geological Survey water standards (T211, T227, T231) were
analyzed multiple times during each analytical session to verify instrument accuracy. The average
measured Mn and Fe concentrations of these standards were 94d%% 8 % (SD, n = 122),
respectively, of their certified values. Data reproducibility was also verified byahgiisetéa

subset of water samples during each analytical session. The average deviation between the duplicat
and originaanalysisvas 1 + 7 % and 1 = 8 % for Mn and Fe, respectively (n = 156). The average
detection limits for Mn and Fe were 0.016 N O.
pH, ORP, DQ and temperature were determioasite using a YSI professional plus multimeter
(Xylem, USA)

3.3.2.1 Filter media charazsgion
The surface area was determined according to the BdEmametbTeller (BET) method with

adsorption/desorption isotherms that were measured at 77 K using a Tristar || 3020 apparatus
(Micromeritics). The-glot method was used to analyze the microporengobf the GACs
(Dymaczewski et al., 202Based on the adsorption data, the mesopore size distributions were
derived from the desorption branches of isotherms usiBate®JoynedHalenda (BJH) model

Macropore volume was determined through mercury intrusion porosimetry (MIP) using an AutoPore
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IV 9500(Lu et al., 2020The total pore volume was calculated as the sum of micropore, mesopore,
and macropore volumes (T&3.2. Raman spectroscopy was performed to distinguish different
types of MnQon the biofilter mediéBruker Senterra RamaNATLab, University of Waterloo

SEM was performed to determine the structure of the filter media coating and th&D#O
provided information regarding the trace elements present in these structures (FEI Quanta FEG 250
ESEM WATLab, University of Waterpop&SEMEDX and Raman speoscopy were performed

following the procedure outlinedBruinset al.(201%H,0.

3.3.2.2 Microbiological analysis
The biofilter media samples (~3 g) were collected from the top of the biofitera {&d depth)

once per week for ATP analysisich was performed using a deposit and surface analysisfkit (DSA
LuminUltra Technologies, Canada). The media savepéecollected usiagterilzed spatulsstored

in sterile 50 mL plastic tubes (Falcon®, YAW}Rnd transported on ice to the University of Waterloo

for immediate processing (Text AB.3he biofilter media samples ()3vere collected at days 28,

56 and 128 from the top of the filter bed and at 40 cm bed depth to perform heterotrophic plate
counts (HPC) and MnOB counts using three different culture media (Mn supp,, Mndmin
R2A+Mn) following the procedure outlinedireda et al. (201{ext A3.3.2).The media samples

were stored in sterile 50 mL plastic tubais¢n®, VWE ) and transported on ice to Wilfrid Laurier
University for immediate processing. The ability of heterotrophs to oxidize Mn was verified using the
leucoberbelin blue (LBB) asgfy % dye, Sigma Aldrich, Canad#ddwing the procedure outlined

in ArayaObando et al. (202([)ext A3.2).

3.3.2.3 Kinetics analysis
Manganes@emoval kinetics are expressedguaitiirstorder kinetic modgDangeti et al., 2017;

Katsoyiannis & Zouboulis, 20@#)follows:

'Q—D 8 OO ™ 0¢ 00

Qo

In the equation abovk:is the firstorder rate constant (minfor the overall removal of Mn(ll),
which may include biological and physicochemical remasahebulk porosity of the biofilter
media {Mn} is the concentration of Mn(ll) at the EBChgd&BCT is the amount of tinfer
influent to pass through the empty space occupied by the bightersamples collectedifreach
20 cm depth interval of the biofilters were used to cakualatays 28, 56, 84, 126d 133The
firstorder removal constaki(mirt %) was determined for each of the biofilters as the slope from the

33



linear regression between In[{Mg({IMn(ll) o}] andN * EBCT and is reported in Table She

values of porosity were taken from the literature: for GAC, a value of 0.45 (Reed et al., 1996); for
anthracite, a value of 0Anthracite supplier, Greaird Canadg and for sand, a value of 0.45
(Hwang et al., 2017).

3.3.2.3 Statistical analysis
All statisticahnalysisvasconductedisingthe Origin Pro 2024 softwaresignificantevel ofp= 0.05

was used for Spearman correlations, Kruskal,\&alliaNOVA tests.

3.4 Resultanddiscussion

3.4.1 Filter media characteristics

Table 3.2 highlights the filter media characteristics. GAC1 has a total pore volume of 0.391 mL/g with
a low proportion of mesopores compared to micropores and macropores; GAC2 has the highest pore
volume of 0.639 mL/g with micropores > mesopores > mamepwhereas GAC3 has a pore
volume of 0.376 mL/g with lower levels of macropores and mesopores than GAC2, but a similarly
high volume of micropores. The pore volumes of the anthracite and sand media were very low
compared to GAC mediand the pore volursewvere concentrated in the macropore range, as
expected.

Table 32 Filter media characteristics

Media Media Size Total Macropores Mesopores Micropores  Surface

(mm) Pore (mL/g) (mL/g) (mL/g) Area
volume (> 50 nm) (2-50 nm) (<2nm) (BET)
(mL/g) (nlg)
GAC1 0.85-1.00 0.391 0.174 0.091 0.125 1021.90
GAC2 0.85-1.00 0.639 0.169 0.210 0.260 1256.97
GAC3 0.85-1.00 0.376 0.047 0.067 0.262 1146.90
Al 1.10-1.25 0.004 0.004 0.000 0.000 0.22
A2 0.85-1.00 0.009 0.009 0.000 0.000 0.88
S1 0.85-1.00 0.002 0.002 0.000 0.000 0.19

34



3.4.2 Stastip and steaestate functioning of biofilters

3.4.2.1 Mn removal across biofilters
Fig. 3.2 shows the influent and effluent Mn concentrations in secpl®biofilters over 133 days.

The average influent Mn concentration was 60.9 * 4.5 pg/L. Thepsiagcclimation period was
complete when the biofilters consistently remove than 90% of the average influent Mn
concentrationThe Day 0 measurement represents the data colld@edab8rs after the start of

biofilter operationgn day 77, all biofilters met this treatment objective. However, the time to reach
this objective varied substantigdly 0.05). The staup periods for GAC1, GAC2, and GAC3 were

21, 28and 35 days respectively, whereas ARnA2S1 took 56, 42 and 77 days, respectively. The
higher BET surface area and inherent adsorption capacity of GAC media for Mn(ll) might have
resulted in early Mn remgJealding to shorter starp times for the GAC filters. The anthracite
media (A2) with the smaller effective seached the treatment objective levels earlier than its larger
counterpart Al. The increase in filter grain size leads to a detheasedernal specific surface area,
which might have contributed to slower acclimation. Although sand (S1) and anthracite (A1) have
comparable surface areas, sand media took longer to reach acclimation; this might be due to the

different filter media cheateristics

The influent raw water temperature was 11.6°&,2:8d more than 90% Mn removal was observed

for all biofilters within 11 weeks of operat@iancio Casalini et @020)eported that acclimation

of new Mnaremoving biofilters was slower at water temperatures below 15°C. However, the GAC
filters in this study displayed a robust performance despite the suboptimal temperature range, reaching
operational efficiency quickly.iglindicates that GAC media may have inherent properties that
counteract the negative impact of lower temperatures on the biological mechanisms responsible for
Mn removalMouchet (1992gported thba pH > 7.5 and an Eh of 300 to 400 mV are required for
effective biological oxidatioDuring the staitip, the effluent ORP was below 300 mV. However,

there was a gradual increase in the ORP in the biofilters over time, correlating with a decrease in
Mn(1l) concentrations in the biofilter effluent. This correlation was statisticdibasigmased on a
Spearman correlation test (Fig. A®B2(4<009. = 126
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Figure 32: Biofilter influent and effluent Mn concentrations. The vertical black and red dashed lines r
time taken by all biofilters to consistently remove Mn below the aesthetic objective (20 pg/L) and trec

(>90% removal) levels

Fig. 3.3 indicates the variation in Mn concentration along the filter bed depth at different points during
the experimental period. At day 2B8)@120 cm filter bed depth was required to reach the AO level

of 20 pg/L by all media except GAC1 and GAC2, which only needed 20 cm bed depth, and Al did
not meet AO levels on day 28. This shorter distance is attributed to the high adsorption capacity of
the GAC media. By day 56, GAC1, GAC2, GACS3, and A2 reached the aesthetic obj2@tora,at O

but A1 and S1 qmired 4660 cm and 680 cm, respective{ifig 3.3h)By days 126 and 133, all
biofilters effectively met the objectives within the te02€m(Fig 3.3d,e)This shift inthe Mn

removal zone towards the upper filter layers aligns with findings from previous studies utilizing non
adsorptive media such as sand atidacite(Breda et al., 2019; Dangeti et al., 281Farticularly

notable comparison can be made with Zhab (2021), who observed that over 93% of Mn removal
was accomplished in the top 25 cm of a Mn sand biofilter after 1Zlhdaggesulsuggest that

this phenomenon is not exclusive to-adsorptive media but is also present in GAC media,
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indicating strong biological activity anddviaccumulation ibiofilters' upper regions, contributing

to Mn removal from groundwater.
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Figure 33:Mn depth profile for different biofilter media at (a) Day 28, (b) Day 56, (c) Day 84, (d) Day 1z
(e) Day 133 (the vertical black lines represent the aesthetic objective level of 20 pg/L and horizont:
represent the bed depth zawegtir@tdto achieve those levels by all media; (f) Variation in the first order r

constant k (Minver time

These results also highlight tilegr media characteristics and the operational stage of the biofilter
influence the Mn depth profilexcept for the GAC3 biofilter on day 28, GAC biofilpadorm

better than anthracite and sand, especially early in tigp statit day 84. This can probably be

related to the adsorption of Mn(ll) in the internal pores of the GACs, though these differences
diminish over time. A disparity in performanceden different GAC media can be observad

example, on day84Fig. 3.3a), GAC3 media required a filter bed depth of 100 cm to achieve the
treatment objective, whereas GAC1 and GAC2 needed only a depth of 20 cm. This suggests that not
just the total pore volume but also the distribution of pore size impactstpeosdsf Mn(ll) and,

consequently, the performance of the filter media during the early stages of biofilter operation.

Additionally, the comparison between Al and A2ddsarptive mediahows that biofilter A2,
with its smaller effective media size #radeforehigherspecificsurface area, may be characterized
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by a moreeffective adsorption processmofiim development, leading éomore effective Mn

removal at shallower depths during-siariNevertheless, these differences gradually decrease beyond
day 84 with the likely development of Ma¥ biofilm. Beyond media characteristics and operational
stages, influent water quatdityn impact the Mn removpltocessn biofilters The concentration of

hydrogen carbonate in the influent water can result in the precipitation of Win€¥Odoes not

have any autcatalytical adsorption and oxidation properties (Bruins et al., 2014; Buam@hg2009).
influent water to the biofilter had a pH below 8 (Table 3.1), making the significant formation of
manganese carbonate unlikely. This assumption was confirmed by Raman spectroscopy analyses o
the matured media (section 3.4.3), where no Mo@ation was observed

3.4.2.2 Kinetics of Mn remowalbbiofilter
Manganesemoval kinetics were only studied previously feadsorptive media such as sand and

anthracite (Dangeti et al., 2017; Katsoyiannis & Zouboulis, B®4resent study assessed the
kinetics of Mn removal using a fostler kinetic model for all biofiltedifferentiating between
adsorptive and neadsorptive media. For all biofilters, the-firder removal constakt(mir %)
ranged from 0.005 fiolmin' * at different stages of biofilter operation (Fig. 3.3f & Table A3.1). The
k values okerved here were highleanin other studiegDangeti et al., 2017; Ramsagl.e2018)
which mightresult fromthe low Mn influent concentration and the high extents of Mn removal
observed in this studyloreover, previous studi@@angeti et al., 2017; Katsoyiannis & Zouboulis,
2004 used EBCTin the calculation &, whereas the actual time thatwlaer spends reaching a
given depth is EBCID that depth multiplied byulk porosity

On day 28, the adsorptive media, except GAC3, exhibited markedlk wglwesthan non

adsorptive media (Fig. 3.3f). Specifically, GAC1 and GARX hlaes ofl.026 and0.904 min' *,
respectively, compared to GAC3's significantly lower vaud86f min' *. The biofilters A1, A2,

and S1 recordddvalues 00.010.228 and0.213min ¢, respectively, atay 28. The initially higher

k values for GAC1 and GAC?2 likely reflect their high adsorption cépPaarty& Benzina, 2012)

and higher total pore volurtteanthe other media (Table 3.2). In contrast, the initially much lower

rate constants for sand and anthracite media could be due to a limited number of active sites. This
trend persisted on day 56, with all GACs displayin§ laabes, surpassing those of the anthracite

and sand media. The lowearalues observed for nadsorptive media on days 28 and 56 suggest an
incomplete maturation of these filter media, indicative of biofilters in an earpytage. By day

84, thek values began to convergehv@®AC values decreasing. This converging trend continues
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from here forwardand by day 133, tkevalues across the biofilters converged, yieldindkmalaies
of 0767 + 0.09 (SD) mih?, indicative of biofilter maturation.

The nonlinear progression of tkevalues over time (Fig. 3.3f) suggests a transition from adsorption
as the dominant removal mechanism to heterogeneous and biological oxidation in the GAC biofilters.
Biofilters A2 and, to a lesser extent, A1l exhibited similar patterns, albeit witHueseBiaélter

S1 showed an increasing trendk malues, eventually converging to levels simil&AC and
anthracite biofilters. This trend signifies that, following acclimation and maturation, the impact of the
filter media ol values diminishes. Furthermore, this kinetic study indicates that while the treatment
objectives were met at day 77 for all biofilters, the Mn removal efficiency observed in the biofilter
effluent at this time does not fully represent the maturatioe biteh media. This is evidenced by

the continued evolution of thevalues past day 77. These findings underscorfdt¢hanedia
characteristics influence the kinetics of Mn removal within biofilters duriug. Stéohitoring

changes ithe rate constant can thus serve as a crucial indicator for discerning different operational
phases of biofilter operation.

3.4.2.3 Concurrent Fe removal and its impact on Mn removal
The average influent Fe concentration was 71.7 £ 17.4 ug/L (BiginABe first week afperation,

GAC biofilters demonstrated a Fe removal efficiency of over 90%, significantly higher than the 75
80% observed in anthracite biofilters and 30% in the sand biofilter. By the second week, more than
80% Fe removal was observed in all biofiltensekter, following these initial high removal rates, an
increase in effluent Fe concentrations for all biofilters was observed, potentially linked to a sudden
rise in influent Fe concentration during the third and fourth week. Despite this incread83py day

the effluent Fe concentrations in all biofiltexseveduced to below 10 pg/L, achieving more than

88% Fe removal with no significant differences in Fe removal efficiencies among the various biofilters
(p> 0.05).

In the initial stages of biofilter operation, Fe removal is predominantly facilitated by homogeneous
oxidation processasd adsorption (for GAC medi8upernatant levels of 1.5 m above the biofilter

media in this study extend the residence time, thereby enhancing éorsayéationvries et al.
(2017noted that an 80 cm supernatant layer achieved 10% Fe removal, while a 27 cm layer achieved
5% removal, underscoring the impact of residence time on oxidation prlvoessgslizedto

particulate form will be removed from the biofilters during backwashing.
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Particularly in GAC media, the early phases of biofiltration exhibited enhanced Fe removal, which
may be attributed to the adsorptive capacity of the media. This observation is consistent with previous
studies that reported competitive adsorption betweféih &d Mn(lIl) on filter medi@usoh et al.,

2005; Hu et al., 2000 d the reported interference of Fe with biologicaéMovalKohl & Dixon,

2012) The thermodynamic preference of Fe oxidation over Mn oxidation, especially at lo@&er Eh (10
400 mV) and pH (8) valuegMouchet, 1992)is supported by the observed average influent
conditions (Eh: 158 + 30 mV, pH: 7.5 + 0.3) in this study. These conditions facilitated higher initial
Fe removal, leading to a stratified filter bed, where Fe was predominantly removed in the top 20 cm,
in contrast to the more homogeneous Mn removal (Fig. A3.3a). As filtration progressed, influenced
by regular backwashing, the Mn removal zone shifted upwards, with over 80% removal of both Fe
and Mn observed in the top 40 cm of the filter bed (Fig. A3.3®)g@rved stratification, with

effedive Fe and Mn removal primarily in the upper layers of the biofilter media, underscores a
significant implication for biofilter design. This study demonstrates that reduced bed depths can
potentially be effectively utilized for Fe and Mn removal, contingetite oinfluent water
characteristics. This stratification pattern agrees with the observationsRaaasalyet §R018)

in fullscale drinking water biofilters, suggesting that such a phenomenon may be broadly applicable

across various biofiltration systems.

34.2.4 Impact of filter media characteristics on Mn removal
Fig. 3.4 illustrates the relationship between the time taken by biofilters to achieve the Mn removal

target (> 90%) and the initial pore volumes and BET surface areas of media in thoseAbiofilters.
strong inverse Spearman corr el at0i99px 0.65Wasve e n m
observedwith GAC1 (macropore volume = 0.174 mL/g) achieving the target in 21 days, followed by
GAC2 (0.169 mL/g, 28 days) and GAC3 (0.047 mL/g, 35 days). This trend was also evident in non
adsorptive media such a& (®.009 mL/g, 42 days) compared to Al (0.004 mL/g, 56 days) and S1
(0.002 mL/g, 77 days). These findings suggest that larger macropore volumes may expedite the
biofilter starup process, likely due to their suitability for bacitaahmenfWalker & Weatherley,

1998)and MnQ accumulatiorMesopore volume alsegatively correlatadi t h t {0886p ( 3 =

< 0.05), but its impact was less pronounced than macropores. GAC2 had the highest mesopore

volume, yet ttidesto target was longer than GAC1, indicating other factors at play.
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Figure 34: Impact of pore size distribution and BET surface area of the media on the time taken for th

biofilters to reach Mn concentrations below the treatment objective

The ionic radius of MH) with six coordinated hydratesimplexes aqueous solutios 0.084 nm,

which can easily penetrtite micropores of GAC for adsorptidrhis facilitates the adsorption of

Mn(1l) ions onto the internal surfaces of the GAC through both physical and chemical mechanisms.
Physical adsorption occurs via van der Waals forces, wiigyaods are attracted to the GAC

surface due to weak intermolecular fortkeis. type of adsorption is nepecific and reversible,

primarily relying on the large surface area and high porosity of GAC. In contrast, chemical adsorption
involvesgroups such as hydroxyl, carboxyl, and carbonyl groups present on the GAC surface. This
results in the formationf gtable surface complexes. However, despite these effective adsorption
mechani sms, t he (HAddmioncan pequickly gxhatisted, ledding to an initial
breakthrough where Nifj concentrations in the effluent start to rige initial rapid adsorption

was not observed in the current study, likely because the Mn effluent measurements were performed
only once a wee®nce Mrfll) ions are adsorbed, they can undeither homogeneous or biological
oxidation, forming Mn© The formation ® MnOy aids in further removal of M due to its

adsorptive and auta@lytic propertiedicropore volume, while important for adsorption on GAC
(LoreneGrabowska & Gryglewicz, 2008howed a weaker and yfom gni f i cant - corr el
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0.698p> 0.05). This suggests that not all micropmesibute effectively to Mn removal, possibly

due to blockage by /@, (>10 nm) accumulation over mesopores and macropores, thus reducing the
adsorption capacity of GAGuresh Kumar et al., 201Bhis phenomenon could also explain the
reduction irk values at day 84 for GAC media (Fig. 3.3f), where the development, ohilytmtO

have reduced access to pores, thus contributing to the transition of the dominant mechanism of
removal from adsorption to heterogenous and biological oxidation. Overall, the role of micropores

appears complex, affecting the adsorption capacity®h@dia for Mn removal.

The BET surface area, predominantly influence
= -0.82p< 0.05). GAC samples with higher BET areas reached the Mn removal target levels faster
than anthracite and sand, underscoring the importance of surface area in adsorption. However, GAC3,
despite a higher BET area, took longer than GACL1 to reach theinglyatg limitations in Mn

diffusion into micropores and the potential inefficiency of micropores in Mn removal.

In summary, these results highlight the significance of macropore volume and BET surface area in the
startup efficiency of biofilters for Mn removal. Macropores, in particular, play a crucial role, likely
due to their suitability for microbial colonizatiot provide greater space for M@a@cumulation.

The findings also suggest that the contribution of micropores to overall adsapgtymay be

limited, warranting further investigation into the dynamics of Mn(ll) adsorption in biofilters.

3.4.3 Physical characteristics ocDMaccumulated on biofilter media

The Raman spectra of all mature filter media at day 126 (Fig. 3.5a) consistently show the characteristic
bands of the birnessite group of@4around 510 crii(a small peak), 580 érfa very strong peak)

and 630 cm (a strong peak), aligning with findings fiiteraturgBernardini et al., 2019; Bruins et

al., 201b,0 and reference birnessite spectra (, Fig. 3.5a). Birnessite has very high adsorptive properties
for Mn(ll) and leads to subsequent autocatalytic oxidation of (@n(linset al., 20150). Due to

substantial background noise, the spectra for GAC1 and S1 were inconthesyaee swt further

discussed. Peak sizes at 630amad 580 cm varied for the different media, which may be attributed

to the concentration of different counteri@@iinset al., 201d), as supported by SEEDX results

(Fig. 3.5b). Additional weaker peaks at ~1080 €i#v0 cmt, and ~247 cm for A1 and ~443

cmtfor GAC3 were observed, which are resonant with the Raman speatrgasfosii@yrolusite
manganiteand chalcophanite, respectiyBgrnardini et al., 2019; Vermeersch et al., 2023)
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Figure 3.5 (a) Raman spectra of;MbOElemental composition from EDX arsabgesfom multiple
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Two potential explanations exist for these additional peaks: One is the susceptibilitytmf MnO
thermal degradation from the high laser power and prolonged exposure during Raman analysis, leading
to the formation of pyrolusite and hausmar{Biteins et al., 2086 The other explanation involves

the transformation dhitially formedbirnessite into manganite under alkaline conditions (pH 7 to

8.5), with further transformations into feitknechtite and hausmannite occurring more rapidly in the
presence of Caér Mg ions(Elzinga, 2011 he presence of Cand M@ in the MnQ coating,

as confirmed by EDX analysis (Fig. 3.5b), supports this hypdihasiever, the elemental
composition of the media itself influences the formation of different phades (Vallejo, 2015).

While we lack direct experimental evidence, it is likely that surface roughness and granular morphology
play significant roles in the formation of Mo@atinggVallejg 2015).

