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Abstract

Manganese-oxidizing bacteria (MnOB) that are capable of oxidizing Mn(Il) to biogenic
manganese oxides (bio-MnOx), are ubiquitous in nature and have attracted attention in water
and wastewater treatment due to their biotechnological potential of microorganisms for
removal organic contaminant, and the high adsorption and oxidation ability of the generated
bio-MnOx towards inorganic and organic pollutants. In this study, several strategies to obtain
favorable conditions for MnOB enrichment in a continuous down-flow hanging sponge (DHS)
reactor were studied, including the preferred organic substrates for supporting MnOB growth
and the effect of residual Mn(II) on the Mn(II) oxidation performance. The potential of the
enriched MnOB and bio-MnOx for the removal of recalcitrant azo dye compounds were also
investigated.

Three different organic substrates; K-medium, methanol, and sterilized activated sludge
(SAS), can be used to support MnOB enrichment in a continuous DHS reactor. Methanol-fed
reactor exhibited the highest Mn(Il) oxidation performance of 0.49 kg Mn-m>-d"!. The
microbial community of the reactor was strongly governed by organic substrate, and
Comamonas, Pseudomonas, Mycobacterium, Nocardia, and Hyphomicrobium were found to
play an important role in Mn(II) oxidation in the reactors. MnOB enrichment can be accelerated
by employing abiotic-MnO; in the sponge media. The higher residual Mn(II) in the reactor was
found to inhibit the Mn(II) oxidation performance. The relative abundance of putative MnOB,
Hyphomicrobium, was inhibited by the higher residual Mn(II). Maintaining residual Mn(II) at
low level is a key factor to achieve sustainable high Mn(II) oxidation performance of the reactor.

The potential of enriched MnOB and bio-MnOx for the removal of azo dye Acid Orange
7 (AO7) was evaluated. Even though the reactor achieved high Mn(II) oxidation rate, it was
unable to remove AO7. The bacterial isolates from the reactor were found to possess Mn(II)
oxidation ability but not AO7 removal. There was no catalytic effect of Mn(II) oxidation on the
decolorization of AO7. In addition, sodium acetate, in term of COD, could be effectively
removed in the Mn(II)-oxidizing reactor. A sulfonated azo dye compound, Bordeaux S (BS),
was also resistant to biological Mn(II) oxidation process under aerobic conditions, but it was
easily decolorized under anaerobic conditions. Anaerobic decolorization of azo dye was
strongly dependent on the co-substrate addition that acts as the electron donor for reductively
cleavage of azo bond. Interestingly, this study showed that the abiotic-MnO--containing reactor
achieved higher decolorization efficiency that the reactor devoid of abiotic-MnQO; at a low K-

medium addition. The presence of abiotic-MnO; was beneficial not only to decompose
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extracellular polymeric substances (EPS) to more utilizable substrates, which can serve as an
electron donor at organic source deficient, but also as a conductive material that promotes
electron transfer. Unfortunately, anaerobic decolorization was unable to completely degrade
azo dye, and its intermediate products remained in the effluent as indicated by a high COD
concentration.

An integrated anaerobic-aerobic DHS reactor under manganese redox conditions was
applied to further degrade azo dye wastewater. The results showed that only small portions of
COD (< 30%) can be removed in the aerobic reactor, and the residual COD corresponded to
the initial BS concentration, which suggested that intermediate products of BS were resistant
to both anaerobic and aerobic treatment. Interestingly, nitrogen loss was found to occur in both
reactors. In the anaerobic reactor, ammonium, a transformation product of co-substrate K-
medium, was oxidized to nitrogen gas by manganese oxides. In addition, sulfate reduction may
also contribute to the anaerobic ammonium oxidation. In the aerobic reactor, nitrification
occurred on the sponge surfaces, and denitrification was possible to occur inside the sponges
by coupled with manganese oxides reduction, as indicated by the higher Mn(II) in the effluent.
Thus, the Mn oxides-containing reactor would be a promising method for the treatment of high
nitrogen-containing wastewater.

This current study extends our knowledge on the enrichment strategies of MnOB and
their potential for removal of organic pollutants. The abiotic MnO:-containing reactor has
potential applications in the treatment of high Mn-containing wastewater from various
industries, such as mine drainage, hydrometallurgical processing, steel and alloy industry. In
addition, the Mn oxides-containing reactor would be a promising method for the treatment of
high organic nitrogen-containing wastewaters, such as municipal wastewater, food industries,
etc. Further studies are required to clarify the role of manganese oxide in regulating ammonium

removal.

Keywords: manganese-oxidizing bacteria, azo dye decolorization, Mn redox, manganese

oxide, nitrogen removal
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Summary

Manganese-oxidizing bacteria (MnOB) that are able to oxidize Mn(II) to biogenic manganese
oxides (bio-MnOx) have a great potential for the removal of inorganic and organic pollutants.
One of the challenges in the practical application of MnOB is the enrichment of MnOB for
promoting sustainable high generation of bio-MnOx. In this study, the preferred organic
substrates to support MnOB enrichment and the effects of residual Mn(II) on the Mn(II)
oxidation performance of the reactor were investigated. The potential of the enriched MnOB
and bio-MnOy for the removal of recalcitrant azo dye compounds were studied.

In Chapter 3, three different organic substrates; K-medium, methanol, and sterilized
activated sludge (SAS), can be used as the sole carbon source for the enrichment of MnOB in
a DHS reactor. Methanol-fed reactor achieved the highest Mn(II) oxidation rate of 0.49 kg
Mn-m?>.d"!, followed by SAS and K-medium as of 0.41 and 0.26 kg Mn-m~.d"!, respectively.
SAS was the promising and cost-effective substrate for MnOB enrichment; regardless, its
unstable performance. Comamonas, Pseudomonas, Mycobacterium, Nocardia and
Hyphomicrobium were suggested to play an important role in Mn(II) oxidation in the reactors.
The installed abiotic-MnO» in the reactors could accelerate the MnOB enrichment. In Chapter
4, the reactor with low residual Mn(II) achieved higher Mn(II) oxidation rate (0.91 kg m™ d'!)
than the reactor with high level of residual Mn(II) (0.61 kg m™ d!). The predominant of
putative MnOB, Hyphomicrobium, was inhibited by high residual Mn(II). Thus, maintaining
residual Mn(II) at low-level would be a key factor for sustainable high performance on Mn(II)
oxidation.

In Chapter 5, even though the reactor achieved high Mn(II) oxidation, no Acid Orange
7 (AO7) removal was observed. The bacterial isolates of the reactor were found to possess
Mn(IT) oxidation ability but not AO7 removal ability. Although Mn(II) oxidation had less effect
on decolorization of AQ7, sodium acetate can be effectively decomposed. A sulfonated azo
dye Bordeaux S (BS) was also persistent under aerobic conditions, but it was easily decolorized
under anaerobic (Chapter 6). Anaerobic decolorization of BS was strongly dependent on the
availability of organic substrate as the electron donor for reductively cleavage of azo bond.
Interestingly, at a low organic co-substrate addition, decolorization efficiency in the abiotic-
MnO:-containing reactor was higher than that of the reactor devoid of abiotic-MnO». The
presence of abiotic-MnO> may decompose extracellular polymeric substances (EPS) to more

utilizable substrates that can be used as an electron donor for decolorization of BS.

v



Unfortunately, anaerobic decolorization was unable to effectively degrade azo dye. Therefore,
post treatment process is required for further decomposition of anaerobic effluent.