To visuale the structure of the coating and the MSEM micrographs of ripened media (Fig- 3.5f

k) are presented next to those of virgin media (Fiee)3.bbe SEM micrographskjfshow the

presence of fluffy structures (highlighted in red), similar to biologically formed birnessite (Bruins et
al., 20%b; Dangeti et al., 2020), thereby confirming the Raman spectroscopy results. Fig. 3.5f shows
the presence of both physicochemical (coral or sponge structures, marked in blue) and biological Mn
oxides o the GAC1 media. This suggests that the.ldn@®Mn(Il) removal mechanism during start

up mightdiffer for GAC media compared to sand and anthracite.

3.4.4 Microbiological analysis

3.4.4.1 Biological activity
ATP levels were quantified to investigate the potential correlation between biofilter efficacy in Mn

removal and biomass accumulation during biofilteuptaxith ATP serving as a key biofilm activity
indicator. On day 126, ATP levels ranged betweemdd0 ng/cm? dry weight of media, except

for sand (Fig. 3.6a). This is at the lower range @f0D00ng ATP/cm3 reported for biofilters
acclimatized for organics remq®ddarand et al., 2014)ely due to the minimal organic content in

the groundwater treated by the biofilters in this diwdys et al. (202B)dicated suboptimal Mn

removal efficiencywhen ATP concentrations fell below 200 ng ATP/cms3. However, this
phenomenon was not observed in the present study, likely due to the lower organic load in the biofilter
feedwater. Some studies have reported that due to the irregularity and more abundassnmacrop
GAC, a greater biomass accumulation would take place in biofilters investigating organic carbon
removal(Urfer & Huck, 2001)but GAC media exhibited ATP levels comparable to those of

anthracite and sand megha 0.05), which is consistent with literature valuesarizetly Pharand
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et al.(2014) Notably, anthracite biofilter A1 displayed higher ATP levels than A2 and, occasionally,
GAC media (Fig. 3.6a).

Fig. 3.6b reveals a negative correlation between effluent Mn concentration and ATP levels with a
Spear man c o e0f58 overilas mdys. Nogakhe cofrelation coefficient was stronger

during the acclimation phase (days 0 tat?7@)70. In contrast, from day 77 to 126 (psstekdy

state phasghe coefficient decreased@®2. This observation aligns Witiarand et al. (2014)ho

reported no direct relation between ATP levels and organics rneenfmratance for biofilters at
steadystate. The moderate correlatior0of0 during the acclimation phase implies that Mn removal
efficacy is enhanced with biomass accumulation during the siagise. Following day 77, effluent

Mn concentrations remained consistently below 5 pg/L, ctiespef ATP levels, which initially
increased and then remained steady for most media. This is consistent with the previous observation

for full-scale GAC biofilters (removing organics) that biomass attachedt&r thedila accumulated

for 90days and then maintainest@ady stater 200dayHVelten et al., 2011)
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3.4.4.2 Impact of HPC and MnOB on biofifterformance
3.4.4.2.1 HPC
HPCs confirm the presence of heterotrophic bacteria in biofilters, ranging*ft6hCEW/g for

Mn Supp, 191¢ CFU/g for Mn min and 16-1¢® CFU/g for R2A+Mn culture media (Fig. 3cja

HPC decreased over time in all biofilters, with a more pronounced reduction observed in Mn Supp
media. No significant difference was observed in HPC at the top of the biofilter compared to 40 cm
bed depthg > 0.05). The values reported here align with those reported in the literature for R2A+Mn
media of 10CFU/g (ArayaObando et al., 2021; Granger et al., 2014)
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ANOVA tests confirmed significant effects of time (biofilter medigpag@)05) and culture media
type p < 0.05) on HPCdn contrastHPC values across biofilter media types yauediofilter
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media typedid not show a consistent significant imgeet((05). Interaction analykighlighted a
significant interaction between the time (days) and culture predi@¥), suggesting a synergistic
effect of these factors on HPC.

3.4.4.2.2 MnOB
MnOB counts varied from natetectable levels up to* TFU/g across the tested culture media

(Fig. 3.7, d). MnOB abundances were consistently two to three orders of magnitude lower than HPC,
with some instances yielding no detectable MnOB, as indicated by negative LBB tests. Similar to HPC
trends, no signdant difference was observed in MNnOB counts at the top of the biofilter and 40 cm
bed depthg> 0.05).Zheng et al. (2028)pserved a decrease in the caitteMnOB abundance

within deeper layers of the filter bed, possibly because of a higher Mn concentration in the influent
water for that study. Higher Mn loading has been reported to increase the biological removal of Mn
(Kohl & Dixon, 2012), thus possiblyreesing MnOB levels and resulting in a gradient within a filter

bed. The values reported for the present study are comparable to those reported in the literature, i.e.,
1¢-1C¢ CFU/g for R2ZA+Mn medigArayaObando et al., 2021; Granger et al., 2014)

Statistical analysis using ANOVA revealed that, while variability in MnOB counts was noted across
different biofilter media, there was no significant trend between MnOB and biofiltgrr@0)

Time (biofilter media age) was a significant fagcto0.05) across all culture media. This suggests

that as biofilters matured, MnOB counts on the biofilter media decreased, similarly to HPCs. The
exception was MnOB counts on Mn Min culture media. Furthermore, the interaction between the
biofilter media ag(time) and the type of culture media used had significant gffecfs0p),
corroborating the importance of these factors in MnOB proliferation.

Correlation analysis between macropores in the biofilter media and MnOB revealed a strong positive
correlation for Mn Supp at day 28 (r = 049,0.05) and a very strong correlation for R2ZA+Mn at

day 28 (r = 0.931< 0.05), indicating a potential link between biofilter media structure and bacterial
abundance. The correlations weakened over time for both Mn Supp and R2A+Mn. By contrast, Mn
Min showed a significant positive correlation at day 56 (r =<86,05) but not at other time

points. These celations suggest that biofilter media properties may havelegendent influence

on MnOB proliferation.

The differences in MNOB counts across culture and biofilter media suggest that these bacteria have

specific nutrient and environmental preferences. For Mn Supp and R2A+Mn, there is a decrease in

a7



MnOB counts with time, whereas for Mn Min, an increase was obBeis/stiift in the nutrient
consumption patterns of MnOBay beattributed to the dynamic conditions within biofilters.
MnOBs, being heterotrophs, can utilize a broad spectrum of available nutrientgiinéjebd et

al., 2005). This broader nutrietitization would leatb decreased microbial Mn oxidation as the
biofilter matures. Conversely, an increaBBOB countsvas observed with Mn Min media, which
solely provide®n. These results suggest that a combination of culture media (MndWin

Supp R2A+ Mn) should beisedto fully understand the functional potential of Mn®Bs also

crucial to note that culturable Mn@&presentsnly a subset of the total MNOB population in the
biofilters. This underscores the complexity of MNnOB as a group and their varied roles in biofilter

performance.

345 Mn removal mechanism in biofilters

The initiation of Mn removal in biofilters is complex. It has been established that Mn removal in
biofilters is initiated biologicalpnd as filtration progresses, physicochemical removal dominates
(Bruinsetal., 201B; Dangeti et al., 2026)owever, these studiesednon-adsorptive media such as

sand and anthracite. Unlike these media, GAC possesses a higher surface area with an intricate pore
structure and functional groups, which play a pivotal role in adsorbing Mn(ll) during the early stages
of biofilter operationThis adsorptive capacity, coupled with the media’s surface characteristics, may
accelerate the onset of Mn removal within GAC biofilters, as evidenced by the shopdmstart

(Fig. 3.2) and the presence of both physidachynand biologically formed Mn@nh one of the

GAC media (Fig. 3.5f).

The ability of GAC to adsorb Mn(ll) within its internal pores can lead to a higher initial Mn removal
Once Mn is adsorbed, biological and possibly homogenous oxidadiccupitirmingMnO,, such

as birnessite (Fig. 8.5These oxides then serve a dual function: they act as sites for further Mn(ll)
adsorption and as catalysts for the oxidation process. The adstrdhd undergoes
catalytic/heterogenus oxidation on the surface of the Mnf@cilitating the formation of a new

MnOx layer. This autocatalytic mechanism underpins tpeagelfjating nature of the Mplayer,

which is integral to the sustained removal of Mn(ll) within the biofilter system. However, as
biofiltration progresses, the potential clogging of pores bydvid®iofilm reduces the accessibility

to adsorption sites in the GAC, thereby transitioning the dominant mechanism from adsorption to
cataytic and biological oxidation. Concurrently, the development of a biofilm contributes to the

generation of biologically formed Mn@hich, over time, likely transforms into physiochemically
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formed MnQ, as evidenced by a decrease in MnOB counts. This shift underscores the dynamic nature

of the Mn removal process in GAC media.

Electrostatic interactions significantly influence the adsorption process, where a positive net surface
charge on GAC media under specific pH conditions may promote the developmentri@gtive

which further adsorbs and oxidizes additional Mn(Il) (McCormick et al., 2021). With the point of zero
charge (PZC) of GAC media ranging between 6 afiRefydoMarczewskat al., 2019; Fijolek et

al., 2021)anthracite between 5 anG@habi et al., 2009; Zhang et al., 2&2@jand betweetiand

7 Kong et d., 2020)and given that the pH of the groundwater in this study is 7.5 = 0.3, the sand
and anthracite medige likely negatively charged, whereas GAC magliave beguositively

chargedA negative surface charge on medianot favor accumulatiohMnO,, thereby impacting

the efficacy of Mn remov@ahabi et aR009). Therefore, adsorption capacity is not solely a function

of internal surface area and giracture but is also determined by the media's surface chemistry.

Thus, we propose that the mechanism of Mn removal during thep spdidse of biofilters is
markedly distinct in GAC media, where first adsorptioithen biological and physicochemical
oxidation processes contribute to Mn(ll) remdwatontrast, the removal process in sand and
anthracite media is predominantly biological, as these media lack initial adsorptive properties. This is
evidenced by the formation of Mp@hich structurally resemidbesiogically formehirnessite (Fig.

3.5tk), and by the decrease in MNnOB counts over time in Mn Supp and R2A+Mn media (Fig 3.7).
These observations are consistent with previous findings reported for sand and anthracite media
(Bruins et al., 20k5Dangeti et al., 2020)

3.6 Conclusions

This pilot studgxamines six biofilter media fordo@ncentration Mn(ll) removal from groundwater
andhighlights the importance of filter media characteristics for removal efficiency and acclimation
time. Key findings include:

T Al | the biofilters effectively removed Mn
1 Thefilter media characteristics impact the-gfageriod of the biofilteHigher surface area
and pore volume of GAC media resulted in high adsorption of Mn, leading to the early onset
of Mn removal.
1 The lower effective media size for two anthracite mesiiied in a shorter stap time

owing to its higher external surface area.

49



1 The research confirms the potential for simultaneous removal of Fe and Mn in biofilters,
particularly under low water temperature conditions.

1 The study underscores the importance of different Mn removal mechanisms in biofilters
during starup, with adsorption followed by biological/physicochemical oxidation
predominating in GAC mediln contrastbiological removal predominates in sand and
anthracite media.

1 The correlation between ATP levels and Mn removal efficiency durkup dtather
enhances our understanding of biofilter function, suggesting a potential indicator for
monitoring biofilter acclimation.
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Impact of Filter Media on Manganese Removal
Mechanism and Microbial Communities in Biofilters

Part of this chapter will Isebmitted for publicaticas:

Arora, H., PeldszusS.,McKnight,M. M., SlawsonR., Kendall,B., Neufeld, J. D. &uck P. M.
(2024) Impact of Filter Media on Manganese Removal Mechanism and Microbial Communities in

Biofilters
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4.1Summary

This study investigated the impact of filter media types such as GAC, sand, and anthracite on the Mn
removal mechanisms in drinking water biofiltaligingmedia from acclimated pi#gtale biofilters

in benchscalebatch tests ancbnductingmicrobial analis The dynamics of Mn removal in batch

tests were assessed using PFO and PS{heankinetic models, with the PSO model having a
better fit, particularly for GAC media samples. The analysis revedteththtp layer of acclimated
biofilters, sand and anthracite primarily utilize biological processes for Mn eheyeas GAC

favors physicochemical processes. This indicates that the choice of media can influence the removal
mechanisms. Microbial community analysis highlighted the diversity of MNOB genera across
biofilters, suggesting a link between biofilter madian&robial pattern®elomonasdReyranella

were exclusive to sand and anthracite biofilters, Ndhilbeerbaspirilluras only present in sand
biofilters. Furthermore, pretii@ functional genomics indicated genes involved in direct and indirect

Mn oxidation pathways, suchcag@nd cotAfor direct oxidation, and others related to reactive
oxygen speci€ROS) fatty acid metabolism, and electron transpad.highlights the involvement

of multiple pathways in facilitating biologicaldation in biofilters.

Keywords.Kinetics, inhibition, genes, mangaimeseizing bacterisdPICRUSt2
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4.2 Introduction

Biofiltration has been established as a suitable treatment technology for removing Mn from drinking
waterjnvolvingmechanisms such as adsorption and oxidation. The oxidation of Mn, which can occur
through physicochemical (both homogenous and heterogenous) and biological processes, leads to the
formation of MnQO,, contributing to further Mn removal through adsorption and autocatalytic
oxidation. Previous studies employmogradsorptivefilter media like sand or anthracite have
demonstrated that Mn removal biofilters typically begins with a biological mechanism, which
gradually shifts to beidgminated by physicochemical processes as the filter ifruirest al.,

201®H; O aNeymarug&kBray, 2000; Sahabi et al., 2d09)ever, existing literature has not fully
explored how these removal mechanisms may vary at different filter bed depths or how these are
impacted by using vauisfilter media, especiadlgisorptivenes like GAQjiven its high surface area

and superior adsorption capacity, notably during the initial stages of biofilter operation

Furthermore, the composition of the microbial community within biofilters, which plays a vital role

in the biological oxidation of Mn, may be influenced by the choice of filter media. Organisms such as
Pseudomonaeptothrixand Streptomyaesognized for their Mn oxidation capabilities, have been
extensively identified in biofilters utilizing sand or anthracite(Bedjar et al., 2008a; Cheng et al.,

2019; Cheng et al., 2017; Dangeti et al., 2020; Piazza et.aHp@@1®), the unique properties of

GAC might affect these microbial communiBesda et al. (201@pserved that the type of filter

media quartz, calcium carbonate, polystyrene,Mnfluences the bacterial community that forms

on the media coatings during the stprperiod of Mrremoving biofilters. It was suggested that
variations in properties like the porous structure, surface chemistry, and particle size of the filter media
could impact microbial compositidhs et al., 2020; Xu et al., 20Bibweverconclusive evidence

remains elusive in current research

Bacteria facilitate Mn(Il) oxidation through direct and indirect processes, including environmental pH
and redox condition modifications, or by releasing metabolic end products that chemically oxidize
Mn(ll) (Tebo et al., 2005pirect oxidation involves producing polysaccharides or proteins that
catalyze the reaction. The enzymatic pathways involved in bacterial Mn oxidation, including MCO
enzymegDick et al., 2008; Su et al., 2013; Tebo et al,,[28886)peroxidasésnderson et al., 2011)

and twecomponent regulatomyroteins(Geszvain & Tebo, 20]10hdicatethat Mn removal in
biofilters can proceed through multiple pathways, which have yet to be fully elucidated.
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In summary, while biofiltration is a key technique for Mn removal from drinking water, the influence
of filter media type on Mn removal mechanisms along the filteeptxdparticularly for GAC
mediaand the relationship between microbial communities and Mn removal requires further research.
This study aims to fill these gaps by (a) quantifying the contributions of biological and physicochemical
processes to Mn removal across different biofilteddygitis, using sand, anthracite, and GAC as
media; (b) »ploring how filter media characteristics affect its kinetics for Mn removal and the
composition and diversity of microbial communities in biofilters; and (c) elucidating the functional
capabilities of microbial communities by identifying their spetifiwapa for Mn removah
combination of pilescale and benetale batch experiments was conducted to achieve the stated

objectives

4.3 Materials amdethods

4.3.1 Experimental setup and operating corglition

The pilotscale biofilters were set up at a water treatment plant in Southern Oatea@aThe

biofilters utilized source water drawn from raw groundwater wells, with the analyzed water quality
parameters presented in Table 3.1. The detailed design and operation of thecal® pildfilters

are described in sectioB.3.

4.3.2 Analytical methods

Manganese concentration in the water samplesiagsedising the procedure outlined in section
3.3.2.For microbial community analysis, the biofilter media (~1 g) were collectecsiesilmgd
spatuldCole Parmer, Canadapay 126 from two different bed depths (tdpct, middle: 40 cm).

The media sample was stored in sterile 50 mL plastic tubes (Falcoiig), MYRransported on

ice for immediate processing. The FastBNBPIN Kit for Soil (MP Biomedicals) was used for
DNA extraction following the manuf aRNAgener 6s p
sequencing of the W& region was performedthe Genomics Facility, University of Guelgh

assess the microbial community composition of the biofligra4.1). Demultiplexed sequences

were anaied using QIIMEZ2 (version 2020.6) using the AXIOMES pig@oigen et al., 2019; Min

et al., 2021 which performed sequence quality filtering, merging of paired reads, chimera removal,
and denoising with DADAallahan et al., 201&axonomic classification was performed as part

of the AXIOME3 pipeline using the SILVA database (releas€éQiB8t et al., 2013A final

amplicon sequencing variants (ASV) table was generated from the pipeline for further downstream
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analysis. All raw DNA sequences were deposited iNati@nal Center for Biotechnology

Information(NCBI) sequenceeadarchive.

Additionally, PICRUSt2 analysis of the ASVs was performed to determine metagenome functional
prediction, generating a table of Kyoto Encyclopedia of Genes and Genomes (KHZ$b |85

et al., 2020Beforeanalysis, all singleton ASVs were removed from the ASV table. The complete
PICRUSTt2 pipeline (v. 2.5.2) was run using the picrugétine.py script, with the ASV table and
corresponding ASV sequences as input. The entire pipeline performs sequence placement, hidden
state prediction of genomes, metagenome prediction, and petelvayedictiorfDouglas et al.,
2020)The KEGG ID corresponding to each target gene was obtained from the output aftertysis

which the genes were mapped onto the KEGG pathway map.

4.3.3 Batch test

Batch experiments were conducted to assess the roles of biological and physicochemical processes ir
Mn removalNaN; was used to inhibit biological activity dretebyascertaithe physicochemical
removal(Breda et al., 2019; Rosson et al., 1984; Sahabi et alBi@l@@®al contributions were
determined by subtracting physicochemical removals from total Mn removals. Biofilter media from
different bed dep#{0-5 cm, 20 cm, 40 cm, and 100 cm) were collesiteghsterilzed spatuléCole

Parmer, Canadah day 126 to conduct batch experimdiits.media samgleverestored in sterile

50 mL plastic tubes (Falcon®, VE/Rand transported on ice to the University of Waterloo for
immediatgrocessingrhree batch experiments were designed as follows: test 1 usaak@gted

media as a control to measure total Mn removal; test 2 involved 6 g of media pretreated with 5 %
(w/v) NaNs; (VWR Chemicals BDHf®vernight (12 h at 200 rpm in a shaker with demmater)

to inhibit biological activity, measuring physicochemical removal; and test 3 observed Mn desorption
from inhibited biofilter media in 300 mLd&fionzed water.

In tests 1 and 2, flasfigsherbranBl Erlenmeyer Flasksjth 300 mbf non-sterilized and sterilized
influent groundwater containing 0.85 £ 0.05 mg/L Mn(ll) were incubated at 20&spectively
Manganeseesidual content was monitored by withdrawing 5 mL aliquots at set intervals, filtering
them through a 85 Q mnylon filter (Chromspec, Canada)danalyzed for MriSection 3.3.2).
Duplicateanalysisvasperformed for a selected subset of samples. Control bottles, both with and
without NaN but lacking filter medium, were utilized to adjust for potential Mn precipitation or
adsorption onto the glass surfaces of the incubation bottles.
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4.3.4 Kinetics anaiys

In the batch tests, adsorption kinetics of Mn removal via biofiltenmeeelianalyzed using PFO and

PSO models in Origin Pro, 2024. The PFO model assumes adsorption rate dependence on solute
concentration and adsorbent capagipgergren, 1898Yhe PSO model assumes the rate is
proportional to the square of the number of unoccupiedvgiteschemisorption being the rate
controlling stegBlanchard et al., 1984he norlinear model was employed tdH#experimental

data \Wang, 2009; Perrin, 2017; Tran et al.,.2017)

PFO:l n p Q ; PSO- —— —

Here g. and g represent the maximum Mn removed at equilibrium and at any time t per gram of
mediarespectivelk; andk: are the firsbrder and secorarder rate constanfBhe Mn removal at

any given time is determined by subtracting theohtentration in the flasks at that time from the
initial Mn concentration of 0.85 mg/L. The amount of Mn removed per gram is then calculated by
dividing the total Mn removed by the mass of the biofilter media used in the batch study.

4.3.5 Statistical anadys

The Shannon and Simpson indices were calculated via Primer7 software using ASV data to assess
alpha diversityThe Shannon index evaluates community diversity by considering species richness
(presence) and evenness (relative abundanoa)trastthe Simpson index focuses on dominance

or the probability of encountering individuals from the same species within the community. Beta
diversity was analyzed using thed®aitis dissimilarity matrix on ASV data and plotted tisng

principal coordinates argfy (PCoA) matrix in Primer7 to visualize differences in microbial
community structures. Permutational multivariate analysis of variance (PERMANOVA) tests (999
permutations) were conducted on the ASU and MnOB data in Primer7 to observe microbial
communitydifferences between biofilter media types and depths. Pamhdtgsiof pairwise
comparisong/asalso performed in Primer7. A significance leyetd@.05 was used for Spearman
correlations, pairwise comparisansl PERMANOVA. Hierarchical Cluster analysis was performed

on the MnOB relative abundance data using Origin Pro, 2024. All figures were generated using Origin
Pro, 2024.
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4.4 Resultanddiscussion

4.4.1 Mn removal across biofilters

The influent and effluent Mn concentrations across six biofilteds3@waayareshownin Fig. 3.2.

The average influent Mn concentration was recorded at 60.9 + 4. Bhegime taken to achieve a

90% Mn removal varied among the biofilters: GAC1, GAC2, and GAC3 met this goal within 21, 28,
and 35 days, respectively, while filters A1, A2, and S1 achieved it in 56, 42, and 77 days, respectively
These differences can be attributed to the filter media characteristics (Section 3.4.2). After day 77 of
opeation, all biofilters consistently attained 90% Mn removal (<5 pg/L), achieving levels below the
Health Canad&O of 20 pg/L. The acclimated biofilter media was collected at day 126 from different

bed depthto perform the subsequent batch test.

4.4.2 Kinetics of Mn removal in batch test

4.4.2.1 Effect of filter media characteristics
The efficacy of biofilter media at varying depths for Mn removal was assessed using PFO and PSO

kinetic models in a batch test to understand the mechanism of Mn removal. The PSO kinetics offered
a better fit for the GAC media, withdJ/alues peaking at 0.97 for GAC3 at the top layer compared
to 0.83 for GAC1 witlthe PFO kinetic model (Table 4.1). The Mn removal capacity of virgin GAC
media varied fro20.21 + 0.46020.41 £ 0.3® g/ g ( P Svihicmontuehlloyer than the Mn
removal capacity of bibér GAC medigthus highlighting the role of Mp@ Mn removal (Table

4.1). MnQaccumulated on the biofilter media has adsorption and catalytic pperimsgingo
sustained Mn removal in biofiltdBuamah et al., 2Q0Bost, 1999 The observed higher rate
constantskp) at the top of the biofilter suggest a rapid engagement of Mn with the GAC media, which
then decreases with depthisiitt most likely due to a higher accumulation of MnQhe top of

the biofilter media, which decreases with damall increase in the ge value with bed depths (PSO
model) suggestsat Mn can be removed varying rates throughout the biofilter bed défth
adsorption capacities)(gnd rate constants) decreased with the bed depth inRIF® kinetic

model.

The PSO model shows an improvement in the fit for anthracite media, especially for deeper layers,
with A2 reaching arg of 0.97 at 100 cm (Table 4.1). This enhancement might reflect the gradual
saturation of adsorption sites, better modeled by PSO kinetics, underscoring the cumulative effect of
Mn adsorption over time. Biofil@rthracite media, A1 and A2, displaggehMn adsorptio2.96

+ 0.01respectivelyrom the top of the biofilter mediBSO model)The virgin anthracite media Al
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and A2 hadgyalueof 7.08 £ 0.20 and@.20 + 0.1&) g /respectively, which is very low as compared

to that of biofilter anthracite (A1 and A2) media (Table 4.1), thus confirming the r@g iof \im

removal. The Qvalue increased with bed depth for biofilter medjavA@reas it decreased for
biofilter AL(PSO model)These differences could be a result of media size (Table 3.2). Biofilter media
Al has an effective size of-1.25 mmwhereas A2 has an effective size of D@5 mm. The
increase in filter grain size leads to a deandhseexternal spiic surface areahich could lead to

lower MnQ accumulation on the biofilter media. Despite differencesvirgimemedia's intrinsic
properties,such as lower surface area and porosity in anthracite vs. GAC media (Table 3.2),
comparable«yalues and rate constants were observdzbtbrmedia from the top of the biofilters.

This could be attributed to the accumulation ddMm the biofilter media in GAC and anthracite
biofilters. Biofilter sand media (S1) showed the lowest Mn removal efic@rgihe tested media

types, with lower.galues and significantly lower rate con$tgmthén those for GAC and anthracite.

The PSO kinetic modelasa better fit for sand medtaanthe PFO kinetic model, particularly in
deeper layers (Taldld).The very higk, and lower gvalue reported in this study compared to 0.245
h'and 1 3r2spedtiyelygported bysahabi et al. (2008)aypotentiallybe attributed to several
factors, the larger quantity of biofilter media used in this study (2 g/100 mL as opposed to the 0.5
g/100 mL), the use of 0.85 mg/L K in our batch tests compared to 2.4 mg/L(IMnpand the

age difference of the biofilter media (126 days in this study compared to 3 years and 15 years anthracite
media).

Table 4.1 Kinetic parameters of Mn removal for biofilter mediaridaiibRédrbatch test

Biofilter Depth Pseudo First Order (PFO) Pseudo Second Order (PSO)
Media g ( Qg / ki () R? aq g( Qg / ko( g/hR¢ Ry
GAC1 Virgin 19.94+0.04 5.63+0.07 0.99 20.38+0.34 0.64+0.13 0.85
Top 42.95 £0.01 25.87+0.55 0.83 42.96x0.00 58.10+5.94 0.91
20 42.82+.10 14.12+1.07 0.58 43.01+0.04 2.60+0.24 0.93
40 42.65+0.31 10.26+1.18 0.49 43.09+0.19 0.96+0.14 0.84
100  42.48+0.60 6.63+0.86 0.60 43.31+0.41 0.40+0.06 0.85
GAC2 Virgin 19.7+0.39 3.84+0.42 0.87 20.41+0.36 0.37+0.06 0.92
Top 42.95+0.01 27.46+x1.80 0.30 42.96x0.01 61.89+10.73 0.78

58



20 42.89+0.06 15.10+0.81 0.71 43.01+0.02 3.58+0.26 0.95
40 42.80+0.15 11.72+0.83 0.69 43.08+0.07 1.52+0.13 0.94
100 42.76+0.21 10.49+0.84 0.68 43.13+0.12 1.11+0.11 0.92
GAC3 Virgin 19.52+0.57 3.86+x0.64 0.72 20.21+0.40 0.37%+0.06 0.90
Top 42.96+0.01 24.81+0.55 0.84 42.97+0.00 43.71+2.50 0.97
20 42.86+0.07 16.02+1.15 0.54 42.98+0.03 4.10+0.39 0.92
40 42.74+0.18 11.79+1.02 0.58 43.04+0.09 1.46+0.15 0.92
100 42.59+0.50 6.42+0.67 0.73 43.38+0.34 0.39+0.05 0.90
Al Virgin - 6.79+0.11 3.08+0.26 0.95 7.08%0.20 0.74+0.16 0.89
Top 42.94+0.01 25.42+1.51 0.40 42.96+0.01 39.19+5.01 0.88
20 40.92+1.25 2.71+0.47 0.74 42.80+0.70 0.10+0.01 0.93
40 40.57+1.40 1.99+0.35 0.77 42.77+0.82 0.07+0.01 0.94
100 39.16x1.86 1.28+0.29 0.73 41.70+1.39 0.04+0.01 0.91
A2 Virgin  6.97+0.01 3.74+0.04 0.99 7.20+0.16 1.01+0.19 0.90
Top 42.95+0.01 25.34+1.46 0.42 42.96+0.01 38.93+4.78 0.88
20 42.64+0.29 10.34+1.12 0.52 43.07+0.16 0.98+0.12 0.89
40 42.31+0.81 3.90+0.48 0.79 43.62+0.50 0.17+0.02 0.94
100 42.27+1.03 0.94+0.11 0.95 45.38+1.09 0.03+0.01 0.97
S1 Virgin  6.05+0.34 1.63+0.40 0.71 6.39+0.25 0.41+0.09 0.89
Top 39.50+1.26 4.09+0.86 0.50 41.14+0.82 0.17%+0.03 0.89
20 34.89+0.38 1.51+0.38 0.66 37.29+1.36 0.05+0.01 0.87
40 31.38+2.23 1.41+0.49 0.53 34.38+2.06 0.04+0.01 0.75
100 31.53+1.70 1.03+0.25 0.77 34.58+1.35 0.03+0.01 0.92

The variability in rate constants among diffébeiilter media underscores the role of MnO
accumulation on biofilter media and media characteristics such as pore structure, surface area, and
chemical composition (Table 4.1). The decrease in the rate constant at deeper bed depths in the
biofilter media is likely due to the development of biafitihlMnQ at the top of the biofilter, thus

loweing MnOy formation in the deeper layers of the biofilter bed and subsequenihy kneate

constant. The superior fit of the PSO model might be attribuied ability to account for the

decrease in available adsorption siteglbatch test progresses. The PSO kinetics better fit suggests
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that the ratdimiting step might not be the mere physical availability (ti) Mear the adsorbent
surface (as assumed in PFO) but rather the physicochemical/biological interactions occurring at the
surface duw the presence of Mn@ccumulatiofSahabi et al., 2009)

4.42.2 Mn desorption from biofilter media
Mn desorption from the inhibited biofilter media @xmined to elucidate the mechanism of Mn

removal in biofilters. Less than 1% ddgRgor pti o
A4.2).This suggests that while some Mn may simply be adsorbed, a significant portion is likely
oxidizedandindicats that the Mn has been incorporated into the biofilter ncediangthrough

processes such as catalytic or biological oxidation, rather than being loosely adsorbed. These processe
result in a more permanent integration of Mn into the biofilter media, making it resistant to desorption
under the given conditianBhis strong bindingointto the effectiveness of the biofilter in retaining

Mn and preventing its release back into the water.

4.4 .3 Estimation of contributions from different Mn removal mechanisms in acclimated
biofilters

The total and physicochemical Mn rembyahedia samples from different biofilter depths w
assessed in microbiolodycaninhibited and inhibited batch tests (Fig. 4.1). A notable trend emerged,
showing an increase in both total and physicochemical Mn removal over time, from 0.25 h to 24 h.
GAC media from the top achieved more than 99.9% of total Mn removal withih iBenfirsutes,
contrasting with 83.7%, 87.7%, and 68.1% for Al, A2, and S1, respectively (Fig. 4.1a). After 24 h,
total Mn removal foAl and A2 exceeded 99.9%, whereas S1 reached 98.5%. This rapid and high
removal efficiency by GAC, particularly within the initial 15 minutes, is likely atttibataigleer
accumulation of Mn on Mn@n the GAC media or inherent properties of GAC media.

Physicochemical removal contributio@snpvals in microbigdicallyinhibited batch tesw@lso
increasedAt 15 min, the physicochemical removal by GAC media was 71.9% for GACL1, 78.1% for
GAC2, and 63.1% for GAC3, compared to 44.6% for A1, 47.6% for A2, and 33.3% for S1. After 24
h, this removal increased by 19.2%, 14.1%, and 23.1% for GAC1, GAC2, andSpacielg,

and by 36.4%, 33.3%, and 47.6% for Al, A2, and S1, resgéagivél§a). The observed disparities

in physicochemical versus total idmoval between GAC and anthracite/sand at 15 min suggest
different underlyingiemoval mechanisn@ver time, an increase in the physicochemical contribution
was observedikely due tahe low initial Mn concentration used in the batch study or due to the

properties of Na®l The biofilter media were inhibited using Ndiéforethe batch test and not
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continuously during the experimemather than completely inhibiting microbial activity,sNaN
induces a resistance in microbial activity that may reduce qibusimentributing to Mn remoyal
which could add to physicochemical contribu(iBreda et al., 201®8)onetheless, using inhibitors
provides daseline for comparing different Mn removal mechamisimensistently demonstrated in
severastudief Br eda et a FNeymarR&Biay 2000 %ahabietaly 2009; Vandenabeele

etal., 1992; Zheng et al., 2023)
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Figure 4.1 Percentage of total and physicochemical Mn removal basgl) conaantraizbrivof 0.85
mg/L over time (t = 0.25, 1, 24 h) for different biofilter mediaaaougistiionta) Top, (b) 20 cm, (c)

40 cm, (d) 100 cm

Deeper within the biofilter bed, the time required to achieve compataldad physicochemical
Mn removal levelacreased (Fig. 4-tl). GAC media from 100 cm bed depth showed 83.9%, 92.8%,
and 82.6% total Mn removal for GAC1, GAC2, and GA€3pectively at 15 min (Fig. 4.Ta).
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achieve more than 99.9% remo8AC media took 24 hours, in contrast to 15 minutes for media
collected from the top of the biofilter. Similarly, initial physicochemical removal rates wiare lower
deeper laysrof the bedcross all media, with marked improvements over 24 h. Comparatively, Al,
A2, and S1 achieved 44.8%, 34.9%, and 19.4% total Mn removal from the 100 cm Wwaddepth,
was38.9%, 52.8%, and 48.68s fom the top layer at 15 mmespectivelfCorrespondingly, lower
physicochemical Mn removal rates were also observed, reaching only 29.6%, 25.5%, and 11.7% for
Al, A2, and S1, respectively (Fig. 4.1d). A decrease in both total and physicochemical Mn removal
was observed with depth. Similar patterns were observethadtaeollected at 20 cm and 40 cm

bed depths (Fig 4.th

The interaction between biofilter media, operational depth, and Mn removal me(®Bé?)isvas
significant)ikely due to Mn accumulation and biofilter media characteristics (PERMADSOVA,

0.001). The interaction between biofilter media and depth on Mn removal also demonstrated statistical
significancep(= 0.003), indicating thhtofilter media performance dependsthe specific depth.
Specifically, significant differences were observed between GAC and anthracite media (GAC1 vs. Al:
p=0.001; GAC1 vs. Ap=0.01; GAC2 vAl:p=0.01), GAC compared to sand media (GAC1 vs.

S1:p= 0.001; GAC3 vsS1:p= 0.003) and anthracite and sand (A3 = 0.01) among other
comparisons. Further analysis at different depths through pairwise comparisons revealed significant
disparities in Mn removal efficiencies, emphasizing the impact of depth on removal peidormance

the age of the media testé83days) The differences were notably significant between the 0 and 40

cm (= 0.003), 0 and 100 cm= 0.001), and 20 and 100 g+ (0.003) depths, underscoring that

the biofilter depth is a determinant factor mri¥moval efficacy. This highligtmssignificant roles

that biofilter media, depth, and their interactive effects play in the Mn removal process. The observed
superior performance of GAC media across several comparisons, coupled with the notable impact of
operational depth, provides insights into Mn remotrahwilieeper layers of biofilter with different

media characteristics.

4.4.4 Biological vs. physicochemical Mn removal in acclimated biofilters

The ratio of biological/physicochemical (B/P) Mn removal was calculated to further understand the
dominant process for Mn removal in biofiltarsj their correlations with virgin biofilter media
characteristics were established (Fig. 4.2a). The B/iRdiatideshe dominant process within the
biofilter: ratios greater thaniddicatebiological domination, whereas ratios fleas 1 imply

physicochemical domination. In the sand and anthracite media, the highest B/P Irptiase (>
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observed at the top layer, except for A2, whiclegatl 20 cm bed depth. The diminishing B/P
ratios with increasing depth in S1, A2 (exa@ftcm), and Al (excegdd0 cm) (Fig. 4.2a)dicate
the growing dominance of physicochemical processes within these degpéri¢ayisrsonsistent
with Breda et a(2019)
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Figure 4.2 (a) Biological/Physicochemical (B/P) Mn removal ratios at t = 15 min (corresponding to the |
the biofiltep) Correlation coefficient between B/P ratio and virgin biofilter media charmcteristics, *re
significant value Qp05)
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In stark contrast, the GAC media demonstrate the lowest B/P values at the surface, indicating a
stronger influence of physicochemical processes. However, dhaRinatio is observed at a 40

cm depth, particularly in GAC2, suggesting a zone where biological processes are maximized. Despite
an increase in the middle layers, the B/P ratios eshimEiow 1 ¢xceptGAC2 at 40 cm) and
decreased again at 100 cm biofilter depth owuedadhatinga physicochemical dominance in GAC

media (Fig. 4.2a). Thimderscores the variability in the contributions of different Mn removal
mechanisms depending on the biofilter media characteristics and indicates that biological processes
were maximized at 40 cm depth for GAC media contrast,biological processes were most
significant at the top of the biofilter for sand and anthracite. media

When correlating B/P ratios to media properties, a significant inverse competaion)is noted

at the top of the biofilter media, suggestingstinailemedia havinggreateexternakburface area

per unit filter volumegend to favor physicochemical removal mechanisms (Fig. 4.2b). Conversely, at
a 100 cm bed depth, a positive correlatien0(05) is observed, indicating that msidigplays a

more influential role in promoting biological processes at this depth (Fig. 4.2b). The differential B/P
ratios observed in sand and anthracite media in comparison to GAFiqetliaa) underscore the
distinct removal mechanisms pday, likely affected bynOy accumulation andilter media
characteristics, ailtlistrate how the contributions of these mechanisms vary within the acclimated
biofilters.

4.4.5 Impact of filter media type on microbial communities in acclimated biofilters
Proteobactevexe the most abundant genera in all the bigfftilosved byNitrospira@-ig. A43).

These resultare in line with other observations of high relative abundaRretedbactenal
Nitrospiran drinking water biofilteremoving Mn andther contaminan{&ulay et al., 2016; Palomo

et al., 2016; Piazza et al., 2019; White et al.,Rbid)errelativeabundance dProteobactevas
observed at the 40 cm bed depth compared to the top of all biofilters. Specifically, for GAC media,
the relativeabundancef Proteobactevias 37.5%, 39.9%, and 42.9% at the top, which notably
increased to 57.4%, 50.1%, and 55.5% at the 40 cm bed depth for GAC1, GAC2, and GAC3,
respectively. Sand and anthracite media demonstrated a lower relative abirrdéemgactania
comparison to GAC, with 32.5%, 37.9%, and 39.2% at the top, and 38.4%, 42.9%, and 36.2% at the
40 cm depth for Al, A2, and,SgspectivelyThis phenomenomf higherProteobactersdative
abundance iBAC mediacomparedo sandagrees with previous findimgsirinking water biofilters
(Lautenschlager et al., 2014)
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For Nitrospira¢he opposite trend was observed, with a higher relative abundance at the top compared
to the 40 cm bed depth. Similar trendsPimteobactenna Nitrospirakave been reported in the
literaturg(Bai et al., 2022; Palomo et al., 201&AC media, the relative abundance of Nitrospirae
varied from 20.3% to 36.1% at the top and from 12.2% to 14.2% at 40 cm depth. In contrast, sand
and anthracite media showed a relative abundance of 34.1% to 40.1% at the top and 15.8% to 20.8%
at the 40 m depthNitrospiraare nvolved in nitrogen cyclir(gitrificatior) which predominantly

occurs in the upper lay@fsthe biofilterdue to higher oxygen availabilignola et al. (2018)so
observed higher presence odfitrospiram sand biofiltershanin GAC drinking water biofilters.

Other notable phyla in the biofilters includédtinobacterjotBacteroidot®atescibacteria
Verrucomicrohi8@ellovibrionaad Planctomycetio@icating a diverse microbial ecosystem within
these biofilters (Fig. A4.4). A notable difference was the higher relative aburBriesomfata

sand and anthraciteofradsorptivemedia) biofilters of 24.1%, 26,kd 26.4 % Al, Aand S1
respectivel/ycompared to 9.5%, 9.28d 15.1% in GAC1, GAC2 and GAC3 respectively at 40 cm

bed depth.

Collectedacterial communities on the biofilter media showed Shannon Index values (species richness
and evenness) of 4.53 + 0.09, 4.52 + @rfid 4.52 + 0.06 in GAC, anthracite, and sand bigfilters
respectively. Simpson diversities (dominance) varied from 0.97 to 0.98 across all the biofilters,
indicating a highly diverse community. Both Shannon Index and Simpson diversity increased with
depth in the biofilters, though the increase was not sulds(@able A4.1). Beta diversity was
analyzed using theaBdCurtis dissimilaritsnatrixand plotted as PCoA to observe variability in the
microbial community composition between different biofilters. The samples can be broadly
categorized into four clusters based on the biofilter media and depth (Fig. 4.3).

The PCoAl and PCoAZ2 collectively accountedeforof the variatiomn biofilter media samples.

The variation along PCoAl explains the largest proportion of variance, (@#gt8ighing the

substantial differences in community composition at the 40 cm bed depth between the GAC and the
other types of biofilter media. Within #msorptive (GAC1, GAC2, GAC3) andonadsorptive
media(Al, A2, S1), there is a visible grouping between the top and 40 cm samples, particularly evident
in the GAC group where td8 cm samples tend to have higher PCoA1l values (Fig. 4.3). This suggests
depthrelated variations in the microbial communities, potentially indicating stratification of microbial
diversity or activity within the biofilté@llay et al., 2016; Moll et al., 1998; Palomo et al., 2016)
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PERMANOVA results indicated a significant influence of depth on microbial diper€itpX),

with no significan effect of biofilter media typep(= 0.06). However, subsequent pairwise
comparisons (post hoc) between the biofilters revealed significant differermtsvbethiofilter

types 1§ < 0.005) and across depths=(0.01). The observalifferences in microbial community
composition between biofilter media GAC3 and GAC1/GAC2 at the top (FigighBbe a result

of the pore size distribution. GAC3 has the lowest proportion of macropores (0.047 mL/g) as
compared to GAC1 (0‘AmL/g) and GAC2 (0.169 mL/g) (Table 3.2) and macropores can provide
surface area for bacteatthchmenfWalker & Weatherley, 1998)conclusion, the differences in
bacterial communitieetweenGAC and anthracite/sand media are probably due to the distinct filter
media characteristics (e.g., roughness, surface chemistry, pore volume, and hydrophobicity), which
may affect initial colonization by microorganisms and nutrient avgiMaittyal., 2020; Vignola et

al., 2018; Yapsakli et al., 2009)

4.4.6Presence of MnOB in acclimated biofilters
MnOB generauch ateptothrix, Pseudomonas, Sphingopyxis, Shingomonas, Hyphomicrobium, Hydroge
Variovorax, Acidovorax, Flavobacterium, Caulobacter, Rhodocoanesdetati@ddititise biofilters
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(Fig. 4.4). These MnOB have been reported in varioudvotiremovingbiofilters(Breda et al.,

2017; Cai et al., 2023; Dangeti et al., 2020; Evans et al., 2020; McCormick et al., 2021; Piazza et al.
2019; Tebo et al., 200Be most abundant taxonomic group in the biofilters associated with MnOB
wereBetaproteobactehech contain the genddgdrogenophaga, Acidovorax, Vasansidragtothrix,
andAlphaproteobactamdaining the genephingopyx@hingomonasdCaulobactamong others.
Members oBetaproteobactedaalso known to contribute indirectly to Mn removal through co
occurrence relationships (present together) with other MNOB and nitrifying bacteria, in addition to
direct Mn oxidatio(McCormick et al., 2023Jhe relative abundance Aiphaproteobactenid
Betaproteobaaledeeased with bed depth in the biofilters (except Biofilter Alplfiaproteobadteria

The biofilters also detected tli@&ammaproteobaatengining theMnOB generalegionella and
Pseudomena

The most dominant MnOBssociated genera detected throughout all biofilterydragienophaga

with its highest relative abundance at 7.6 % in GAGand the lowest at 2.7% in-41 (Fig. 4.4).
Hydrogenopheagmabeen reported as a dominant genus in drinking water ioaigesti et al., 2020;

Ma et al., 2020)The other dominant MnOB genera detected in the biofiltersSpleirggopyxis,
Rhodococcus, and Pseudd@hmraddd. A notable finding was the higher relative abundance of
Pseudomoimasand biofilters (2.6 = 0.1%), in comparison to GAC (0.1 + 0.1%) and anthracite (0.07
+ 0.03%)biofilters This might indicate a potential selective advantage or preferential conditions
within the sand media that support the proliferati®sefidomonas

A distinct distribution pattern of certain MnOB genera that were exclusive to specific biofilters was
also observed (Fig. 4 Ralstonmasabsent in both GAC1 and S1 biofilters, BElagdobacteriwas

not detected in the A2 biofilter. ConvergedyjomormsdReyranellgere detected solely in sand and
anthracite biofilters, suggesting a preference or selective advantage in these media types. Furthermore
Noviherbaspirilwas only present in sapidfilters, demonstrating microbial niche preferemzks a

the influence of filter media composition on bacterial community strGatuitar to the overall

microbial community, subsequent pairwise comparisonrbdppbetween the MnOB in biofilters

revealed significant differences lomtweerbiofilter media typep € 0.005) and across deptps (

0.005).
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Figure 44: Heatmap of the relative abundances of known MnOB genera in the biofilters on day 126. S

grouped based on a hierarchical cluster analysis shown at the top of the heatmap

Hierarchical cluster analysis further redeslact clustering patterns that correspond closely to the
biofilter media type and depth, thereby offering a macroscopic view of the microbial distribution
influenced by the filter media characteristics (FigSgetjfically, the clustering of GAGdp with
GAC2Top, GAC140 with GAC340, A2Top with A240, and STop with S340, demonstrates the
influence of media on microbial community composition. The grouping of sand samples across both
depths highlights a tisct distribution pattern of MNnOBssaciated genera in sand compared to other
media types, aligning with our earlier observations of specific MnOBgfaszaces. Moreover,
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the hierarchical analysis illustrates less similarity partoglarsamples, such as the pairing of
GAC3Top with the combined node of GAQbp and GACZTop, reflecting the differences in

MnOB composition, which might be attributed to different characteristics of the GAC media (Table
3.1). This differential presence and absence of specific bacterial genera across various biofilters
highlidhts the complex interplay between biofilter media and MnOB colonization patterns,
contributing to the diversity of enbbial ecosystems in biofilters.