In Chapter 7, an integrated anaerobic-aerobic reactor under manganese redox process
was applied for further degradation of azo dye wastewater. Unfortunately, the aerobic reactor
was less effective in removing COD (<30%), and the remaining COD corresponded to the
initial BS, suggesting that intermediate products of BS were resistant to biological processes.
Remarkably, ammonium oxidation coupled with manganese oxides reduction and sulfate
reduction were likely to occur in the anaerobic reactor. Simultaneous nitrification-
denitrification was observed in the aerobic reactor. A combination of anaerobic-aerobic reactor
with the presence of abiotic-MnO2 would be an attractive method for the treatment of high

organic nitrogen-containing wastewater.
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1. 1. Background

The increase in world population has led to the remarkable increase in textile demand. Recently,
textile industries are mostly located in developing countries due to their labor-intensive nature
and the lower minimum salary in developing countries. Development of textile industry sector
could stimulate and give positive effects to the economic development of developing country;
however, textile industries can be harmful to the environment due to their large amount
consumption of energy and water, and huge volume of wastewater. Textile industry wastewater
is considered to be one of the major contributors to the river water pollution in developing
countries (De oliviera Neto et al., 2019; Hossain et al., 2018). Textile wastewater contains toxic
substances, such as dyes, heavy metals, ammonia, and alkali salts, which can be dangerous to
human health and environment (Yaseen and Scholz, 2019). Among of synthetic dyes, azo dye
is the most widely used in textile industries; however, its degradation products constitute a
major health issue due to mutagenic and carcinogenic potential (Imran et al., 2015;
Briischweiler and Merlot, 2017). Some aromatic amines are detected in wastewater effluents
and sludge (Muz et al., 2017; Ning et al., 2015), indicating that aromatic amines could not be
completely treated in wastewater treatment processes. Improvement of environmentally
friendly and cost-effective technologies to treat azo dye-containing wastewater without

generating harmful products is therefore essential.

Biological methods using microbial system have been extensively studied for the
treatment of azo dye-containing wastewater under aerobic and anaerobic conditions (Kolekar
etal., 2012; Spagni et al., 2012). Various bacterial strains in pure culture, consortium and mixed
culture have been reported to capable of decolorizing azo dye (Karim et al., 2018; Saratale et
al., 2011). To the author knowledge, the ability of manganese-oxidizing bacteria (MnOB) to
decolorize azo dyes have never been investigated. Manganese-oxidizing bacteria are capable
of oxidizing Mn(Il) to manganese oxides (Mn(III/IV)), or widely known as biogenic
manganese oxides (bio-MnQOy), under aerobic conditions (Tebo et al., 2004). The mechanism
of Mn(II) oxidation by MnOB is through directly catalysis by multicopper oxidases (MCOs)
(Tebo et al., 2005), or indirectly oxidation by reactive oxygen species (ROS) that generated by
MnOB (Learman et al., 2011). MnOB are ubiquitous in the environment and have been found
in different ecological conditions, especially oligotrophic environments such as caves (Cloutier
et al., 2017), deep oceanic sediments (Blothe et al., 2015), hot spring area (Shiraishi et al.,
2019), and river estuaries (Anderson et al., 2011).
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In the natural environment, biological redox cycling of manganese play an important
role in the biogeochemical cycles of organic carbon, nitrogen, sulfur and many elements (Tebo
et al., 2005; Borch et al., 2010; Hyun et al., 2017). Under aerobic conditions, MnOB oxidize
Mn(II) to insoluble bio-MnOx by MnOB, while under anaerobic conditions, bio-MnOx would
be reductively dissolved to Mn(II) by manganese-reducing bacteria (MnRB). Due to their
physico-chemical properties, bio-MnOx have been reported capable of removing organic and
inorganic pollutants through redox reaction and adsorption, including heavy metals, methylene
blue, steroid hormones, biocides and pharmaceutical compounds (Zhou et al., 2015; Zhou et
al., 2016; Forrez et al., 2010). However, it should be noted that these studies employee bio-
MnOy in pure form, which are purified from impurities. Removal of heavy metals by enriched
MnOB in a continuous reactor have been previously reported (Cao et al., 2015; Matsushita et
al., 2018). Furgal et al. (2014) found that steroid hormones, biocides and pharmaceutical
compounds could be removed by using in sifu generated bio-MnOx. Degradation of 17-a
ethinylestradiol by bio-MnOx could be enhanced in the presence of MnOB indicating that
continuous regeneration of bio-MnOx by MnOB may occur (Tran et al., 2018). The author
therefore expected that biological Mn(II) oxidation possesses potential application for removal
of azo dye through biodegradation by MnOB metabolisms, being decomposed by attacking-
generated ROS, and chemical oxidation and/or adsorption by generated bio-MnOx.