4.4.7 Predicting Mn removal pathways in acclimated biofilters

Potential functional genes associated with Mn oxidation pathways in biofilters were examined in this
study using the PICRUSt2 and mapping findings onto KEGG pathways (Table A4.2). More than 15
genes associated with Mn oxidation were predicted based dtNA6§ene sequences in the
biofilters (Fig. 4.5). Notably, typical Mn oxidation genes sucix@/an Waasbergen et al., 1993)

moxA (Morales Medina et al., 2023; Ridge et al.,, 2007A(Brouwers et al., 199%ndmofA
(Corstjens et al., 1997; Morales Medina et al., ®B&3) are known to produce MCO enzymes,

were not predicted in the biofilters. However, genesiék&ndcotA both encoding MCO enzymes

found inEscherichia aaliBacillus subtitisspectivelfHu et al., 2020yvere predicted atverylow

relative abundance across all biofilters (Fig. 4.5ud@enehasbeen implicated in the production

of biogenic oxides and the oxidation of Mn(ll) to Mn(lll) or Mn(84) et al., 2014)

The presence of tipwxByene, encoding pyruvate oxidase, was also predicted (Fig. 4.5). This enzyme
facilitates the generation ofH, anROS that can chemically transform Mn(ll) into its more oxidized
forms, Mn(lll) or Mn(IV), under specific catalytic or environmental condiitarg et al., 2017)

This observation aligns with studies demonstrating the enhanced efficiency of Mn removal from
biofilters supplementeglith HO (Granger et al., 2016; McCormick et al., 28@fporting the
potential indirect rolaf these genes in Mn oxidation via ROS production. Furthermorgngeradg

fabA, fabDandfabZlinked to fatty acid metabolism were predicted (Figrdespresence of these

genes within the microbial communities of all biofilters points to their potential role in shaping
metabolic activities that, while primarily focused on fatty acid synthesis and degradation, may also
influence redox conditions, or guze metabolites that facilitate Mn oxidah@ang et al., 2017)
Cytochrome <¢elated genesdmE, ccmA, ctm&e also detected in the biofilters @&). Given

the role of cytochromes in electron transfer processes, it is plausible to hypothesizengeatahe

may contribute indirectly to Mn oxidation through their involvement in the electron transport chain,

potentially influencing redox reactions that facilitate Mn(Il) to Mn(lll) or Mn(1V) oxif2sispi et
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al., 1998; De Vrind et al., 1998; Liu et al., 28@4wever, the exact pathways and mechanisms through
whichccngenes may influence Mn oxidation remain to be fully elucidated and would likely require
further investigation. Similarly, tyelBene, encoding for cytochrome bd oxidasddarmhcoding
ferredoxin, are implicated in controlling the redox environment and participating in electron transfer
reactiongWang et al., 201 Both genes might indirectly influence Mn oxidation through their roles

in cellular respiration and redox regulation
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Figure 4.5: Potential functional pathways in biofilters and genes involved in Mn oxidation (Each circle re
relative abundance in percent; ROS: Reactive oxygen species, MiDG .gdaesgaMexe . dviditicopper
oxidase enzymes)

These findings predicted the indirect pathways by which genes involved in the management of ROS,
fatty acid metabolism, and electron transport can impact Mn oxidation (Fig. 4.5). These insights reveal
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the complex interplay of microbial processes and interactions within biofilters, highlighting the
capacity of broader metabolic functions tilmence Mn oxidation dynamics indirecdighough
numerous studies have demonstrated the ability of the PICRUSt2 method to reveal functional profiles
of microbial communities accurately arattefély, it has limitation@ouglas et al., 202@)should

be noted that the functions of microorganisms are not directly reflected by the 16S rRNA data used
for prediction. The PICRUSt2 method was used to predict functional enzymes, but these predictions
may be limited by the relatively small numbgereeric genes that can be analyzed using 16S rRNA
gene sequencif@u et al., 2022y hereforeemploying metagenomics, proteomics, and other omics
approaches is necesgargtudy microorganisms more comprehensively.

4.5 Conclusions
This study examined the impact of filter media characteristics on Mn removal using media from
acclimated pilegcale biofilters in batch tests and micrabialysisKey findingsre

1 Analysis obiological versus physicochemical Mn removal mechanisms revealed that, while
sand and anthracite media exhibit a biological dominance at the top layer, GAC media shows
a physicochemical dominance, indicating the influence of media type on removal mechanism

1 The maximum biological activity for GAC media was observed at a 40 cm bed depth, though
physicochemical processes dominated the Mn removal in GAC media.

1 The PSO model provides a better fit than PFO in describing Mn removal kinetics in batch
tests of biofilter media sanglanderscoring the importance of filter media characteristics
and the role of Mn oxides in Mn removal.

1 The presence of MNOB genera varied across biofilter media types and depths, highlighting the
complex interplay between biofilter media and microbial colonization patterns.

1 PICRUSt2 predicted genes linked to two types of Mn oxidation pathways: directly through
cue@ndcotAgenes and indirectly WatE, poxBandccmEenesamong others. The indirect
pathways involve interactions with reactive oxygen species, fatty acid metabolism, and electron
transport. This highlights the complexity of Mn oxidation, involving multiple biological
pathwag.
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Spatial and Temporal Changes in the Microbiome

and Manganese Oxides Contributing to Manganese
Removal in a Biofilter

Part of this chapter will Isetbmitted fopublicationas:

Arora, H., PeldszusS.,McKnight,M. M., SlawsonS.,Kendall,B., Neufeld, J. D. &luck, P. M.
(2024) Spatial and Temporal Changes in the Microbiome and Manganese Oxides Contributing to
ManganesBemoval in a Biofilter
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5.1Summary

A 240day pilotscale study was conducted to investigate the mechanism of Mn removal in sand
biofilters from startip to maturation, focusing on htve Mn removal process evolves. Initially, Mn
removal was primarily driven by biologically generated manganese oltied,JBidnich typically

have high adsorption capacities, leadingamdMn accumulation on the biofilter media. Over time,

a shift to the physicochemical form of Mm@s observed, as evidenced by-EBM analysisind

inhibition batch experimentSespite amncrease in the relative abundande@®B, a transition
towards domination of physicochemical removal mechanisms was observed with time. This transition
is likely linked to competitive dynamics between,Mn® MnOB, with the high adsorptive and
autocatalytic properties of Mn@dtentially overshadowing MnOB, leadingdecaease in microbial
oxidation and BiMnO, formation. Nonetheless, biological processes persist in contributing to Mn
removal, albeit with a diminishing role as the biofilter ages. A dedisassdanve abundance of
bacteria such &seudomohaptothripandBacillykknown for BieMnO, production was observed

as the biofilter matuwle Despite differences in the relative abundantten the microbial
community, the overall microbial community composition was not significantly different as the

biofilter maturedy> 0.05) Howeverspecific microbial communities varied from startup to maturity.

KeywordsMechanism, inhibitors, mangareseizing bacteriastartup, maturity
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5.2 Introduction

Biofiltration has emerged as a robust technique for the removal of Mn from groundwater, leveraging
a synergy of physicochemical and biological pro@@sses et al., 20k, Dangeti et al., 2020;
McCormick et al., 202Theeffectiveness of this process varies depending on the characteristics of
the filter media, including the capacity for adsorption and the oxidation processes leading to MnO
formation. MnQ is crucial in this context due to its strong adsorptive properties and high surface
reactivity, facilitating the binding and removal dfiMimom water(Han et al., 2006; Kim et al.,

2009) These oxides also act as catalysts, aiding in the oxidation of adsorbed Moxadaigirer
stategPost, 1999 his autecatalytic process is further enhanced by specific microbial communities
(MnOB) that mediate Mn oxidation, resulting in the accumulation gf dvri@e biofilter media

(Tebo et al.,, 2005; Vandenabeele et al., 1992; Villalobos et alGod9e@)ed to abiotic Mn
oxidation, MOB can accelerate tbeidation rate by sevembers of magnitud@Nealson et al.,

1988; Tebo et al., 2005)

Research Bruins et al. (20bpindicates that the Mp@rmed initially in biofilters is predominantly

of biological origin, evolving to a more physicochemical form as the biofilter matures. This suggests
a shift in the primary formation of Mp@nd subsequent Mn removal mechanisms over time
However,the reasons behind this change thedpossible continued contribution of biological
processes remain unclear. A variety of Mn@HBich arecapable of Mn oxidation, have been
identified, typically through studies conducted at a singlenptime during biofilter operation
(Breda et al., 2017; Cheng et al., ZlHéng et al., 2017; Dangeti et al., 2020; Marcus et al., 2017,
McCormick et al., 2022; Piazza et al., 2Bb®)ever, there is a notable gap in research tracking
changes in the microbial community from the-gpaghase to maturity, particularly in biofilters
processing natural groundwater. To the best of our knowlleelge,are no lorgerm studies
examininghe dynamic relationship between biofilter aging,x M@hology, Mn accumulatjon

and possible changes in microbial community composition.

This study aims to bridge these gaps by focusing on how Mn removal evolves in a biofilter from start
up to maturity. Our objectives are threefold: first, to document and track any changes in MnO

morphology and Mn accumulation; second, to analyze the composition and dynamics of microbial
communities within a biofilter, identifying key genera involved in Mn oxidation; and third, to assess

how the contributions of different removal mechanismsmdysh t hr oughout a bi of
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life. The study aims to provide a comprehensive understanding of Mn removal in biofilters by

addressing these objective

5.3 Material and methods

5.3.1 Experimental setup and operating conditions

The pilotscale biofilter was set up at a water treatment plant in Sdbtibeng CanadaThe

biofilter utilized source water drawn from raw groundwater wells, with the analyzed water quality
parameters presented in Table 5.1. The detailed design and operationiaflthesare described
elsewhereséction 3.3)1Briefly, the biofilter was packed with sand media (effective siZe00.85

mm, UC: 1.7 to a depth of 1.2 m, underlain by 20 cm of gravel. The biofilter operated continuously
for approximately 240 days, from January 26, 2023, to September 24, 2023, with an effluent flow rate
of 5 m/h. This setup achieved an empty bed contact time of Misror less, attributed to a
decrase in the volume of the filter bed over time as media was removed for Sdmapverage

DO level in the groundwater was less than 2 rogfare aeratiorPrior to being pumped to the
biofilters, the water was aerated.

Table 5.1 Influent water characteriptlos scale biofilters

Parameter Average = S.Onumber of  Max Min Units
observations
Temperature 12.7+£ 2.3 (68) 14.1 7.6 °C
pH 75+0.4 (68) 8.1 7.2 -
Manganese 64.7 £ 3.2 (35) 72.2 56.1 ug/L
Iron 89.3 £43.9 (35) 259.6 62.6 pg/L
TOC 0.8+0.1(4) 0.6 0.9 mg/L C
Hardness 248 + 38 (4) 301 195 mg/L as CaC®
Alkalinity 182 + 23 (4) 213 75 mg/L as CaC®
ORP 149 + 27 (68) 209 113 mV
DO (after aeration) 8.1+ 1.2 (68) 10.4 7.2 mg/L

Initially, the biofilters were backwashed after operating for three weeks. Subsequently, backwashing
occurred weekly at a flow rate of200m/h, utilizing effluent from the biofilters and air scour to
achieve a bed expansion of3R%. This process wastinued until the water in the supernatant

and backwash effluent appeared clear, typically wihimibutes.
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5.3.2 Analytical methods

Influent and effluent water samplesse analyzed for Mimalysisising the procedure mentioned in
section 3.3.Manganesaccumulated on sampled biofilter media from the top layem{p was
guantified using acid digest@omd hydrogen peroxide (30% AQ®R Chemicals BDHRadditions
following the protocols specified in EPA Method 30&508r(s et al., 2020)ext A5.1)SEM was
utilized to analyze the coating's structure and the Moxphology while EDX was employed to
identify trace elementsthin these structurés duplicatejrom the top (66 cm) of the biofilter
media on days 70 and 150 (FEI Quanta FEG 250 P&ANILab, University of Watero@ection
3.3.2).

For microbial community analysis, the biofilter media (~1 g) were collected using sterilized spatula
(Cole Parmer, Canadabpes from three different bed depths (tep:din, middle: 460 cm, and
bottom: 10€120 cm) at days 70, 150 and&@#Danalyzed following procedureSdantion 4.3.2.

53.3 Batch test

Batch experiments were carried out to understand the contribution of biologiegsi@ndhemical
processes to Mn remaMsledia samples were collected fronbithidter's top (66 cm)on days 70,

150, and 24@ollowing the procedure mentioned in section 4T3v8. batch experiments were
designed as followBest 1 employed 1 g of untreated filter media as a contrdifrmigmoval
guantified as total Mn removal. In Test 2, 1 g of mature filter mefiratpestreated with 5% (w/v)

NaN3 (VWR Chemicals BDH®) overnight (12 hours at 150 rpm in a shaker with deionized water) to
inhibitbiological activity. Following this treatment, experiments were conductedyenetheval

was termed physicochemical removal

Test 1 and 2itilized conical flaskEisherbranfl Erlenmeyer Flaskspntaining 0.5&.04mg/L
Mn(ll) in 200 ml ofmonsterilizedand sterilizednfluent groundwater (pH: 7.3 = 1.1) at 150 rpm
respectivelywWater samples were collected from flasks-deganined time intervals aamhlyzed
for Mn (Section 3.3.2Qll experiments were conducted in dupliedtie control bottles (section

4.3.3) and the results were reported as average values with standard deviations.

5.3.4 Statisticanalysis
Satistical analysis and methodsl&ia visualization are detaileskictiord.3.5.
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54 Results and discussion

54.1 Mn removal ithebiofilter

Fig. 5.1a illustrates the influent and effluent Mn concentrations in tisegbddbiofilter ovez40

days The influent's average Mn concentration was measured at 64.7 + 3.2 ug/L. The biofilter was
considered fully operational once it consistently achieved over 90% removal of the average influent
Mn. The removal efficiency of Mn gradually improved, surpa@%iraftér 21 days (approximately

week 3). The stamp phase wadeemedconcluded on day 54, when the biofilter succeeded in
removing more than 908bthe average influent Mirhe starup period of biofilters for Mn removal

typically takes between 1 and 4 months, depending on operational parameters and water quality
parameterfArayaObando et al., 2021; Bruins et al., 20159t e mb a |. The tesuhwasin 2005
this range, though within the first three weeks of operttehiofilter successfully met Health
Canada's AO of 20 QgArestaftaausedihe sudden irctneasenirkthe efffjueny a t ¢
concentration of Mn at day 22@er a 1@ shutdown. However, the levels quickiyrned tavithin

the acceptable range after 6 h of operation.
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Figure 51 (a) Biofilter influent and effluent Mn conéephratigyeral accumulationTéfeiculated
value represents the average Mn accumulatioftie timaiofdtealue represents the accumulation at the tc
of the biofilter medi@ therror bars represent the standard deviation of duplicate measurements
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Fig. 5.1b outlines the temporal cumulative accumulation fobriuthe top €6 cm of thebiofilter

media contrasting with calculated cumulative accumulation based on influent and effluent
concentrations. Calculated accumulations are based on the average Mn accumulated over the period
(=30 days) under consideration multiplied by the humbdaysfof that period. The measured Mn
demonstrated an upward trajectory ranging from 35 + 23 to 510 £ 19 uy/evafgthtof media,

while calculated accumulations rdnffem 62 to 282 pg/cm3rg weight The rising Mn
accumulation, as indicated by both the calculated and measured values, implies a significant role for
MnO,-coated surfaces within the biofilters. These surfaces facilitate Mn adsorption, which is then
followed by oxidation, contributing to the progressive-tyitif MnQ.. The accumulation patter

was characterized by an initial rapid incfelémsed bya steady incremental gain. Statistical analysis

using a twesample -test revealed no significant défese between the calculated and measured
values, confirming the consistency of the accumulationgreQdB5).

The initial higher calculated Mn, surpassing measured values until day 120, could be attributed to
uniform Mn removal along the filter bed duthmginitial stages of biofilter operations, leading to

lower accumulations at the top tbé biofilter surface compared to later stages. The uniform
distribution of Mn removal duriniige initial stages of biofilter operation cadsult fromFe in the

influent (89.3 + 43.9 pg/L). The presence of Fe can lead to stratification in the biofilter media, with
Fe primaity being removed at the top layers and Mn at lower depths (Section 3.4.2.3). Furthermore,
this disparity may also result from immature biofilms dhemngtial stages, where Mn€uld be

released into backwash waste, diminishing Mn accumulation on tliRaneshs et al., 2018)

Postday 120, the measured Mn exceeded calculated values, aligning with findings that, upon
maturation, Mn removal predominantly occurs in the top 20 cm of the biofilter media, hence
indicating higher accumulation of Mn in this region (Section 3(B:/28a et al., 2019; Zhao et al.,

2021) The calculated accumulated Mpresentshe average accumulation within the filter bed,

which would be lower than the maximum accumulation at the top of the biofilter and decrease with
depth. This was also supportedtiagins et al. (202Who found significant differences (650 + 1,020

Qg / *dw) in Mn concentration between samples from just below the surface (~10 cm) and those
deeper (~ 86 cm) within the biofilter.

54.2 Characterizatioof MnOx on biofilter media
The morphological characteristics of Mo@atings formed on the sand media giduning the

filtration procesare shown in figure 5.Phese images captthre virgin media’s initial conditiemnd
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the progressive development of M@atings after 70 and 150 days of operation. The virgin media
(Fig. 5.2&) exhibitsa baseline texture for comparismgwingthat the surface of virgin sand was

not entirely smooth. Subsequent images (Fif). iRdstrate the evolution of the media’'s surface,
marked by distinctive structural changes likely attributable to biotic and abiotic processes. The
presence of fluffy structures on day 70 reflects the biological origin ,ofoking&ion, consistent

with the birnessite type as reported in the liter@@weset al., 2015 Dangeti et al., 202Q)his
biologically inducdalrnessite contrasts with the denser morphology observed on day 15@gsuggesti

a transition toward physicochemical Mio@nation as the biofilter matu@suinset al., 2015).
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Figure 52: SEM images of virgin media (a) 30x (b) 3000x (c) 10000x; biofilter media collected from th
(d) day 70 (f) day 150; (e) Elemental composition from EDX analysis

The observed change in Mimbrphology over time is crucial and can be elucidated as follows: The
MnOx initially formedbriginates from biological processes. This is because biological Mn oxidation
occursmore rapidlythan abiotic Mn oxidation. The initially formed Mm@s high adsorptive
properties anghossesss a negative charge, which arises either from vacancy defects or from the

inclusion of heterovalent catipmecluding Mn(lll) and Mn(ll) within their octahedral layers or
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mineral structurgdebo et al., 2004)his leads tMn(ll) sorptionto neutralize the negative charge

which leads$o subsequent oxidation and formation of new MA® biofilters mature, the MpO

tends to accumulate on surfacas observed in this study (Fig. 5.1b) and supported by elemental
analysis of the biofilter media, potentially impeding mass transfer processes (Fig. 5.2e). Due to its
strong adsorption capacity and affinity, MniD likelycompete with MnOB for Mn(ll), potentially
decreasingiologically generated MnO

Moreover, this ongoing MR@rmation may transition into various mineral forms that cannot be
directly identified as microbial in origdargar et al., 2005; Templeton et al., 2008&) complex
interplay highlights the shift between biological and physicochemical processgsmoriio@gy

and composition over time. Nonethelasgse MnQ oxides formed either biologically or
physicochemically playignificant role in the sustained Mn removal in biofiltration.

54.3 Microbiome of Minemoving biofilter

54.3.1 Spatial anndmporal distribution of microbial community
A heterogeneous microbial consortium was observed in the biofilter, marked by a substantial

representation of several key phyla, inclittotgobactéBcteroido@rrucomicrohiatainobacteria
andNitrospiraen days 70, 150, and 240 (Fig. A5.1). Among the PioteEgbactevere the most
prevalent, with mean relative abundances of 33.23 + 1.80%, 32.04 + 3.44%, and 36.90 + 4.26%,
followed by théNitrospiraat 20.30 = 7.01%, 12.02 £+ 6.60%, and 11.92 + 4.18% on days 70, 150, and
240, respectilye These phyla thrive due to the unique environmental conditions of the biofilter, such
as nutrient availability and operational parameters like aeration (Flemming & Wingender, 2010).
Proteobactangparticular, are known for their metabolic versdigitygcapable of processing both

organic and inorganic compounds through oxidegtturction reactions (Ghosal et al., 2016). They
adapt remarkably well to various environmental changes, including fluctuations in pH and temperature
(Fierer & Jackson, @8). Their proficiency in forming biofilms also contributes to their prevalence in
biofilter systems (Flemming & Wingender, 20k®se findings are in alignment with previous
research underscoring the pivotal rolerofeobactami&in removal within sand filtration systems

(Cai et al., 2023; Gulay et al., 2016; Nitzsche et al., 2015; Piazza et Mitrazpir@gffiliated
bacteriaare alsacapable of Mn oxidation throughemolithoautotrophy, linking this process to
energy conservatiofYu & Leadbetter, 2020rurther, culturglependent methodologies have
demonstrated the capabilities of ceRamteobactandActinobactestaains to synthesize birnessite

type MnQ (Lin et al., 2008 hese oxides contribute to sustained Mn removal in biofilters.
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Subsequent analysis at the class level &)gebealed a predominant presendépbiproteobagteria
GammaproteobadBaiaproteobacteitienspiraandBacteroidiamgether constituting 84.76 + 2.72%,

77.82 £2.62%, and 73.32 £ 8.06% of the microbial population on days 70, 150, and 240, respectively
(Fig. 5.4a). Alightincrease in the relative abundanceiiaproteobac{@é8z209 + 4.01 % to 20.05

+ 1.74 %) andsammaproteobal€ri@6 + 2.31% to 19.66 £ 2.73%) was observed from tay 70

day 240Betaproteobaatelative abundance (6.96 = 3.16% to 6.82 + 3.18%) remained consistent as
the biofilter matured. Convers@itrospira@1.24 + 7.51% to 12.50 + 3.99%gtinobactefra34 +

3.40% to 1.65 + 0.27%), aBacteroid20.94 + 8.76% to 1.65 £ 0.26%) showed a decrease in relative
abundance wittihe maturation of the biofilter media.

Depth stratification further revealed variances, such as the decit®asamaiproteobacistia

increasing depth, whiddphaproteobacextigbited an incremental trend on days 70 and 150, followed

by a marginal reduction on day BKlaproteobactehéited alecrease the relativeabundance

with greater deptlexcepton day 240, where an increase was noted at taepttidievel before
decreasing at the lower depthkCormick et al. (2023)ighlighted thecrucial role of the
Betaproteobaattasgsin Mnremoving biofilters, a findirapnsistent with the biofilter examined in

this study. Th8etaproteobaatkxss showed variations of 9.69%, 7.64%, and 11.08% at the biofilter
surface on days 70, 150, and 240, respectively, and was consistently present throughout the depth of
the filter bed, emphasizing its signiticale in Mn removal in a biofilter. Noteworthy is the presence

of various MnOB genera within tBetaproteobaatkrss, among others (Figb%. Additionally, the

presence of IOB was also observed in the biofilter.

54.3.2 Presence of MnOB in biofilter
Over 15 recognized genera of MNOB were detected in the biofilter, each displaying different relative

abundancefFigure 5.3pwith notable representatives suchSphingomonas, Nocardia, Caulobacter,
Pseudomosgingobium, Shingomonas, Rhizobacter, andr@phiifteneywiphyla and claségai

et al., 2023; Cheng et al., 2019; Cheng, et al., 2017; Evans et al., 2020; Marcus et al., 2017; McCormic
et al., 2022; Piazza et al., 2@28hsistent witbxisting studies, MnOBgtaeen documented across

a broad spectrum of bactephylogenetic lineaggsazza et al., 2019; Tebo et al., 2086)average

relative abundance of MnOB increased with biofilter matyratigmg from 9.11 + 1.21%, 6.20 *

0.91%, and 18.16 £ 8.21% at day5®ahd 20, respectively. A spatial dynamic was also apparent;

at day 70, MnOBelative abundancgecreased from 7.86% at the top of the biofilter to 10.77%
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towards the bottom. However, on day 150, there was a decline from 7.45% at the top to 5.80% at the

bottom, and by day 240, a reduction from 29.95% at the top to 10.29% at the bottom was observed.

The spatial distribution of MNOB followed a sinpiéternto that observed for Mn removal in the
biofiltersin the presence of FBuring the stattip of biofilters, Fé& removed at the topollowed

by Mn removals irdeeper layers (Fig 2B8.Similarly, on day 70, a lower Mn@Btiveabundance

was observed at the top afdindance was higla¢ideeper layers. However, as the biofilter matures,
MnOB shifs upwards, similar to the Mn removal zones @lange in the relative abundance of
Gallionellaa welrecognized 10B, further corroborates this observalmtrally, on day 70, the
relativeabundance d@dallionelfuctuated from 2.28% at the top to 0% at the bottom of the biofilter.

By day 240, this variation shifted, ranging from 0.18% at the top to 1.08% at the bottom. This shift
underscores the adaptive nature of bacterial communiésganse to changing biofilter conditions

and their integral role in the biofiltration process.

Sphingopywias identified as the predominant MnOB genera in the biofilter, with relative abundances
of 2.12%, 2.78%, and 6.36% at thewdych decreased to 0.41%, 1.55%, and 2.75 % at the bottom
on day 70,90 and 240 respectivghig 5.3h)In contrastPseudomosia@wed more variation, with
relative abundances of 0.14%, 0.10%, and 6.01% at the top on d&#ysand, 40, respectively.
Notably, ityelativeabundance increased with depth to 2.91% on day 70 and thksser extent,
0.11% on da¥50, while a decline to 0.20% was observed or@ayatiousseudomostaains are
known for theimbility to generate biogeMaOx (Bio-MnO,) that are poorly crystalline and have a
high surface aréd€dmert & Tepe, 2020; Parikh & Chorover, 2005; Villalobos et al.,(26@B)
recognized producers of BinO, include strains dfeptothrig.oganathan & Burau, 1973; Nelson

et al., 1999; Tebo ait, 2004andBacilluBargar et al., 2000; Tebo et al., 2004; Webb et al., 2005)
which were detected in the biofilter only on day 7Gwnéthundance of less than 0.05%. Therefore,

it is plausible that the occurrence of these gétsmadpomonas, LepiatmlRacillyscould have led

to the production of BWWInO, similar to birnessite on day 70 (Fig. 5.2d).

Another notable difference was observed in the preseframothrixvith initial relative abundances
of 0.67% and 1.39% at the taper on days 70 ansD1respectively. However, by dég; @renothrix
was detected exclusively at the bottom of the biofilter, with an abundance @ig. 53%h) Given
thatCrenothriz an IOB, its greater prevaleanghe surface ite biofilter on days 70 angDlikely
played a role in facilitating the biological Fe remidwealever,the primary removal of Fe

homogeneous oxidation aided by the favorable characteristics of the influent water (Eh: 149 + 27 mV,
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pH: 7.5 £ 0.4)n this studySimilarly, the geniocardidemonstrated a high initial presence that
subsequently decreased as the biofilter maturedehaitheabundances diminishing from 1.92 +
1.27% on day 70 to 0.82 + 0.61% on @&ayahd further to 0.82 + 0.80% on d4§.2

Conversely, the gen€amamors®wed an increasa@hativeabundance with biofilter maturation.
Comamonasre not detected on days 70 ab@} however, by dayl® they exhibited a relative
abundance of 2.33% at the biofilter top, 0.18% at the naidd|8.02% at the bottol@omamonas
has also been found to contribute to the formation ofMBO« (Tsuji et al., 2017)'hese
observations suggest that the biofdteftedits microbiome composition over time, developing a

distinct microbial community as it matured.

Subsequent analysis revealed that the predominant(MgO&8a) and those not displayed due to

their relative abundances below 0.1% primarily belonged to several orders. These included
Sphingomonad@esompassing genesach as Sphingopyxis, Sphingobium, SpHRitgpobdalas
(includingBosea, Hyphomicrobium, Pedom@aolmbacterféesnprisindrevundimonas, Caulpbacter
andBurkholderiafEsaturingRhizobacter, Acidovorax, Gallionella, Comamonas, Hydrogenophaga, Polaro
Variovra) among others. This analysis suggestspihzifidaxonomic orders are more influential in

the Mn removal process within biofiltd@notherdikely due to themetabolic flexibility and ability

to form biofilms, which are advantageous traits for adapting to the environmental conditions within
biofilters.

54.3.3 Impact of biofilter maturity ¢ime microbiome
As the biofilter aged, changes in the relative abundéhge the microbial community were

observedThis reflects the community's adaptive responséofitter maturity. Spatial analysis

revealed thaherelative abundance of MnOB distribution varied uniquely, initially increasing from

the top to the bottom of the biofilter and subsequently increasing from bottom to top at later stages

of biofilter operationThe bacterial communities on the biofilter media exhibited Shannon diversity
indices of 3.65 £+ 0.34, 3.94 = 0.04, and 4.93 + 0.25 on days 70, 150, and 240, r€cpeletively

A5.]). The greatest diversity was recorded at the top of the biofilter on.ddga&dehile, Simpson

diversity indices were 0.93 + 0.03, 0.95 + 0.01, and 0.98 + 0.01 on days 70, 150, and 240, respectively
demonstrating high diversity, which suggests that no single species dominated the microbial
ecosystem. Such high levels of diyeesid evenness indicate a stable and resilient microbial

community within the biofilters.
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Beta diversity was analyzed using the@mdig dissimilaritynatrixand plotted as PCoMhich
accounted for 64.2% of the variation among biofilter media samples, with PCoAl ex@&éning 43.
of this variance (Fig. A5.Zhe greatest dissimilarity in microbial communities was noted between
samples 78 and 240, while the least dissimilarity was observed between sarTplesd 706M

(Figure A5.3). These findings indicate shifts in microbial community composition #0no dizmy

240. Nonetheless, PERMANOVA analysis revealed that neither the day of sampling nbr the dept
within the biofilter significantly affected microbial divepsity0(05). While there were changes in

the relative abundances within the microbial communities, the overall composition of the microbial
community did not show significant differences as the biofilter aged. However, specific microbial

communities did shovariations from the startup phase to maturity.

54.4 Contributions from different remowachanisms

54.4.1 Biological vs Physicochemical
Batch experiments using media from the top of the biofilter were conducted to investigate the

contribution of biological and physicochemical processes in Mn removal. From day 70, the average
Mn removal efficiencies in the uninhibited batch tests were 28%, 35.2 + 4.6%and 77.3

2.9% at 0.5 h, 1, bnd 24 h respectively. The physicochemical Mn remiotzahed from inhibited

batch tests were 10.3 £ 1.9%, 22.9 + 3d¥d 53.6 + 1.6%, whitalculatedbiologicaemovals

were 9.8%, 12.3%nd 23.7%or media from the same time intervals (Fig. 5.4a). Over time, an
increase ihe biological contribution was observikkely due to the properties of Nahk an

inhibitor (section 4.4.3)

A similar pattern of removal was observedniedia from day 15Manganeseemoval efficiency
reached 39.5 = 1.5%, 69.5 + 3,8%d 98.9 £ 1.7% at 0.5 h, 1 h and 2edpectively. The
physicochemicaémovalancreased to 31.8 + 3.2%, 57.5 + 2.8%@ 84.8 + 2.1%n contrast,
calculatedbiologicaremovals werenly 7.7%, 12.0%and 14.1% for the media from the same time
intervas, highlighting a reduction of biological contributions compared to day 70 (Fig. 5.4a). For
media from day 240, the Mn removal efficiency increa4s®@t6 2.90,77.1 + 1.66, and 99.1 +

0.4% at 0.5 h,1 h and 24elspectively. Hethe physicochemical process dominatedounting for

39.6 £2.3 %, 72.6 + 1.9%nd 96.2 + 0.1% Mn removal, while biological processesed.6%,
4.5%and 2.9% at 0.5 h, 1 h and 24 h respectively (Fig. 5.4a).
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As the biofilter media aged, a decline in the biological/physicochemical (B/P) ratio was observed
with amaximum of 0.95 for media on day 70 (0.5 h), indicating that during the early stages of biofilter
operation, biological processes contribute nearly equally to Mn removal (Fig. 5.4b). However, as the
filter matures, physicochemical processes become marardpwith B/P ratios decreasing to 0.24

and 0.14 for media on day 150 (0.5 h) and day 240 (0.5 h), respectively (Fig. 5.4b). Despite an observec
increase in biological removal efficiency on day t0atd 24, the B/P ratio continued to decline,
underscoring the increasing dominance of physicochemical processes in Mn removal over time. This
trend persisted through days 150 and Redla et al. (2018pserved similgshenomena, with
physicochemical processes dominating the filter bed except for the top 10 cm Buordagrd®&re,

in a study bgahabi et al. (2008)ological processes had a higher contribution to Mn removal on 3
yearold matured anthracite media but no significant role-gaatdd mature anthracite media,
highlighting a shift towards physicochemical dominance as the biofilter ages. Hoseestiglitho

did not address how the contribution of different mechanisms evolves fromp tstamaturation in

biofilters.

54.4.2 Shift in the removal mechanism
The decrease in the B/P ratio and the dominance of physicochemical processes over time in several

studiesincluding this onean be explained by a shift in the mechanism of Mn removahd¥er a
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adsorptivanedia like sand used in this study, Mn removal in a biofiltarccarthrough biological

or physicochemical processes (homogenous oxidation, adsorption, and autocatalytic oxidation by
MnO,). Although homogeneous Mn oxidation is thermodynamically viable, it is very slow at neutral
pH (Diem & Stumm, 1984; Morgan, 20@B)ichwas likely the case in this stuiying the initial

stages of biofilter operation, microorganisms played a pivotal role in remoVihg Mrsupported

by the detection of MNOB genera, known for their capability to produda@i¢Fig. 5.3b). This

claim is further substantiated by the MmOrphologies observed in this study at day 70 (Fig. 5.2d)
and reported bBruins et al201%) duringthestartup of biofilters. During the starp phase of the
biofilter, microbial activity led to the production ofitO,, probably by strains &seudomonas,
Leptothrpand Bacillientified ormedia from day 70 (Fig 5.5). The adsorption capacityMhBio

is higher than that of abiotic Mp(Cai et al., 2023; Zhou et al., 2048)ch could explain the early

onset of Mn removal in sand biofilters and initial rapid accumulation of Mn on the biofilter media
(Fig. 5.1b). As the biofilter matyre accumulatiors steadycoinciding with the change in the
morphology of Mn@to physicochemical (Fig. 5.2f).

by MnOB

iy

Biogenic MnO, S o YT \ _ ] T \. ; g
. ’ Physicochemical MnO_ Mn2* Physicochemical
Biogenic MnO, = - Biogenic MO,

MnO,

Competition for Mn?* between
MnOB and MnO,

Step 1: Biogenic MnO, — Microbial oxidation Mn?* + O, ----- > MnO, (1<x<2)
Step 2: Mn adsorption on MnO,, (negatively charged due to vacancy defects) Mn** + MnO,, + O, ----- > MnO.
Step 3: Autocatalytic oxidation of adsorbed Mn?* resulting in formation of new MnO,, —physicochemical in nature

Step 4: Again, Mn adsorption on MnO, and formation of more MnO,

Figure 5.5 Mechanism of Mn removalbrogligidiom startup to maturity

Despite an observed increagbarelative abundance dhOB with the maturation of the biofilter
(Fig. 5.3b), aotableshift in the Mn removal mechanism whserved. This transition could be
influenced by several factdnOB are heterotrophs capable of growth witivbit sonot all
MnOB are directly involved in manganese oxid@temo et al., 20Q5)hese bacteriganexhibit

specific nutrient preferences and environmental adaptabilities which dvelo®aker matures.
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In chapter 3, it was observed that MNOB counts decreased over time in Mn Supp and R2A+Mn
media, while an increase was noted in Mn Min media. The Mn Min media, primarily composed of agar
and manganese sulfate, appeafavtr MNOB strains that thrive in conditions whigle is the
predominant nutrient, facing minimal competition from other nutrients. This media is particularly
supportive of bacteria that careefivelyutilizeMn as a major growth fact@onversely, the more
nutrientrich conditions of the Mn Supp and R2A+Mn media support a broader spectrum of microbial
life, including more fastidious organisms. This environment provides multiple growth factors,
potentially favoring bacterial species ukibte a wider rangs#f nutrients, thereby outcompeting

MnOB specialized Mn utilization. Such dynamics suggest that MNnOB in the Mn Supp and R2A+Mn
media might adapt to utilize available nutrients in the groundwater, leading to observed decreases in
their countsThus, despite an increase in relative abundance of MnOB, the proportion of MnOB
actively participating Mn oxidationlikelydecreased

Furthermore, not all MNnOB can generateNBi®, with autocatalytic properti@argar et al., 2005)

The prevalence #fseudomonaptothrixandBacillugenera recognized for BmO, production
diminished as the biofilter aged. This reduction could be attributed to the competitive dynamics for
Mn(ll) between Mn@and MnOB. Owing to its significant adsorption capability and autocatalytic
properties, Mn@xompetes with MnOB for Mn(ll) adsorption (Fig 5.5). This competition may reduce
microbial Mn oxidation and, subsequently;MBi®, formation. The negatively charged MnO
continues to attract more MRig. 5.5), leading to the further production of Mn oxides through
physicochemical processes (Fig. B/Bpley (19603mphasized Mn as a crucial nutrient for the
growth of varioudlocardigpecies. In our study, a decline in the relative abund&tuzaadiaver

time was noted, suggesting a scarcity of Mn(ll) necessary for their proliferation, and likely indicating
competition for Mn(ll) between Mr@nd MnOB. As the biofilter matures, the significance of
chemical and autocatalytic oxidation of MimOreases, marking a progressive transition from
biological to physicochemical pathways for Mn removal, although biptogesses continued to

contribute to Mn removal as observed by the inhibition batch study.

55 Conclusions

This study provided @mprehensive understanding of Mn removal in biofilters frorustart
maturation by analyzing the relationship between biofilter aging andmdrgbology, Mn
accumulation, changes in microbial community composition, and contributions of

biological/physicochemical processes. Key findmegs
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Mn accumulation on the biofilter media was characterized by aelatiti@y rapid increase,
attributed to biological Mn oxidation that results in the formation -dir8Dp with a high
adsorption capacity. This was followed by a slesteady incremental gaim Mn
accumulatiorreflecting a shift towards a physicochemical morphology @f MnO

An increase in the relative abundance of MNnOB was observed as the biofilter matured.
Maximum dissimilarity among microbial communities was obsenday 70 from the
bottom of the biofilter and on day 240 from the top. In contrast, the lowest dissimilarity was
noted between samples of biofilter media from the top and midtig @0.

Despite differences in the relative abundand&eomicrobial community, the overall
microbial community composition was not significantly different as the biofilter matured

However specific microbial communities varied from startup to maturity.

This study highlighted the initial dominance of biological processes in Mn removal, driven by
MnOB-producing BieMnO, with high adsorption capacities. Over time, a shift towards the
predominance of physicochemical removal mechanisms became evident, influenced by
competitive interactions for Mn between Ma MnOB. Nonetheless, biological processes
continued to play a role in Mn removal even when the biofilters were acclimated.
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Comparative Analysis of Intermittent and

Continuous Biofilter Operations for Mn and Fe
Removal in Groundwater: Insights from a PileScale
Study

Part of this chapter will Isetbmitted fopublicationas:

Arora,H., Peldszus$.,McKnight,M. M., SlawsonR., Kendall,B., Neufeld, J. D. &uck P. M.
(2024) Comparative Analysis of Intermittent and Continuous Biofilter Operations for Mn and Fe
Removal in Groundwater: Insights from a f8tzle Study
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6.1Summary

This pilotscale study evaluates the performance of intermittently operated (12 h/d and 6 h/d) and
continuously operated (24 h/d) biofilters o240 daysrom startup to maturation, treating
groundwater containing Mn and Fe. Biofilters were also shut down for 10 days at day 220 to compare
any effects of extended shutdof®ast acclimation intermittently operated biofilters (12 h/d and 6

h/d) performed simildy to continuously operated biofilters (24 h/d)>( 0.05), effectively
maintaining Mn and Fe levels below 20 pg/L (> 90% removal). A temporary rise in Mn and Fe levels
following the l1@lay shutdown normalized within 6 and 2 hours, respectively, espanmting
Implementing backwashing before restadimgng intermittent modslightlyimproved biofilter
performance. The dday shutdown period impacted biofilm stability, lowering EPS and ATP levels.
Although continuous operation yielded higher ATP and EPS levels, these did not directly correlate
with Mn and Fe removal effectivengss 0.05).Over 15 known MnOB genera wetentified in

the biofilters, including prevalent genera suSplaagopy@seudomoraaslComamonakngside

IOB such agGallionelland CrenothrixMicrobial community composition showed no significant
difference betweearontinuous biofilters and intermittently operatediters(p> 0.05). This study
highlights the applicability of intermittently operated biofilters treating groundwater -Bwrasemall

and remote communities or at utilities where drinking water treatment plant operations are not

continuous.

Keywords Drinking water, lsutdown, backwashing, biological activity, extracellular polymeric

substance, microb@mmunitycomposition
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6.2 Introduction

Biofiltration systems in drinking water treatment plants are conventionally designed for continuous
operation to maintain biological activity and consistent contaminant removstanaaid remote
communities or facilities with excess plant capagitindaheir water treatment systems, including
biofiltration units, subjected to roontinuous operation due to local demands. The periodic or
intermittent shutdown of biofilters could potentially impact biofilter perforr(idiogcette et al.,

1998; Upadhyaya et al., 2019, 282®)diminished biological activity during shutdowns poses a risk
to the efficacy of contaminant remgsath as Mn and Fe, which are commetooataminants in
groundwater. Bhganesés a contaminant of health concern, whereas Farly associated with
aesthetic and operational problems in drinking (Batdreau et al., 2011; Bouchard et al., 2007; Vries
et al., 2017Health Canada has established a MAC of 120 ug/L and an AO of 20 ug/L for Mn and
recommended an AO of 1Q9/L for Fe (Health Canada, 208 22023.

Many studies have investigated the impact oftshmrtintermittent operation or shutdowns on
biofilter efficacfAnderson et al., 2008; Hess et al., 2020; McKie et al., 2019; Nemani et al., 2018;
Niquette et al., 1998; Upadhyaya et al., 20192028y er investigations into the letegrm effects

of intermittent operation are scarce, particularly those examining the initial phase of biofilter use,
where such operational patterns could have a pronounced impact. The performance of biofilters under
intermitent operation is influenced by various factors, including the condition of the filter media
during shutdown perioddliquette et al., 1998; Zeng et al., 20h8)length of these shutdowns

(Evans et al., 2020; Upadhyaya et al.,, 20@ Zequency of backwashiNgyjuette et al., 199&nd

the specific contaminants being targeted for reiftoxaais et al., 2020; Hess et al., 2020; McKie et

al., 2019; Upadhyaya et al., 2019,.2022)

This research focuses on the removal of Mn and Fe. The biological oxidation of Mn necessitates
specific conditions: a DO concentration greater than 5 mg/L, a redox potential (Eh) above
approximately 38000 mV (dependent on pH), and a pH/.1 (Mouchet, 1992)intermittent
operations may hinder the maintenance of these conditions, potentially leading to anoxic
environments conducive to bacteria utilizing Mn(lV) oxides as electron acceptors in the absence of
oxygen(Gregory & Carlson, 2003)his can result in the chemical reduction of Mn€keasing

soluble Mn(ll) into the effluent and increasing its Mn concentration. Similarly, the leaching of Fe from

their oxides within the biofilter could increase effluent Fe concentration. Accordingly, this study aims
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to elucidate the effects of intermittent psicdle operation ove40 daysn the efficacy of biofilters

in treating groundwattar Mn and Fe removal under varying operational conditions.