However, enrichment of MnOB generating high amounts of bio-MnOx in a continuous
bioreactor is challenging. Limited information on a favorable organic substrate for the
enrichment of MnOB. Enrichment of MnOB coupled with nitrification in a continuous down-
flow hanging sponge (DHS) reactor has been previously reported (Cao et al., 2015). In early
studies, MnOB can be enriched by coupling with methane oxidation under freshwater and sea
marine conditions (Matsushita et al., 2018; Kato et al., 2017). However, these techniques
require a long time to attain high Mn(II) oxidation, and MnOB growth seems to be highly
dependent on soluble microbial products that generated by other heterotrophic bacteria.
Enrichment of MnOB in pure culture using different organic substrate compositions has been
previously investigated. Queiroz et al. (2018) found that compared with nutrient-poor medium
(K-medium), nutrient-rich medium (NB medium) not only enhances the growth of MnOB,
Serratia marcescens, but also improves Mn(II) oxidation resulting in the increase in bio-MnOx
formation. Considering that MnOB inhabit in a wide variety of habitats, the author expected
that MnOB could be enriched with different kind of organic substrates. If MnOB could be

enriched in the reactor with preferred substrate in a short period of acclimation achieving high
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Mn-oxidation and continuous bio-MnOx generation, it would be a promising technology option

for environmental bioremediation.

In addition to biological Mn(II) oxidation under aerobic conditions producing useful
materials bio-MnOx, manganese oxides could act as an electron acceptor for degradation of
organic compounds by dissimilatory metal-reducing bacteria under anaerobic conditions
(Ghattas et al., 2017; Liu et al., 2018a). Thus, the author expected that manganese oxides, which
would undergo reduction to Mn(II), could also enhance degradation of azo dye under anaerobic
conditions. Furthermore, the combination of anaerobic and aerobic process with recirculation
system would be more favorable, not only to allow manganese recovery but also more complete

degradation of organic pollutants.
1. 2. Objectives

The main objective of this research was to investigate whether enrichment of MnOB in a
continuous reactor could enhance removal of a recalcitrant azo dye compound. The more

specific objectives of this research were:

a. To investigate the preferred nutrient to support MnOB enrichment achieving high
Mn(II) oxidation performance and sustainable high generation of bio-MnOx.

b. To investigate the effect of residual Mn(II) on the Mn(II) oxidation performance of the
reactors

c. To investigate decolorization of an azo dye Acid Orange 7 (AO7) coupled with
biological Mn(II) oxidation under aerobic conditions.

d. To investigate decolorization of a sulfonated azo dye Bordeaux (BS) under Mn(II)
oxidation (aerobic conditions) and Mn-oxides reduction (anaerobic conditions).

e. To investigate the effectiveness of the integrated anaerobic-aerobic reactor under Mn

reduction-oxidation for further degradation of azo dye and its intermediate products.

1. 3. Outline of dissertation

This dissertation mainly consists of three parts (Figure 1.1) and can be outlined in detail as

follows:
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Chapter 1 presents the general background of this study, including problem statement, research

purpose and the outline of this dissertation.

Chapter 2 covers a literature review of related topics including manganese and its abundance
in the nature, biological Mn(II) oxidation and manganese oxides reduction and their potential
application for removal of environmental pollutants, the environmental impacts of azo dye and

its biological treatment methods.

In Chapter 3, three different organic substrates; K-medium, sterilized activated sludge and
methanol, were applied as the sole carbon source for MnOB enrichment in a continuous reactor.
The ability of organic substrate to provide suitable nutrients for MnOB growth resulting in high
Mn(Il) oxidation performance was evaluated. The effect of organic loading rate on the
enhancement of Mn(Il) oxidation performance was investigated. Microbial analysis

community was analyzed to characterize microbial profile of the reactors.