The objectives of this study were: (1) to compare the removal efficiency of Mn and Fe by biofilters
under continuous and intermittent operation from their inception through to maturation; (2) to
evaluate the influence of varied intermittent operationiotsrgtl2 h/d, 6 h/d) and staump
methodologies on the performance of biofilters; (3) to determine the impact of intermittent operation
on biological activity and biofilm development; and (4) to explore the microbial community
composition across biofiltets identify potential changes in composition due to operational
variability. Additionally, the biofilters underwent@ayGhutdown period éxplorehe implications

of extended operational interruptions on biofilter performance.

6.3 Materialand methods

6.3.1 Experimental setup and operating conditions

The design of the pilstale biofilter is detailed in Secti@l3Three biofilters, each utilizing sand
(effective size: 0.8500 mm, uniformity coefficient: 1.7) as the mediausedd he effluent flow

rate of each biofilter was kept constant at 5 m/h by adjusting the effluenT kiedVed.to aEBCT

of 14.4 minutes or less, a result of the diminishing filter bed volume over time as filter media was
extracted for sampling.

The biofilters were operated for 240 days in four distinct phases (Fig. 6.1).dnepBaséter A

ran for 12 (h/d), while B and C operated continuously (24 h/d). In the second phase, biofilters A and
B switched to XRour operation, with biofilter C remaining continuous. In pvasbiofilters A &

B were restarted without backwashing, except on dagn§@nisandiron effluent concentrations

were measured for an extended pdoibmlving restart at dayd and 90n thethird phase, biofilter

A continued at 12 h/d, biofilter B was reduced to 6 h/d, and biofilter C remained at 24 h/d. Biofilters
A and B were restarted without backwashing except on @and Exended monitoring of Mn and

Fe effluent concentratiomgcurredon days 141 and 170. In phés# following the extended

shutdown of 10 dayiin and Fe effluent concentratiamsre measured.
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Figure 6.1 Process flow diagram and operating conditions of biofilters

Throughout intermittent operations, biofilters A and B were kept subregoggdnedia sampling,

and operations were automated via solenoid valves that controlled start/shutdown times and logged
data. Backwashing was performed with a flow rate26frh¢h using the effluent from the biofilters

and air scoyresulting in a bed expansion 68204 and was performed until cleaf.(Bmins) water

was observed in the supernatant and backwash effluent. Biofilter C underwent weekly backwashing,
and biofilterA once every two weeks. For biofilter B, the frequency of backwashing was adjusted
depending on the operating phase to ensure the voluneellfdtereen backwashing cycles remained

consistent across all the biofilters.

6.3.2 Analytical methods
Influent and effluent water samples were collected once per week from each biofilter for Mn and Fe

analysis. In addition, multiple effluent samples were collected on days 71, 90add 2 207and
analyed using QQQCP-MS, Agilent 8800 (Section 3.2I'Bg biofilter media samples (~5 g) were
collected from the tof-5 cmof the biofilters for ATRANdEPS analysis usiagterilzed spatula
(Cole Pamer, Canada)lhe media samplaverestored in sterile 50 mL plastic tubes (Falcon®,

VWRE ) and transported on ice for immediate processing. The ATP analysis of the biofilm was

94



performed using a deposit and surface analysis kiE (DiSAninUltra Technologies, Canada)
(Sectior8.3.2.2)EPS extractiorfsllowedthe procedureutlinedin Keithley & Kirisitg2018) The

total carbohydrate content of the extracted EPS was determined using the phenol sulfuric acid method
described bypubois et al. (1956)he total protein content of tlextracted EPS was determined

using the bichronic acid method (Pierce rB€A protein kit, Thermo Scientif{@extA6.3)

For microbial community analysis, the biofilter media (~1 g) was collected from three different bed
depths (top:® cm, middle: 460 cmand bottom: 10220 cm) on day 240 usagferilzed spatula
(Cole Pamer, Canadand analyzed using procedure mentioned in sé@&idn

6.3.3 Statisticahalysis
Statistical analysis and methods for data visualization are detestkeahh3.5.

6.4 Results and discussion

6.4.1 Mn and Fe removal across biofilters

Fig. 6.2a depicts the Mn concentrations in the influent and effluetitdtbrae pilotscale biofilters

over 240 days, with influent Mn averaging 64.7 + 3.2 pg/L. The biofilters operating continuously (B
andC) achieved the treatment objective of 90% Mn removal by, dalyereas the intermittently

operated biofilter A reached the same level of removal by day 60. Within the first three weeks of
operati on, al | biofilters successfully met He
drinking weer. After the initial acclimation phase, the performance of the bifaTlfers removal

did not show significant differences 0.05). This finding suggests tinader the tested conditions

biofilters are robust against operational changes, including intermittent versus continuous operation,
without affecting their Mn removal efficiency upon acclimakios can be attributed tbhe
development of MnCand MnOB which contributéo sustained Mn removal in biofilté€hapter

5). Hoyland et al. (2014)so observed that waticlimated MnOB in biofilters could withstand
variations in Mn concentration, hydraulic loading rate, and temperature. Although their stress tests
were shorterm (22 days), their results underscore the resilience of biofilteperttional
fluctuations. Post a -ty shutdown period, on day 220, an increase in effluent Mn concentrations
above the 20 Qg/ L aesthetic objective | evel !

quickly returned (~ 6 h) to within the ad¢abfe range.
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Figure 62: Biofilter influent and effluent concentrations (a) Mn (b) Fe (Red line represents the aesthe
|l evel s of 20 Qg/ L)

Fig. 6.2b shows the Fe concentrations in influent and effluent of the same biofilters over 240 days,
with influent Fe averaging 89.3 + 43.9 ug/L, exceeding the influent Mn concentrations. This higher
variability, indicated by teabstantial standard deviation, is primarily attributed to significant spikes

in influent Fe concentrations observed on days 24, 137, and 193. Given that Health Canada's
recommendedesthetic objective for Fe in drinking water is set at 100 pg/L, and the average influent
concentration fell below this threshold, our study pursued a more stringent treatment objective of 20
pg/L for Fe, equivalent to the aesthetic objective for Mn. Dilménipitial week of operation, the
continuously operated biofilters Bl&D achieved the set treatment objective for Fe removal. In
contrast, the intermittent biofilter A required two weeks to meet the same stdhdenfilters
consistently attained the treatment objectiveagoBationexcept for biofilter A on day 149.
Performance across the biofilters showed no significant differences in Fe removalg#i@ieagy (

and intermittent biofilter operation did not impact Fe removal performance. An observed increase in
effluent Fe concent ataentiamaesthedidobjectere I¢vblsewanoted@haall L 1
biofilters following a X8ay shutdown at day 22fbwever, concentrations returned to acceptable
levels after ~2 h.

The highermpercentage ofe removathan Mn in biofilters, particularly during stapt can be
attributed to different removal mechanisviiges et al. (201 hjghlighted that the elevatedter
levels (1.5 m in this study) above the biofilter media prolongeaté¢neesidence timenhancing

the opportunity for homogeneous Fe oxidation. In contrast, homogenous Mn oxidation is slow
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without Mn oxide catalyst below pH 9, despite being thermodynamically viable at n@ital pH
& Stumm, 1984; Morgan, 2Q0B)e influent conditionsf low Eh and pH in this study (Eb49 +
27 mV, pH: 7.5 = 0.4) further favored Fe oxidation over Mn.

6.4.2 Impact of intermittent operation on biofilter performance

6.4.2.1 Effluent Mn concentration
Biofilter A, operating intermittently (12 h/d), exhibited a pattern of increasing effluent Mn

concentrations immediately following each system restart. The Mn concentration increased to 10.4,
3.8, 3.6, and 2.4 pg/L from the baseline levels of 1.5, 1an?139 ug/L for days 71, 90, 141, and

170, respectively (Fig. 6.3a). A noticeable trend in the data is the diminishing magnitude of the Mn
spikes postestart as the biofilter matures, suggesting an acclimation effect. The subsequent return to
preshutdbwn Mn levels generally occurreeb80nins postestartexcepton day 71 event, which

took longer (~400 min). Biofilter B demonstrated a more consistent effluent Mn concentration after
restarts, with recorded levels of 4.1, 3.8, 2.8, and 2.1 pgfiréreimitdown effluertoncentrations

of 1.8, 2.9, 3.1, and 2.6 pg/L on days 71, 90, 141, and 170, respectively (Fig. 6.3b). Despite the change:
in biofilter B operation from 24 h/d to 12 h/d (on day 70) and finally to 6 h/d (on day 140), consistent

Mn removawas observed.

The difference in responses of biofilter A (intermittently operated throughout) and biofilter B (initially
continuously operated then switched to intermittent operatiedgyo$0) after restarts, especially

after day 70, highlight the impact of operatibistory on biofilter performanffeig 6.3a,b)The

initial continuous operation of biofilter B likely contributed to its stable performance, suggesting that
continuous operation during stapt phases enhances biofilter maturation and resilience to
fluctuations in effluent quality peasterational interruptions. The observed decretmamagnitude

of Mn concentration spikeser time supports the hypothesis that biofilter maturity is a factoal

in stabilizing effluent quality. This is also evident from the fact that at day 140, biofilter B operation
was changed to 6 h/d, but no substantial impact was observed on the effluent Mn concentration.
Despite temporary increases in Mn levelsivioliprestarts in both biofilters, concentrations stayed
bebw the 20 ug/L aesthetic objective, indicatingftirathe condition testetthe biofilters effectively

maintain Mn levels within acceptable ranges despite temporary disruptions.
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Figure 6.3 Effluent Mn concentration following restart in (a) Biofilter A, (b) Biofilter B;dayd (c) after a
shutdown; Effluent Fe concentration following restart in (d) Biofilter A, (e) Biofiltdayshatti(fjvatter a 10
CBS: Concentration Bataoo®n, BW: Backwash, and WBW: WithoutlRdckadisbrestartIhe

horizontal dashed line indicates the aesthetic objective of 20 ug/L.

6.4.2.2 Effluent Fe concentration
Biofilter A showed a notable increase in effluent Fe concentration after restart, with values reaching

37.1, 8.4, 18.8, and 5.7 pg/L from the baseline measurements of 7.0, 5.4, 6.3, and 6.4 ug/L on days
71, 90, 141, and 170 (Fig. 6.3d). The most substargase occurred on day 71, with the Fe
concentration reaching over five times the baselind l@sgronounced spike suggests a potential
release of accumulated Fe from the biofilter media or an imbalance in the redox conditions that
stabilize Fe-However, it iessentialo note that after restarts on days 90 and 170, when biofilter A
underwent a backwashing protegsrestartup, the fluctuations in Fe concentration were markedly
reduced, with a minimal increase and a slight decrease in concentration, respectively. The rapid
normalization of Fe levels within an hour estart, except for day 71, indicates a quick re
establishment of t he systemds equil i bri um. B

characterized by smaller variations in effluent Fe concentration, which adjusted to 4.7, 2.2, 7.3, and
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4.2 ug/L from initial levels of 3.2, 4.8, 5.8, and 5.3 pg/L at days 71, 90, 141, and 170, correspondingly
(Fig. 6.3e).

The significant increase in effluent Fe concentration in biofilter A compared to biofilter B, especially
at day 71, could be linked to their operational history, Igitailéte observations made for Mn
concentrations. However, pastlimationthe influence of their operational history appears to
diminish, highlighted by meubstantiachanges in effluent Fe concentration when biofilter B
operation changed to 6 h/d on day 140. The decreasing trend in Mn and Fe spistarpost
accentuates the biofike maturation impact on effluent quality, suggesting a robust capacity to
mitigate shosterm shutdown effects. This resilience might stem from microbial community

adaptation and biofilm stabilization, ensuring contaminant removal.

6.4.2.3 Impact of backwashing
On the commencement of operations on days 90 anddfif@rs A and B underwent a backwashing

procedure, an operational step evaluated for its influenceosttiestart effluent concentration of

Mn and FeThe effect of backwashing on Mn levels was negligible for biofiltesrBas for biofilter

A, a reduction in Mn concentration was observeergsisirt after backwashing on day 90. Notably,
biofilter Bslightly reduceBe concentration peststart following backwashing. Similar results were
alsoobserved in biofilter A, where backwashing led to minimal increases or sometimes decreases in
effluent Fe concentration, demonstrating its utility in maintaining effluent quality following
operational interruptions (Fig. 6e3d This emphasizes the distinct impact of backwashing on the
removal efficiency of various contaminants. Furthermore, these backwashing effects might be more
significant in scenarios where the feedwater contains higher Mn and Fe corgentration

Backwashing a crucial intervention to mitigate the adverse effects of system shutdowns on biofilter
performance, a strategy supported by several diligiestte et al. (1998gmonstrated significant
enhancements in biofilter functionality for ,NEhd DOC removal efficiencies following a restart
after backwashing. This finding aligns witimderson et al. (2008)ho recommended the
implementation of backwashing after brief shutdown periodsabrarginghe initial effluent

volumedo wasteas a method to return endotoxin levels to theishprelown conditions.

6.4.2.4 Effluent Mn and Fe concentration followingdash@itdown
Effluent MnandFe levels measured after al Khutdown in all three biofilters (Fig. @)3tave

revealegignificanthangedJpon restarting the biofilters, an increase in effluent Mn concentration

was observed, exceeding the established aesthetic objective level of 20 pg/L. Specifically, biofilters A,
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B, and C showed an initial spike in Mn concentrations of 40.4nd8%8.2 ug/L, from 3.4, 0.9, 1.1

Hg/L respectivelymmediately after the restart (Fig. 6.3c). Notably, within 30 minutes of operation,
Mn concentrations rapidly decreased to below the aesthetic objective level. Hobvefikersa
recoveredo preshutdown baseline levels within approximately &.Hhbhois indicatec more
extendedtabilization phaghanthe shorter shutdowi® or 12 h/d) when operated intermittently.
Brandhuber et aR013)found thatthe Mn removal capacity of a biofilter could bestablished in

approximately five dayven after a twmonth shutdown period.

Evans et al. (2020pservedhat GAC biofilters maintained their performance after anveeak
shutdown, unlike anthracite biofilters, which observed an increase in Mn concentration following
restart. Nonethelessnincrease in effluent Mn concentration following an extended shutdown of
four weeksvas observed in GAC and anthracite biofilléis decline in performance was potentially
linked to the biofilters being drained during the shutdown and alterations in conditions within the
upstream biofilter. Theeated water qualitgan deteorate under shutdown conditions, possibly due

to a lack of oxygdilNiquette et al., 199&)noxic conditions (DO < 1 mg/L) can develop rapidly (<

2 h) following the shutdown of biologically active f(kcKieet al., 2016). MnOB, which typically
immobilize Mn(ll) through biological oxidation or adsorption onto cellular structures, may release
Mn(Il) upon cell lysis during such anoxic interruptigas Veen et al., 197@4dditionally, the
presence dBacilluandPseudomospecies, which are capable of Mn reduction in anoxic conditions,
can contribute to MH) release into the effluent under certain condif®asato et al., 2010; Swain

et al., 2018; Tebo et al., 2005)

The effluent Fe concentration dynamics exhibited a similar trend, albeit with a faster recovery. Initial
concentrations posestart increased from gsleutdown levels of 10.8, 5.8, and 5.4 pg/L to 35.7,

26.2 and 39.2 pg/L for biofilters A, B, and C, respectively. Recoverydoutewn Fe levels

occurred within approximately 2 hours, demonstrating a quicker stabilizatictmdonivire (Fig.

6.3f). This rapid stabilization of Fe, relative to Mn, points to different removal mec8anikm

to Mn, thepresence of Feeducing bacteria, suchFasribacterig@ardenas et al., 2008; Cummings

et al., 1999)night explain the initial rise in measurable Fe levels. A shift in redox potential during
shutdowns and subsequent pH changes can also escalate Fe solubility, leading to its elevated presenc
in the effluent (Stumrand Morgan, 19%6Furthermore, the leaching of Mn and Fe from their
respective deposits within the biofilter could further exacerbate changes in effluent quality,

highlighting the complex interplay of biological and chemical processes influencing biofilter
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performance after a restart. Statistical analysis of the data revealed that the observed increases in Mr

andFe concentrations were significant 0.05).

6.4.3 Impact of biofilter operation on metabolic activity and biofilm EPS

6.4.3.1 Metabolic activity as reflected by ATP
ATP, whichindicatesnetabolic activity in the biofilteranged between -1G0 ng ATP/cm3 (Fig.

64a), which is notably on the lower side of1D0® ng ATP/cm? typically reported for biofilters
acclimatedor organic removdPharand et al., 201Zhis reduction is likely attributable to the low
organic content in titeeated groundwateBiofilters operating continuously exhibited elevated ATP
levels relative to those operating intermittentlyg&a). At day 220, the ATP levels were 22 % and
27.5 % lower in biofilters A (intermittently 12)h#&hd B (intermittently 6h/d) compared to biofilter

C (continuously 24h/d). This observation aligns Matkie et al. (2019Who reported 50% lower
ATP in a cyclically operating biofilter-{#2h/d) thanin continuously operated filters

Following a l@ay shutdown, a pronounced decline in ATP concentrations was observed across
biofilters A, B, and C, with reductions of 22%, 31%, and 19%, resp@atvéyia)This decline

may be attributed not only to the exposure of bacteria to potential anoxic conditions during the
shutdown but also to the diminished availability of essential nutrients (carbon, phosphorus, and
nitrogen) for the microorganisms residing erfittermedia(McKie & Andrews, 2022). previous
publication g McKie et al. (201%)ighlights that such conditions can lead to a marked reduction in

the density of active biomass, as indicated by ATP measurements, within a mere two hours of a
shutdown. Supporting this observatiNiquette et al. (1998¢ported a 17% decrease in fixed
bacterial biomass after aldur shutdown periodMcKie & Andrews (2022)bserveda 30%

reduction in biomass, as measured by, #®FR shutdown of 16 to 36 hours. However, feMels

returredto their preshutdown values within two weeks of resuming operations in the present study.
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6.4.3.2 Biofilm EPS
Mn removal in biofilters can also occur through extracellular adsorption, where soluble Mn binds to

the negatively charged EFP8biason et al., 2018he quantity and composition of EPS, particularly

the ratio of carbohydrates to proteins, are thus crucial for understanding the efficacy of Mn removal
via biofiltration. I n our study, EPS p43®t ein
@/ g ) dw, and polysacchari 6@€3s4 4v aQgi/egd ,@)rwo n{ Fli 6
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reflecting the EPS matrix within biofilters. Hfignswith Keithley & Kirisitg2018) who reported

EPS protein concentrations bet wlevelsifror®B 20006000 3, 3
Qg/ g dw a-scalesofiiterCdntinfioud biofilter operation was notably linkedeteated

EPS protein and polysaccharide concentrations. Despite operational variances, EPS concentrations
were relatively stable throughout the study period for each bidfili@day shutdown led to a
noticeable decline in both EPS proteins and polysaccharides across all biofilters, with levels failing
return to preshutdown concentrations after three weeks of resumed operation. This observation is
consistent with findings lvans et al. (2020)ho noted similar trends followindoar-week

shutdown in biofilters designed for Mn removal using surface water.

In the currentstudy, the shutdown period affected not only the levels of EPS but also led to temporary
spikes in Mn and Fe concentrations in the effluent, which normalized quickly within a fis\e hours.
direct correlation wésund between the rise in EPS concentrations and the efficiencyrod fén
removal g > 0.05), nor was there any observed correlation between ATP and EPS concgntrations (
> 0.05). This indicates that while EPS plays a critical maéliration its relationship witkin and

Fe removal effiency and active biomass, as measured by ATP, is complex and influenced by multiple

factors beyond mere concentration levels.

The proteiro-polysaccharide (P/C) ratio, indicative of EPS composition, showed average pre
shutdown values of 1.47, 1.34, and 1.25 for biofilters A, B, and C, respectively (Fig. 6.4b). These results
align withStoquart et al. (2014yho reported a comparapleteinrto-polysaccharidatio for EPS

in a drinking water treatment biofilter. Psdsitdown, the P/C ratios increased to 1.83, 1.87, and
1.58, respectively (Fig. 6.4b). The initial higher P/C ratios in biofilters A and B, relative to biofilter C,
suggest that intermittent ogeva may influence EPS production or utilization by microbial
communities. The poeshutdown rise in the P/C ratio, despite overall decreases in protein and
polysaccharide levels, hints at a prefereoisimption of polysaccharides by microorganisms, likely

as an accessible energy source during dowBtioven et al., 2020This pattern aligns with the
microbial need to tap into energy reserves thkexternal nutrient supplylisited Alternatively,

the observed increase in the P/C ratio-pbatdown could reflect a stress respsh#@ngtowards

higher relative protein content in the EPS, possibly as microbes adapt to the operational disruptions
(Lauderdale et al., 20I0hesefindings further illustrate that shutdown periods may impact biofilm
integrity as observed areduction in EPS and ATP levels following-dalOshutdown (Fig. 6.4)
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6.4.4 Impact of biofilter operation on the microbial community composition

Each biofilter exhibited a rich microbial ecosystem with notable promineRoateobacteria
Patescibacteaiad Nitrospiraaunderscoring their significant roles in biofilter functionality and the
presence dActinobacterjéteidobacterjéiamicutgShlorofle®lanctomycé&ganobactdBacteroidetes
andVerrucomicrob@teong others (Fig. 6.5a). In biofilter C, running continuBusigpbactereae

most abundant at the top, comprising 42.85% of the communithadmdcreased relative
abundance towards the bottom (33.11%). This distribution contragtesdatbbiofilters A and B,
operating intermittently, whéteoteobactbad a higher relative abundance at the bottom, comprising
30.05% and 42.85%, respectively, compared to 19.13% and 24.78% of the microbial community at
the top of the biofilter (Fig. 6.5a). The differenteeispatial distribution #iemicrobial community

of biofilter C in comparison to biofilter A and B might be influenced by its coatoperationA

similar distribution of proteobacteria was also observed in intermittently (12 h/d) operated biologically

active carbon filte(®emani et al., 2018)
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Figure 6.5: (a) Heatmap depicting the relative abundance (> 0.25%) of microbial communities within |
the phylum level (T: Top, M: Middle, B{IB&€@uwA) generated using Bray Curtis dissimilarity for the biofilte

media

Patescibactandicative of resourdinited environmentéTian et al., 2020)vere found in higher
relative abundances at the top of biofilters A and B (34.54% and 20.59%, respectively), compared to
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only 5.35% in biofilter C (Fi§5a).Patescibacteaia adapt to environments with limited resources

by maintaining essential functions, such as genetic information processing, while significantly
simplifying their metabolism, cellular activities, and stress response to eliminate unnecessary functions
(Tian et al., 20200his pattern could suggest a preference for biofilters AcandiBons potentially

reflecting adaptation to the intermittent operational conditions and limited nutrient ayhaikdbility

et al., 2013, 2014 itrospiraevhose members are known for their involvement in nitoygéng

(Zhao et al., 2022), also showeider relative abundamcehe top sections of all biofilters (12.06%,

5.62%, and 17.60% for A, B, and C, respectively) (Fig. 6.5a).