The result obtained in Chapter 3 demonstrated that residual Mn(Il), due to uncomplete
oxidation, may cause toxic effects led to unstable Mn(II) oxidation performance of the reactor,
therefore, in Chapter 4, the effect of residual Mn(II) on the Mn(II) oxidation performance of
the reactors was investigated by comparing two reactors; the first is no residual Mn(II) or very
low Mn(Il) is detected, and another reactor is configured with high residual Mn(Il) in the
effluent. Microbial analysis community is assessed to analyze impact of residual Mn(II) on the

microbial profile of the reactors.

In Chapter 5, the performance of enriched MnOB reactor for removal of an azo dye Acid
Orange 7 (AO7) under aerobic conditions was investigated. Isolation and characterization of
microbial strains were conducted to investigate whether microbial strains which capable of
decolorizing azo dye and oxidizing Mn(Il) present in the reactor. In addition, microbial

community was analyzed to characterize the microbial profile of the reactors.

Chapter 6 addresses the decolorization of a sulfonated azo dye Bordeaux S under aerobic and
anaerobic conditions in two reactors; the first reactor devoid abiotic-MnO-, and the second
reactor contains abiotic-MnO». The effect of Mn(II) oxidation and Mn(IV)-oxide reduction on
the decolorization of Bordeaux S was investigated. Degradation products of Bordeaux S was
investigated by using HPLC. Methane gas, an anaerobic decomposition product of organic
substances, was measured. Microbial community analysis was also performed to characterize

the microbial profile of the reactors.
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Based on the results of Chapter 6, the effluent of anaerobic reactor still contains high organic
matters as represented by a high COD value. Chapter 7 addresses degradation of organic
substances by integrated anaerobic-aerobic reactor. This system, which is not only combine
anaerobic and aerobic process, but also to allow manganese redox cycling recovery, was

evaluated for effective decomposition of organic substances.

Chapter 8 presents the main findings and conclusions of overall this study, after which

recommendations for future research are also proposed in this chapter.

Chapter 3
Chapter 5

Preferred substrate:

e K-medium,

e Sterilized activated
sludge (SAS),

e Methanol

Degradation of azo dye
(AO7) under Mn(II)
oxidation

Chapter 7

Degradation of azo dye
(BS) in an integrated
anaerobic-aerobic
reactor

Chapter 6
Chapter 4
. Degradation of azo dye
Favorable conditions: (BS) under Mn(1V)
Effects of residual Mn(II) reduction

Figure 1.1 Research design of this dissertation
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2.1 Manganese element and its natural abundance

Manganese element, with the symbol Mn and atomic number 25, is one of the transition metal
series in the Periodic Table located at group 7 and period 4. In the pure form, the appearance
of manganese element (Mn) is a silvery or gray white, very brittle and dense metal. The basic

physico-chemical properties of manganese element are given in Table 2.1.

Table 2.1 The basic physico-chemical properties of manganese element

Property Value
Symbol: Mn
Atomic Number: 25
Mass Number: 54.93805 amu
Electron Configuration: [Ar]3d54s2
Ionization Energy: Mn 3d54s2 = Mn+ 3d54s1 7.434 ev
Crystal structure Complex lattice structure, 54 atom per unit cell
Standard state Solid at 298 K
Melting Point: ca. 1,245 °C
Boiling Point ca. 1,962 °C
Density 7.43 g cm™ at 293 K
Color Gray-white or silvery
CAS Registry ID 7439-96-5