Bacterial communities on the biofilter media shavthnnorindexof 4.77 + 0.03, 4.92 + 0.16,
and4.93 = 0.8 in biofilters A, B, and G respectively (Table A6.1). The highest diversity within
biofilter A was observed at the bottom (4.Bilontrastpeak diversity was found at the top for
biofilters B (5.15) and C (5.,1%)ggesting spatial variation in microbial community structure. Simpson
diversity across the biofilters stood uniformly high at 0.99, emphasizing not just the diversity but the
equitdle distribution of species, indicating no single species dominates the microbial ecosystem. Beta
diversity, analyzed using the BZaytis dissimilarity matrix and visualized through PCoA, accounted

for 59.2% of the variation among biofilter media samptePCoAl alone explaining 33.3% of this
variance (Fig. 6.5b). This suggdéisat microbial communities at the biofilter's top share closer
relations to each other ththose at the top/bottom, regardless of the operational mode of the
biofilter.Overal, there was no clear separation between the microbial communities among different
biofilters based on the operational mode of biofilters (Fig. 6.5b). Further, PERMANOVA results
indicated no significant influence of depth and biofilter operation type on microbial giversity (
0.05). This suggests that despite differences in the operational mode of biofilters and relative
abundance, overall microbial community composition is significantly not different in biofilters running
continuously (24 h/d) and inteittently (12 h/d and 6 h/d).

6.4.5 Presence of MNnOB and IOB genera in the biofilters

MnOB genera such &phingomorfigyhomicrobium, Caulobacter, Pseudomonas, Flavobagterium, Reyre
andSphingopyxihich are known for Mn oxidati¢Breda et al., 2017; Cai et al., 2023; Cheng et al.,
2017; Dangeti et al., 2020; McCormick et al., 2022; Piazza et al., 2019; Tebo weak,d2068&)d

across all biofilters addition, several genera potentially involved in Fe oxidation Gatiiblyella,
CrenothriandPseudomofi@seng et al., 2019; Hallbeck et al., 1993; McCormick et al., 2022; Mouchet,

1992)were identifiedFig. 6.6). The presence of IOB genera was relatively less, with relative
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abundances of 2.34%, 2.86%, and 6.20% at top which decreased to 1.58%, 1.88% and 3.47% at the
bottom in biofilters A, B, and C respectively, suggéistihthemajority of Fe removal occurred

through physicochemical oxidation processes rather than biological Fe (Xrtegienal., 2017)

The distribution of detected MnOB genera varied across biofilters, with relative abundances of
10.58%, 15.43%, and 31.32% at the top sections of biofilters A, B, and C, resyechivetyeased

to 15.29% and 42.01%, at the bottom of the biofilters A and B respectivelyonduaieg to11.05%

in biofilter C(Fig. 6.6)

Among the identified MnOB gene@&phingopyxmerged as the dominant genus, with relative
abundances of 3.70 + 0.63%, 5.76 + 1.86%, and 4.10 £ 1.60% in biofilters A, B, and C, respectively
(Fig. 6.6) The presence &phingopykes been reported in severakigimoving biofilter§Araya

Obando et al., 2021; Breda et al., 2017; Piazza et al., 2019; Zheng eghaz2®rly interesting
observation was the elevated relative abundaseuafomomnasiofilter Cin the top layer (6.01%),

in stark contrast to the much lower abundances in biofilters A and B (0.20% and 0.94%, respectively).
Pseudomohas Mn oxidase genesnkG, which encodean MCO enzyme contributing to direct
biological Mn oxidatio(Geszvain et al., 2016; Wright et al., 2@&®)larlyComamonstsowed a

higher presence in biofilter C (3.10%) at the top, compared to biofilter A and B (0.16% and 0.10%,
respectivelyComamorisdonging téhefamilyComamonadaweae found to be a key MnOB in Mn
removing biofilters contributing to biological Mn oxidaeCormick et al., 2023; Shoiful et al.,

2020) For bothPseudomoaadComamonése relative abundance decreases with depth for biofilter

C. In contrastan increase for biofilters A and B was observeddliletigdifferences in the operating

conditions.

MnOB not only directly oxidigéln but also indirectly contribst® its oxidation by altering local

pH and redox conditions and production of EBt&aput et al., 2019; Tebo et al., 2@Eera such
asPseudomoiBaadyrhizobiuamdBacillykknown for their ability to produce polysaccharides within
biofilm EPSLimoli et al., 2015; Quelas et al., 2086) present in biofilters. These EPS components
cancapture M(I), which is then oxidized by enzyrfile=bo et al., 20Q9)iang et al. (201hpve

shown thaSphingopyzentrigger Mn oxidation in other microbes via cell cofitattie presence)

by inducing the microbial physiological stress leading to Mn(ll) oxidation and extracellular superoxide
production. This suggeshhat MNnOB can contribute to Mn oxidation via multiple pathways.
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6.4.6 Comparison of Mn and Fe removal with other contaminants in intermittently
operated biotiers

Given the scarcity of data on the kggn intermittent operation of biofilters, particularly regarding

Mn and Fe removal, this study's findings are contextualized alongside other research focusing on both
short and longerm shutdowns of biofilters. Tleestudies extend ¥arious metals, including arsenic,
hexavalent chromium, organics, Bhmdand Fe. Our results demonstrate that, upon acclimation,
intermittently operated biofilters (12 h/d and 6 h/d) align closely with continuously operated biofilters

in removing Mn and Fe to | evel s Athaghahgacttahe aes
microbial processes would be diffetkistobservation milar to thaby McKie et al. (2019)vho

reported similar removal efficiencies for organics and trihalomethanes in cyclically operated biofilters
(816 h/d), though continuous operation showed enhanced haloacetic acids (HAA) removal.
However, cyclically operated filters consistently remmewexi DOC than continuously operated
filters(Nemani et al., 2018)padhyaya et al. (201i@xher corroborate the biofilters' adaptability to
intermittent operation (7 days off followed bgays on), observing no significant change in
hexavalent chromiueifluentlevels postestart.

After a 10day shutdown, a temporary rise in Mn and Fe concentrations was noted, yet levels
normalized within 6 and 2 h, respectively. This pattern aligns with literature indicating that shutdown
duration variably affects different contaminant removal efésieRor instance, a ~BG&hutdown

did not impact nitrate removal, while ad&89p break led to effluent nitrate concentrations nearing
influent level§Upadhyaya et al., 2028)milar dynamics were observed for arsenic, with recovery
within 12 h and a slight increase in hexavalent chromium levels@diebeedk, which also returned

to baseline within 3 h, underscoring the bidiltesiliencéUpadhyaya et al., 20I®)e observed
increase in effluent concentrations for different contaminantsegtast may stem from several
interconnected factors, including the potential leaching of metals triggered by shifts in oxidation
reduction reactions under anaerobic conditidisruption of the biofilm, changes in the activity of
reducing bacteria, or a combination therediidipresent study, we identifiedy 6.6 he presence

of bacteria capable of reducing steh ad-erribacterif@ummingset al., 1999%nd Mn such as
Bacillugnd Pseudomof@srrato et al., 2010; Swain et al., 2048¢h could contribute to the
observed changes in metal concentrations The observed increase in concentregstast past

be mitigated by backwashing the biofikefereplacing them onlingNiquette et al., 1998Jhis
approach slightly improved Fe concentrdabowing restart in the present stuelgweveras the

influent Mn and Fe levels weerin the presenstudy, the effect may be more pronounced in raw
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water with higher Mn and Fe concentratiddditionally the effect opre-backwashintihe biofilters

prior to shutdown should also be investigated.

The postrestart biofilter performance can notably be influenced by the shutdown edraliteoh

or submerged. Drying of the media can diminish biological activity and decrease substrate availability,
whereas submersion may lead to substrate depletisagwently impacting microbial community
dynamics. Although our study maintained submerged conditions without exploring the other options,
literature findings highlight potential challenges and conflicting(késsdtet al., 2020; Niquette et

al., 1998)Factors such as filter media type, shutdown duration, and water quality differences
contribute to these variatiodeng et al. (2018pted that submerged conditions adversely affect Mn
removal, attributed to diminished DO levels inhibiting MAGBsuggests careful management of
shutdown conditions is crucial for maintaining optimal biofilter performance. Despite the divergent
contaminant removal mechanisiparallels drawn from previous studies and this study offer a
comprehensive view of biofilter efficacy under intermittent operation and the consequential effects of
shutdown periods on biofilter performance.

6.5 Conclusions

1 Intermittently operated biofilters (12 h/d and 6 h/d) acHigeeformance comparable to
continuously operated biofilter (24 h/d) pastlimation, effectively maintaining Mn and Fe
levels below 20 ug/L.

1 A temporary increase in Mn anddffuentconcentrations post a-tily shutdown was
observed, with levels returning to normal within 6 hours and 2 hours of restarting biofilter
operations, respectivelfis rapid recovery underscores the resilience of the biofilter systems
postshutdown.

1 Prerestart backwashing slightly enhances biofilter efficiency foitdermdtent operation
shutdows.

1 Continuou$y operated biofilters exhibitbegher ATP and EPS levafs comparison to
intermittently operated biofilters.

1 Shutdowns may affect biofilm stability, as observed by changes in ATP and EPS levels.
The presence afultipleknown MnOB genera was confirmed within the biofilters. Moreover,
the overall microbial community composition showed no significant differences between

biofilters operated continuously and those operated intermittently.
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This thesis provides andepth analysis of Mn removal from groundwater via biofiltration, exploring

a range of media types, operational strategies, and stages of biofilter maturity. Theméseeadch

both pilotscale anddnchscalebatchstudies to examine thelationships betwediofilter media
characteristics, microbial dynamics, operational conditions, and Mn removal mecharssals. Pilot
biofilterswere established atvater treatment plant Southern OntarjgCanadand operated for
approximately 400 days using raw groundwater containing Mn and Fe under various configurations.
Concurrently, &ch-scaldatchexperiments were conducted at the University of Wétatloer to

elucidate the Mn removal processes whkipilotscalebiofilters.

7.1 Overall@nclusions

The research presented in this thesis demonstrates that under tested conditions with low influent
concentrations of Mn and Fe, biofilters effectively reduced Mn levels to below the Health Canada
aesthetic objectveef 20 Qg/ L, achieving greater than 90Y%
removal was consistently maintained at lower water temperatures (<15°C). Although the influent
water exhibited relatively low Mn concentrations, biofilticimaffectively remove higher levels of

Mn with adjustmes to operational conditions, such as increased bed depth or EBCT. Additionally,
Mn removaéffectiveneds biofiltergsinfluenced by the presence otontaminants like Fgpatial

and temporal patterns in Mn and Fe removal were observed within thesbioiiiedly, Fe was
predominantly removed in the top layer, whereas Mn removal was more evenly distributed throughout
the biofilter. Adidfiltration progressed, the primary zone of Mn removal shifted upwarmlevith

80% of Mn and Fe being remdve the top 40 cm of the filter b@dhis stratification, demonstrating
effective Fe and Mn removal predominantly in the upper layers of the biofilter media, highlights key
considerations for biofilter desighese findings suggest that adjusting bed depths can be an effective
strategy to optimize Fe and Mn reméwadlifferentinfluent water@nditions

The startup period of Mn removal is influenced by filter media characteristics (GAC, anthracite, sand).
In GAC biofilters, Mn removal initially occurs through adsorption, facilitated by the high porosity of
GAC which provides a large surface area to adsdi) fvbm the wateiOnce the active sites on

the GAC are saturated with M the efficiency of the adsorption process decrefmsesver, the

adsorbed Mims oxidized through homogeneous or biological oxidation, leading to the formation of
MnQO,, which continues to facilitate Mn remonabiofilters because of its high adsorptive, cation
exchange and autocatalytic propetiesontrast, biological processes predominate in sand and

anthracitéiofilters which do not have any adsorptive propertnesefindings weresupported by
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batch tests using media collected from various bed detitesilot biofiltersSand and anthracite
media showed biological dominafocehe top layewherethe majority of Mn removal takes place,
while aeper layers of sand and anthracite biofilters showed greater physicochemicdhremoval
contrastGAC media exhibited physicochemical dominance throughout.

The PSO model provided a more accurate depiction of Mn removal kinetics in the batch tests of
biofilter media samples compared to the PFO model. This highlights the importance of filter media
characteristics and the role of MinCMn removalMicrobial community analysis revealed a diverse
range of MnOB across the biofilters, indicatingladionshipbetween media type and microbial
compositionCultural plating techniques further confirmed the capability of MnOB to oxidize Mn(ll)

to MnQO.. Over time, as the biofilter matured, dbendancef MnOB decreasesh Mn Supp and
R2A+Mnculturemedia, suggesting a decrease in microbial Mn oxiBailogical activity quantified

using ATPcorrela¢d moderately witkin removal efficiency during stagt, highlighting ATP as

potential indicator for monitoring biofilter acclimation.

Over time,a shift from biological to physicochemical Mn removal mechavasnabserved in a
pilot-scale biofilter using sandl@mediaThis can be explained as follows: 1) The rate of microbial

Mn oxidation is faster than physicochemical oxidation, leading to the formaticivio©Big)
Competitive dynamics betweenQJmand MnOB likely led to a reduction in microbial oxidation,
favoring physicochemical remowaér time. 3)As the biofilter matures, a shift in the nutrient
consumption patterns of B may occur. The dynamic environment within the bidikedy
favorsMnOB that adapand utilize a broader spectrum of available nutrients beyond Mn. This
adaptation might lead to a wider utilization of nutrients by MnOB, resulting in decreased microbial
Mn oxidation despite an overall increase in their relative abudji&ocner, @ocatalytioxidation

of adsobedMn by MnQ enhances physicochemical removal mechaMsi®& genera such as
Sphingomonas, Hyphomicrobium, Cantbb#utes were prevalent from siprto maturityGenes
associated with direct and indirect Mn oxidation pathways were also predicted, highlighting Mn
oxidation's complex, mufiathway natur@volvingreactive oxygen specitzty acid metabolism,

and electron transpodnderstanding these dynamics is essential for optimizing biofilteradebigns
operation and to enhance Mn removal, spdlgifiedloring to the microbial communitiagst

effective in given operational conditions.

This research further validated the effectiveness of intermittently operated biofilters for treating

groundwater in smatale and remote communitiesd a utilities where operations are not
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continuous. The performance of these intermittently operated bidftefd and 6 h/d)following

an acclimation period, was found to be on par with that of continuously operated biofilters,
consistently maintaining Mn and Fe concentrations below 2@ eg#kstart backwashing slightly
improved Fe removal performance, although it did not affect Mn rehin@ga .biofilters weedso

able to recover quickly from addy shutdown, although shutdown may impact biofilm stability

72 Summary of findings
Chapter 3

In Chapter 3 the impact of filter media characteristuch as pore size, surface area, and media size
on the performance of biofilteremoving Mn during startup at low water temperatures in the
presence dfewas investigated. The piatle setup, which ran for 133 days, utilized three different
types of GAG, two types of anthracjtend one type of sand.

The biofilters successfully achieved simultaneous removal of Fe and Mn uiesepdoature
conditionsThefilter media characteristics notably influenced theigtpetriod of the biofiltewith
their higher surface area and pore volume, GAC exiligted significant Mn adsorption, leading
to an early onset of Mn remo¥adrthetwo-anthracitenedia, themaler effective media size resulted
in a shortestartup time owing to its higher external surface &tes.study also underscored the
importance ofthe macropore volume and BET surface aféhe median enhancing the starp
efficiency of biofilters for Mn removal. Macropores were particoipdgtant likely due to their
suitability for microbial colonization aMhO, accumulation. However, the contribution of
micropores to overall adsorption efficiency appeared Jilikiédgddue to the blocking of micropores
by MnQ, accumulation on the biofilter mediaggesting the need for further investigation into the
dynamics of Mn adsorption in biofilters.

The physical characteristics of Ma€cumulated on the biofilter media were evaluated using SEM
EDX and Raman spectroscopy. Birnessite was identified as one oDthe Ma biofilters, and
variations in the morphology of Mp®ere observed. The presence of heterotrophic bacteria and
MnOB was confirmed using HPC and LBB analysis. Over time, the HPC decreased, and MnOB was
detected in all biofilters. Biofilm activity on the biofilter media, quantified using ATP analysis, ranged
between 100 and 140 ng/cdny weight of media. GAC media exhibited ATP levels comparable to

anthracite and sand meffiz 0.05) A moderatecorrelation between ATP levels and Mn removal
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efficiency during the starp of the biofilter was observed, suggesting that ATP may serve as a

potential indicator for monitoring biofilter acclimation
Chapter 4

In Chapter 4 the impact of filter media characteristics on the mechanismsremilal and

microbial communities in the biofilters was further investigated through a combinatieaaaigilot
biofilters andbenchscaleébatch studies. The kinetics of Mn removéherbatch tests using media

from maturedpilot-scale biofilterat day 126 were studied using-liveear PFO and PSO kinetic
models. The contributions of biological and physicochemical processes to Mn removal were
guantified in batch tests across different biofilter bed depthswsdaNised to inhibit biological

activity to ascertain the extent of physicochemical removal. Biological contributions were determined
by subtracting physicochemical removals from total Mn removals. Additionally, potential functional
genes associated with bkidation pthways were predicted.

The PSO model provided a more accurate depiction of Mn removal kinetics in the batch tests of
biofilter media samples compared to the PFO model. This highlights the importance of filter media
characteristics and the role of Mn@ Mn removal. An examination of biological versus
physicochemicaMn removal mechanisms indicated that while sand and anthracite media
predominantly engaged biological processes at the top layer, GAC media primarily facilitated
physicochemical removehe observed differences ifPBatios across sand, anthracite, and GAC

media highlight the unique removal mechanisms, which are likely influenced by the characteristics of
the filter media. A significant inverse correlapiegr0(05) between B/P ratios and media properties

such as BET surface area, and the volume of micro, macro, and mesopores was identified at the top
of the biofilter media. This suggests that media with larger pore volumes and greater surface areas
tend to sipport physicochemical removal mechanisms more. In tatteabed depth of 100 cm, a

positive correlatiorp& 0.05) was found between B/P ratios and media properties, indicating that
these media characteristics are conducive to biological processes at this depth.

The presence of MNnOB genera varied across biofilter media types and depths, highlighting the
complex interplay between biofilter media characteristics and microbial colonization patterns.
Predictive functional analysis detected genes linked to two tylpesxidation pathways: directly
throughcue@ndcotAgenes and indirectly ketE, poxBandccmigenes, among others. This analysis
underscores the complexity of Mn oxidation, which involves multiple biological pathways.
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Chapter 5

In Chapter 5, the mechanism of Mn removalaisand biofilteland its evolution from startup to
maturity was studied using a combinati@pdbt-scale biofilter andebchscalebatchstudies. The
pilot-scale biofilter operated for 240 days, athscalebatch studies were conducteging
biofilter media from the top of the pilot biofilter collected on days 7@nti5®4Qo assess shifts in
the contributions of different removal mechanisms as the biofilter dn&benges in MnO
morphology were observed usBIFMEDX, and Mn accumulation on the biofilter media was

quantified. Additionally, changes in the microbial community composition were monitored over time.

Mn accumulation in the biofilter media was marked by an initial rapid increase due to biological Mn
oxidation, leading to the formation of ®4aO,, which is known for its high adsorption capacity.

This phase was succeeded by a slower, continuous increasgimdMatye of a transition towards

a physicochemical morphology of Mn&s thebiofilter media aged, there was a noticeable decline

in the B/P ratio, starting at a high of 0.95 on day 70, which suggests that biological processes were
nearly as influential as physicochemical processes in Mn removal at this stage. Over tir@e, as the fil
matured, the dominance shifted towards physicochemical processes, with B/P ratios dropping to 0.24
and 0.14 by days 150 and 240, respectively. This shift may be due to the competitive dynamics betweer
MnO, and MnOB, where the strong adsorptive andcatatgtic properties of MrQould

outcompete MnOB, resulting in reduced biological Mn oxidation akth®jdormation.

Several MnOB genera known for Mn oxidasoich asSphingomortdgphomicrobium, Caulobacter,
Pseudomonas, Flavobacterium, Regand@laSphingobium, Rhizobacter, and Sydrs iignytiied

in the biofilter As the biofilter aged, there was a decrease in the relative abundance of bacteria like
Pseudomonas, LeptathdBacillyswhich are recognized for producing-Mig,. Despite these

shifts in the relative abundance of these MnOBSs, the overall composition of the microbial community
remaned largely unchanged as the biofilter matored.(5).

Chapter 6

Chapter 6evaluated the effectiveness of intermittently operated biofilters for removing Mn and Fe
Three pilotscale biofilters were operated @4 daysnder different operating conditio4:h/d,

12 h/d, and 6 h/dand different methodologiés restarting biofilters, such leackwashing and
withoutbackwashing before restartye assessed for their impadhemperformancef Mn and Fe

removalTheeffect of intermittent operation on biological activity (ATP), biofilm development (EPS),
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and microbial community composition &Bs®explored Furthermorethe impactof a longterm

shutdown (10 days) on biofilter performarasalgo examined.

The biofilters operated intermittently achieved performance levels comparable to those operated
continuously after the acclimation period, successfully keeping Mn and Fe concentrations below 20
Mg/L. Following the acclimation phase, there were no sigindfitfarences in Mn and Fe removal
efficiencies among the biofilteps>( 0.05), indicating that biofilters can be effectively used for
intermittent operation. It was also observed thategtart backwashing slightly improved the
efficiency of biofiltexr after periods of intermittent operation. However, a temporary spike in Mn and

Fe concentrations was noted following-dal0shutdown, but these levels normalized within 6 hours

and 2 hours of resuming operations, respectively.