Source: Nguyen et al., 2011

Manganese (Mn) is the twelfth abundant elements that are found in nature after oxygen (O),
silicon (Si), aluminum (Al), iron (Fe), calcium (Ca), magnesium (Mg), sodium (Na), potassium
(K), titanium (T1), hydrogen (H), and phosphorus (P) (Chang, 2010). Manganese does not occur
in nature as free element, but exist in minerals, such as oxides, silicates and carbonates.
Manganese oxides form commonly found in the natural environment is given in Table 2.2.
They have open crystal structures, large surface areas and high negative charges (Tebo et al.,
2004). Among them, birnessite and vernadite are frequently identified in ocean nodules, soils,
and Mn-rich ore deposits. Lithiophorite contains Li, and some transition metals, such as Ni,
Co, and Cu, commonly substitute in the structure. Todorokite is also one of the major Mn oxides
in ocean nodules. Among other polymorphs of MnO> (ramsdellite and nsutite), pyrolusite is
the most abundant and stable in the environment. However, nsutite is often used as cathode
material in dry-cell batteries. Hollandite has been demonstrated for their potential application

as ionic conductors and for immobilizing several radioactive cations (Post, 1999).
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Table 2.2 Manganese oxides form frequently found in the environment

Mineral name Formula Structural type
Birnessite (Na,Ca,K)Mn;042.8H,0O Layer structure
Vernadite (6-MnO») MnO2-nH20 Layer structure
Lithiophorite LiAI2(Mn*"2, Mn*")O¢(OH)s Layer structure
Chalcophanite ZnMn;07-3H,0 Layer structure
Pyrolusite (B-MnOy) MnO; Tunnel structure
Ramsdellite MnO; Tunnel structure
Nsutite (y-MnO,) Mn(O,0OH) Tunnel structure
Hollandite Ba,(Mn*, Mn*")80 Tunnel structure
Cryptomelane Kx«(Mn*", Mn*")80 Tunnel structure
Manjiroite Nax(Mn*", Mn*")805 Tunnel structure
Coronadite Pby(Mn*, Mn*")806 Tunnel structure
Romanechite Bag s6(Mn*", Mn*")5001.34H,0 Tunnel structure
Todorokite (Ca, Na, K)x(Mn*", Mn*")6012-3.5H,0 Tunnel structure

Manganite (y-MnOOH)

MnOOH

Tunnel structure

Groutite (a-MnOOH) MnOOH Tunnel structure
Feiknechite (B-MnOOH) MnOOH Tunnel structure
Hausmannite Mn*Mn*H,04 Inverse spinel
Bixbyite Mn,Os3 Face-centered cubic
Pyrochroite Mn(OH), Cubic

Manganosite MnO Cubic

Source: Post, 1999

Manganese ores are widespread in all over the world and mined from the open pit mine
(Fig. 2.1). However, only high-grade ores, having Mn content of 40%, are feasible to be
economically exploitable, and mainly distributed in South Africa, China, Australia, Gabon and
Brazil, which are producing approximately 80% of the total global demand (Nguyen et al.,
2011). According to USGS report, world production of Mn ores in 2015 was 51,800 thousand
metric tons with Mn content was about 17,000 thousand metric tons (Table 2.3). Manganese
has been widely used in various applications, such as metallurgical industries (steelmaking
industries, including ferrous and non-ferrous metallurgy), and non-metallurgical industries
(batteries, electronics, healthcare, agriculture, slag & cements, chemicals, and others) (Clarke
and Upson, 2017). Manganese oxides have been used by paleolithic people as pigment of cave
painting in Gargas, France (Chalmin et al., 2006). Manganese is a vital element in steel making
to improve the strength, toughness, hardenability, and corrosion resistance of steel, and
therefore, approximately 80-90% of the total world production of Mn ore is consumed by steel
industries (Post, 1999). The wide range application of manganese in various industries is shown

in Figure 2.2.
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Figure 2.1 Manganese ore mine in the Kalahari District of South Africa (adapted from

https://geology.com/usgs/manganese/).