Biofilters operating continuoushxhibited higher ATP levels relative to those operating
intermittently Following a 1@ shutdown, a decline in ATP concentrations was observed across
continuously and intermittentigerated biofilters, with levels returning to theisippédown values

within two weeks of resuming operatidsswas the case wiTP, continuous biofilter operation

was linked to higher EPS protein and polysaccharide concentrations compared to intermittent
operation, and a dDshutdown led to a decline in both EPS proteins and polysac@wadesll
biofilters,with levels not returning to psdutdown concentrations even after three wastes
operatios were resumellnOB genera such phingomoaghomicrobium, Caulobacter, Pseudomonas,
Flavobacterium, Reyramelfphingopyxidich are known for Mn oxidaticeind 10B genera linked

to Fe oxidatiorsuch asGallionella, Crenothaixd Pseudomomase detected across all biofilters
Despite differences in the operational modéhefbiofilter,the overall microbial community
composition was not significantly different between continuously (24 h/d) and intermittently (12 h/d
and 6 h/d) operated biofiltefis> 0.05)

73 Key contributions andhiplications fothedrinking water industry
1 This study conducted a comparative analysisnefabsorptivgsand and anthracite) and
adsorptivenedia (GAC) on the performance of biofilters for removing Mn and Fettaring
startup and examined the impact of filter media prop€BIES surface area, pore size
distribution, and media siz&) Mn removal. The findings of this research will assist in

optimizing the selection of biofilter media.
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1 The characteristics of the filter media also influenced the Mn removal mechanisms in
biofilters. During the startup phase, adsorption was primarily responsible for Mn removal in
GAC biofilters, whereas biological processes dominated anthracite andilsarsd Dios
distinction underscores the suitability of GAC biofilters at low tempef&terearly onset
of Mn removal in GAC biofilterasay mitigate the adverse effects of reduced tempsoature

biological Mn removal mechanisms.

1 This study provides a comprehensive understanding of how the Mn removal process evolves
in a biofilter by documenting changes in Mn@orphology, microbial community
composition, and the contributions of biological and physicochemical processes to Mn
removal.

1 This study predicted potential functional genes associated with Mn oxidation pathways in
pilot-scale biofilters based on 16S rRNA gene sequdicéesh e be st of t he
knowledge, nprevious study has predicted such gengifot-scalebiofilters that remove
Mn employing different biofilter mediehe prediction of genes associated with direct and
indirect Mn oxidation pathways highlights the complexity of biological Mn oxidation in
biofilters

1 This research also includes a comparative analysis of biofilters operated continuously and
intermittently oveR40 daysfrom startup to maturityfhe results successfully demonstrated
the viability of intermittently operated biofilters for removing Mn and Fe. The performance
of these biofilters in treating groundwater containing Mn and Fe was not impacted by
intermittent operations, making them particulaslyitable for smadicale and remote
communities or utilities where operations at drinking watémergaplants are not
continuousAdditionally, the findings indicate that biofilters can endureelonghutdowns
(up to 10 days) andpidly recovetheir Mn and Fe removal performance within hours,

underlining their robustness in varying operational conditions.

7.4Recommendations
1 This study focused on the total Mn anddfaovalprimarily for two reasons: the use of
groundwater where Mn and Fe predominantly exist in dissolved form, and Health Canada's
more stringenguidelines for total Mn and Eencentrations in drinking watdowever, it
is recommended that future research should include the speciation of both Mn and Fe into

dissolved, particulate, and colloidal fofihg would help optimize biofiltratiorprocesses
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and enhance understanding of the physicochemical processes involved in biofilkiation

and Fe removal

The influent Mn and Fe concentrations were relatively low; further studies involving higher
Mn and Fe concentrations are recommended to thoroughly test the tmeitsiafiltration

process for Mn removal.

The role of filter media characteristics, such as surface roughness, chemistry, and granular
morphologyin the formation oMnO, coatings and Mn accumulation on the biofilter media
should be studied in detaNdditionally, the use of analytical techniques suchras X
Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), and Electron Paramagnetic
Resonance (EPR) should be employed to determine the dtystdlloxides surface

chemistry, and the origins of birnessite formation, respectively.

This study utilized cebased GACfuturestudies should explore different types of GAC,

such as those derived from wood, coconut shell, and other biomass sources, to evaluate their
efficacy and characteristics in biofiltration. Comparative analysis across various GAC types
may reveal differencaa adsorption capacities, surface functionalities, and overall
performance in removimdn from groundvater.

Continuous flowcolumn studies, rather than batch studiesecommended to elucidate
biological and physicochemaattributionsn Mn removal within biofiltergith continuous

addition of inhibitors such as NaMoweverNaN; does not completely inhibit microbial

activity

Although numerous studies have demonstrated the ability of the PICRUSt2 method to reveal
functional profiles of microbial communities accurately asxtivdfy it has limitations
Thereforeemploying more comprehensive metagenomics, proteomics, and other approaches
to study microorganisms is necessary.

Initial findings suggest prestart backwashing marginally enhances biofilter efffoilelRey

removal following & intermittent operationHowever, the full impact of prestart
backwashing requires further investigation, particularly with feedwater containing higher
concentrations of Mn and Fe, where the effects may be more pronéurthed.the impact

of backwashing on a leterm shutdown should be evalualied. also important to analyze

the effect of prshutdown backwashing on immediate-pssart performance
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1 During periods of shutdown or intermittent operation, the optimal storage condition for
biofilters whether drained or submergegimains unclear due to conflicting reports in the
literature. Consequently, further reseandqisredto establish the most effective biofilter
status during these noperational pericd

1 Following a l@lay shutdown period, an increase in the concentrations of Mn and Fe was
noted upon restarting the biofilters. The factors contributing to the release of Mn and Fe post
restart require further investigation to understand their dynami&ptdlfically, the role of
accumulated Mn within the biofilters in influencing the likelihood (&) Mrease requires

additional research.
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Appendix Al

Table A.1:Summary ohkmoval options from drinking water (Adopted from Tobiason et al., 2016; Brandhuber et al., 2013 & Health Cane

Technique

Description

Advantages

Disadvantages

Chemical
Oxidation/
followed by
Physical
Separation e.g.,
Filtration

Adsorption
Combined with
Catalytic
Oxidation

Permanganate 3Mrf* + KMnO, + 4H.O A Possible to achieve more tF Increased dosagethe presence

AMNO, + 4H* + K™
Requires 1.92 mg KMntthg Mn

Seconebrder reactiorky) = 1 x 16 M1 < (pH 7)

Chlorine Dioxide: 5Mr¢*+ 2CIO, + 6H.0 A

5MnQ, +12H+ 2CI
Required 2.45 mg GIng Mn

Seconebrder reactiorky) = 1 x 10 M'* < (pH 7)

Ozone: O3+ Mn?* + H,0 A 0O, +MnO,+2H*

Required 0.8ihg O/mg Mn (I1)

Seconebrder reactiorkg) =2 x 1d Mt * (pH 7)

Manganese greensandGranular filter media wit
a coating of MnQthat provides higher adsorpti

capacity

80% removal achieving ai
average Mn concentration of |
than 0.045 mg/Landless unde
appropriate conditions.

Works over a wide range of
values with low DOC levels (< z
mg/L).

Similar to CI@Q ozone can wor
over a wide range of pH values

Mn removal in the range of-860
% (Average concentration < 0.
mg/L). Smaller effective size th
silica, hence good at captur
smaller particles.

MnOx coating on filter media (using chlorine): The process takes place un
The presence of Mn(ll) and free chlorine can de' appropriate conditiopsuch as the
a MnQ(s) on the filter mediavhich can adsor presence of a free chlori
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of NOM. Ineffective at a lowe
temperature (&) and pH (5.5)

Formation  of  byproducts
chlorite and chlorate. High
demand in the presence of
occurring contaminants

Higher actual dosage depenc
on alkalinity and DOC leve
Challengingto achieve <0.0:
mg/L of Mn in the effluent.

The se of oxidantt regenerat:
the adsorptive capacity of t
media at regular intervals
continuous dosing of oxidants
required.

Formation of DBPs. Release
accumulated Mn from the Mn(



Softening

lon Exchange

Sequestration

Membranes

Mn(ll) and serve as aatalyst promoting th concentration of 0.0 mg/L in coating. Ineffective at lower f

oxidation of adsorbed NIf) to MnOx

Raising the pH of the water 95) by using lime «
soda ash can achieve manganese remov

increasing the rate of Mn (ll) oxidation.

Cation exchange proced#aszeolite softening ce

also remove Mn (ll).

Sequestering agents such as polyphosphates c

the effluent (to ensur levels (<6)
regeneration of Mn{») coating)

Suitable for situations whe Raising the pH only for M
softening is already taking plac: removal is associated with h
required. costs.

Concurrent removal of othi Decrease in the overall cat
contaminants such as Fe ¢ exchange capacity of the re
calcium. over time. Also, there is tl

problem ofregenerardisposal.

It can only be used to preve Temporary measure:

dissolved manganesahich is unavailable for water discoloratiorand shoulc s e que st r atime¢ 6 s

oxidation or precipitation.

Membranes such as microfiltration and ultrafiltre
(MF/UF) canremoveparticulate Mn from direc
oxidation wittKMnQ,, CIG, etc. Destabilization ¢
particles may be required if the size of the
particles is larger than the size exclusion o

membrane pores

only be used by water utilities w limited It requires continuous

Mn levels below the MAC in tl dosing and cannot prevent the

source water. adverse health effects associa
with Mn.

Suitable for groundwater that I Fouling concerns due tioe

only dissolved Mn (no oth deposition of Mn on the

contaminants) membraneahigher costhan
other methods iised explicitly
for Mn removal.
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Appendix A2
Table £1:MnOB identified in drinking water biofilters

Scale Filter material Species/Genera identified Comment Reference

Bench Quartz sand + Inoculum: Leptothrix, Pseudomonas, Hyphomicrobiu Samples were collected from Li et al.,
Mature filter media from the tc Arthrobacter different depths after 180 days 2013
10 cm ofa GWTP operation.

Bench Different sets of filter media: Pedomicrobium*, Hyphomicrobium, Ralstc Samples were collected from tt Breda et al.,
Quartz sand, virgin sand, Pseudomonas*, Hydrogenophaga, and Le filter bed after 75 days of 2017
polystyrene, calcium carbonat operation
and MnQ

Bench Silica sand + Inoculum: Crenothrix Samples were collected from tF Cai et al.,
Nitrifying sludge and filter bed at steadystate 2015
backwashing sludge

Bench Sand + Inoculum: MnOB81  Winter condition$8-18 C) Pseudomonas, Samples were collected from tr Ciancio
(a Pseudomonasgittaria Planctomyces, Sphingopyxis, Hydrogenoy filter bed at steadystate Casalini et
strain) Sphingomonas, Microbacterium, and Halc al., 2020

Summer conditio(19-3FC)
Pseudomonas, Sphingopyxis and Sphingc
Pilot Manganese sand Crenothrix, Leptothrix, and Hyphomicrobit Samples were collected from tt Cai et al.,
filter bed at steadystate 2016
Pilot  Anthracite and sand + Azospirillum sp., Solimon&&asalibacillus sp Samples were collected from  Dangeti et

Inoculum: Backwashed solids

and Paenibacillus sp. water, backwash sludge at day al., 2020
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Pilot

Pilot

Full

Full

Full

Full

Pilot

Quartz Sand

Sand

Sand

Sand and anthracite

Sand

Quartz sand with and without
Mn Oxide coating

Two different media: Magnetit
sand and Mn sand

110, and filter media after 183

days
Crenothrix, Bacillus, Gallionella, Samples were collected from Cheng et al..
Arthrobacter, Pseudomonas, and Hyphorr different depths at 31, 93, and : 2019
days
Bacillus, Arthrobacter, Crenothrix, Pseudc Samples were collected from Cheng et al..
Gallionella, and Hyphomicrobium different depths at 25, 69, and ¢ 2017
days.
Lepothrix Samples were collected from tF Burger et al.
filter bed asteadystate 200&

Pseudomonas spp, P. putida, and Leptotr Samples were collected from  Bruins et al.,
backwash wateuring the 207
ripening process

Pseudomonas, Crenddiogenophaga, Samples were collected from t Piazza et al.
Leptothrix, Erythrobacter, Hyphomicrobiur supernatant and the filter bed a 2019
Variovorax, Rhodobacter, Sphingomonas, steadystate

Flavobacterium and Acidovorax

Leptothrix Samples were collected from Breda et al.,
different depths after 120 days 2019

Magnetite sand filteAcidiferrobacter Samples were collected from  Zhao et a
thiooxydans and Sulfurifustis variabilis different depths after 40,,80 202
Manganese sdygphomicrobium zavarzinii and120 days

Hyphomicrobium nitrativorans
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Table R2: Strategies to accelerateupgstast of biofilters

Scale Inoculum/Modification Filter Impact: Reduction in startup time /increased removal Reference
Media efficiency

Bench Ferromanganese oxidizing  Sand No significant difference was observed in thewgiaota Zeng et a).
bacteria Biofilter 2019

Bench Nitrifying sludge and Sand Separate inoculation (30 days) Cai et al.
backwashing sludge containit Simultaneous inoculation (38 days) 2015
MnOB

Pilot Matured filter sand was Virgin Sand Non-inoculated filter: 41 days Breda et
inoculated at the top and Inoculated filter: 25 days al.2019
middle of the filter bedith a
thickness 010 cm each

Full Scale Biomass obtained by Quartz Sand Two weeks gt e nebah
backwashing the biofilters of . 20(®
wellestablished plant

Full scale Additional layer of manganes Sand and  Virgin sand: 55 days Bruins et al.,
oxidecoated sand (MOCS) or Anthracite  Virgin anthracite/sand: 16 days 201%:
manganese oxideated MOCA: Complete elimination of the ripening time
anthracite (MOCA) MOCS: No difference

Bench Use of MOCS as a filter medi MOCS High removal efficiency after 2 h stgot Jiaetal., 201

Pilot Iron d manganese axide film Virgin Reduction in stattp period from 26 to 17 days Guo et al.,

Quartz Sand 2019
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Bench Pseudomonas sagittaria strai Sand Summer condition: 95% removal efficiency reached w Ciancio
23 days as comparedhecontrol filter(without strain) 2S¢ Casalini et al.
days 2020
Winter Conditions: 95% removal efficiency reached wi
39 days as compared to control filter 549 days

Pilot Use of oxidants: Addition of Virgin sand Reduction of statip time to 36 days with potassium Yang et al.,
potassium permanganate & permanganate as compared to 90 days for sodium 2021
sodium hypochlorite in influer hypochlorite

to the filters

Pilot Iron-manganese @xide film 90 % Mn removal in 15 days, higher FeAVIh2 was not Cheng et al,
(using different Fe/Mn molar conducive tamprovingcatalytic activity. 2022
ratics)

Pilot Addition of (i)NaOH (iipoth  Anthracite = GAC: Withtheaddition of NaOH, both HO, and NaOH McCormick et
H-0, and NaOH and GAC acclimation time (Mn <2@y/L) reduced to 59 and 63 da al., 2021

respectively, while the ambient filter took 168 days
Anthracite: Witttheaddition of NaOH, both HO; and
NaOH acclimation time was 226 and 251, degfsectively
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Appendix A3
Text

A3.1: Description of pilot scale biofilters and their operation

A3.1.1 Pilot plant location
The pilot plant was set up at one of the treatment plardsiiokiag water utility in Southern Ontario
(Fig. S1)The source water used in the experiment was from groundwaternialsvere collected

in two 1000 L tanks and aerated before being punpete top of the biofilters.

Fig S1: Pilstale biofilter

A3.1.2 Biofilter design and operation

The column filters used for the study were madeirfamsparen?VC(PVC SCH 80Fabco plastics)

to visually determine the percent of bed expansion during the bacKuweaghlotscalesetup
consisted of six PVC columns, each with an inner diametfofand a total height of 3 m (Fig.

3.1). The columns were gptusing two support structureach witlthreecolumns. Theolumns'

bottom and middle parts rested the support structure. For additional suppodlumns were

hinged to the wall on the upper part of the columns. The biofilters were covered with aluminum foil
to avoidalgae growtim the biofilter due to light. Columns were packed with a depth of 1.2 m of
media and 20 cm ofayel to support the bed. The columns were gfaditgnd fitted with an
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overflow weir to ensure a constant head of 1.5 m above the media. The colueguspeet@vith
seversampling ports &0cm along the length dfefilter bed (0, 20, 40, 60, 80,,H@ 120 cm) to

collect the media and water samples. The underdrain of the columns was constrictiadalsing

PVC pipe. The bottom part of the filter includes a perforated PVC plate to uniformly distribute the
flow over the biofilter crossection during the backwash procedures. The top and lodtthm
perforated PVC plateereconnected to flanges with a screen at the top to avoid [msBitay

media into underdrains (Fig. S2).

PVC plate

Fig S2: Designhebottom part oftitodilter

The effluent flow rate in each column was maintained at, $asuifting in an empty bed contact
time of 14.4 min or less. Flow meters were connected to the effluent line of the, laind|des

flow rate was continuously recorad&da computer. The flow rate was adjusted through an outlet
valve if required. The effluent of the biofiltees automated via solenoid valves that controlled
start/shutdown times and logged data. The effluent from the biofdss®red in a tanthatwas

used for backwaisiy.

A3.1.3 Biofilter media

Three different types of commercially sourced GAC {GARAG2 & GAG3), two types of
anthracite (AL, A2), and one type of sand-Ipwereused (Table 3.2). Before the experiments
commenced, all the filter media were sieved, quartered, and wadhpdvatén to remove fines.
Sieving was performed to ensure the effective media size Wa300@%, except for Al (1-1@5
mm).The suppliers of the biofilter media are as follows:
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1 GACZL F300Calgon Carbon Corp., Pittsburgh, PA
1 GAC2 GAC3and AlGreenbird Canada Inc.
1 S1, A2: Continental Carbon Group, Canada

A3.1.4 Backwashing procedure

Backwashing was done once per week with a flow rat€@fmih using the effluent from the
biofilters resulting in bed expansion of3®4 and was performed forl® minutes until clear water
was observed in the supernatant and backwash effluent.

A3.2: Description of filter media characteration techniques

Filter media charactation techniques were performedayional Research Institute, Poldod
MIP, and BET analis

Nitrogen subcritical gas adsorption (SGA) isotherms at 77 K were obtained using a Tristar Il 3020
apparatus (Micromeritics). 1 g of media was heated @ uflbg a SmartPrep apparatus operating

in a preprogrammed 15 h cycle with a ramp 6€AQin. Later, the sample was cooled to ambient
temperature by a dry gaewing (Nitrogen) procegster drying, the samples were placed inside the
measuring tube, flushed with helium, and evacuated. Full adsorption and desorption cycles were
performed over the entire partial pressure range. Specific surface area (SSA) was determined using :
modified BH analysis procedure proposed by Rouquerol et al. (2007).

Micropores volume was estimategsingthe tplot technique using the Harlddsra thickness
equation.The tplot method involves plotting the volume of gas adsorbed against the statistical
thickness of the adsorbed layer (t). The statistical thickness is calculated based on standard isotherms
for nonporous reference materials. Obtain adsorption isotla¢anuging nitrogen or another inert
gas at liquid nitrogen temperature (77 K). The data should include the volume of gas adsorbed at a
series of relative pressufies statistical thicknesktbe adsorbed nitrogen layer at different relative
pressures we used the Boer, Harkins & Jura equation
5 ™ L W0

wL U

X-axis: Plot the statistical thickness of the adsorbate layer (t).

Y-axis: Plot the corresponding volume of gas adsorbed.
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This plot should ideally show a linear relationship at lower thicknesses (indicative of micropore filling)
and then deviate as multilayer adsorption begins on external Sturaas®rcept of the linear
regression line with theaxis at t=Qyives an estimate of the total micropore volume. This intercept
represents the volume adsorbed exclusively by micropores.

The mesopore volumes were derived from the desorption branches of isotherms usin@the Barett
JoynedHalenda (BJH) model based on the adsorption data (Lu et al., 2020).

The MIP measurements were performed using an AutoPore IV 9500 Series Mercury Porosimeter
(Micromeritics) with pressure steps from 0 to 60,000 psi, covering the pore throat diameter range from
approxi mately 300 Om to 0. O0@golu@dbynjadzewskngtal.t o de
2020) The conformance antbmpaction corrections were applied to all MIP curves using the
approach of Brown (2015)he corrected pressure data wemeverted to the pore throat size
distribution (PTD) using the Washburn equation (WasH@2h).

The total pore volume was calculated as the sum of micropore, mesopore, and macropore volume.

A3.3: Description of microbiological analysis

A3.31 Media biofilm ATP
2-3 g of the filter media were collected from the top of the biofilter usingzadtgpgitula in a sterile
container. The collected media was gently rinsed with effidimheés to remove loose debris.

Samples were stored a€4and analysis was performed within 2 h of collecting the samples.

A deposit and surface analysis kit (BSAuminUltra Technologies, Canada) was used for ATP
measurements. According to the manufacturer's instructions, 1 g of filter medium was transferred to
5 mL of Ultraliz€ 7 and homogenized. After 5 min incubation at room temperature, 1 mL of the
solution was diluted in a 9 mL Ultralfitédilution) tube. Finally, using Q0of the sampland

1 0 A ofQuminancé enzyme, the reading was taken on a lumino(RétetonMastér ) as

relative light units (RLUs). The RLU ealias converted to ATP valuekich were reported as the

ng/cm?® dry weight of the media. The ATP analysis was conducted in duplicate and represented as
average with standard deviation

A3.32 HPC & MnOB
~1.5 g of filter media from the top of the filter bed and at a dep#® cm and suspended in 10 mL
of 0.85% NacCl solution. The samples were placed in a stomacher for around 4 min to allow for
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sufficient biofilm detachment. The resulting supernatant appésriedsuggesting that biofilm
detachment had succeedatdeast to some degree. A small aliquot (1 mL) of the detached biofilm
supernatant was used in conjunction with 0.85% NaCl solution to prepare dilution tubes to allow for
the plating of the detached biof{lBurgeret al., 2008b)

Dilutions of log 164 were prepared and plated on three culture media using Standard Methods, 9215.
The first media was R2A agar + 17 mg/L Mp&2A+Mn), the second media was 17 mg/L MnSO

+ 15g/L agar (Mn min)and the third was supplemented media using 1 g/L beef extract, 75 mg/L
yeast extract, 150 mg/L ferrous ammoniufiat&)l150 mg/L sodium citrate, and 12 g/L agar with

17 mg/L MnSQ (Mn Supp). The spread plating technique was used to plate O.thedawiple.

Plates were left in the dark at ro@mperature for approximatébur weeksPlate counts were
performed at the end of the incubation tieHA, 2017).

For MnOB counts, the LBB method was employed. After an incubation pdoodvageks, two

drops of the LBB reagent (0.04% wi/v dissolved in 45 mM acetic acid) were added to the colonies
(ArayaObando et al., 2021)his qualitative method is based on the LBB oxidation reaction with
Mn®** or Mr** producing a blue color. The braor colony counts correspond to MnOB.
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Figure A3.1: Scatter plot of effluent ORP and effluent Mn in biofilters
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Figure A3.2: Biofilter influent and eftuanefations
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A3.3

Figure A3.3: Extent of Mn & Fe removal at different bed depths in the biofilters at (a) day 18 and (b) de
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