Table 2.3 The world production of manganese ore in 2015

Production (thousand metric tons)

Country
Gross weight Mn content

Australia 7,500 2,883
Brazil 2,816 1,226
Burma 70 28
China 13,024 2,084
Gabon 4,112 1,929
Georgia 334 97
Ghana 1,478 416
India 2,117 810
Kazakhstan 615 222
Malaysia 480 187
Mexico 600 217
South Africa 15,952 5,900
Ukraine 1,203 410
Other " 1,470 582
Total 51,800 17,000

1 Other includes Bulgaria, Cote d’Ivoire, Egypt, Hungary, Indonesia, Iran, Morocco, Namibia,
Nigeria, Oman, Philippines, Romania, Russia (concentrate), Sudan, Thailand, Turkey, Vietnam, and

Zambia.
Source: USGS, accessed on 17 May 2019
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Slag & cements Steelmaking Others
Chemicals |4 Manganese | — Batteries
Electronics Agriculture Healthcare

Figure 2.2 Application of manganese in various industries (Adapted from Clarke and Upson,
2017).

In addition to the manganese-ore mining, the manganese nodules deposited at deep
ocean floors are being explored as the manganese element and other useful metals source. The
manganese nodules not only contain manganese (23.25%), but also iron (6.72%), copper
(1.05%), nickel (1.22%), and cobalt (0.073%) (Mishra et al., 2011). The occurrence of
manganese and iron in the manganese nodules are in the form of torodokite, buserite, birnessite,
vernadite and goethite (Boughriet et al., 1996; Randhawa et al., 2016). The large deposit of
manganese nodules have been found in the Pacific Ocean, especially in the Clarion-Clipperton-
Zone (CCZ) between the Clarion and Clipperton Fracture Zones, the Peru Basin, near the Cook
Islands, and in the Central Indian Ocean Basin (Sparenberg, 2019). Many researchers reported
that the formation of manganese nodules in the deep ocean have been associated with microbial
activity. Blothe et al. (2015) shows that microbial Mn(II) oxidation and Mn(IV) reduction are
dominant inside the nodule and their composition is different with the microbial community of
the sediment near the nodule, indicating that biologically manganese redox cycling may
contribute to the nodule formation. Manganese nodules have been reported to grow at slow
rate, from a millimeter to centimeter per million years, and located on the seabed sediment, and
their sizes vary from micro-sizes (<1 cm in diameter) to macro-sizes (>15 cm in diameter)
(Randhawa et al., 2016). Since the demand of manganese and other elements tend to increase
while manganese ore mines are depleted, manganese nodules would be a promising element

sources in the near future.

11
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(b)

Figure 2.3 Ferromanganese nodule from (a) the Clarion Clipperton Zone, Pacific Ocean

(adapted from Blothe et al., 2015), and (b) the Central Indian Ocean Basin (adapted from
Randhawa et al., 2016).

2.2 The manganese redox cycling in the environment

The redox cycling between Mn(II) and MnOx is an important process for biogeochemical cycle
of elements on Earth and microbial metabolism plays a crucial role to control redox chemistry
processes. In the water-sediment system, under aerobic conditions or in the presence of oxygen,
manganese-oxidizing bacteria (MnOB) facilitate oxidation of Mn(I[) to MnO,, that
subsequently precipitate to the sediment due to their nature as insoluble materials. Anaerobic
conditions at the sediment and the presence of high organic matters, the deposited MnO» would
be reduced by manganese-reducing bacteria (MnRB) releasing Mn(Il). Disturbance of
sediments by organisms or physical factors, such as wave or turbulence, cause the diffusion of
Mn(II) to water stream and contact with oxygen, and it will be re-oxidized again by MnOB.
This Mn redox cycle usually occurs at the oxic-anoxic boundary, such as the sediment-water
interfaces in freshwater environment (Jones et al., 2018), and marine environment (Sulu-
Gambari et al. et al., 2016). Therefore, MnOyx are found on the lake sediment layers (Palermo
and Dittrich, 2015), surface marine sediment (Sulu-Gambari et al., 2016), or ocean bottom in
the form of nodules (Blothe et al., 2018). The microbial manganese redox cycle occurring in a

sediment-water system is depicted in Figure 2.4.
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Water
2MnZ* + O, + 2H,0 - 2Mn0O, + 4H*

Oxic Manganese-oxidizing bacteria
Mn(ll) MnO,
Diffusion ﬁ @ Precipitation
Mn(ll) MnO,
Anoxic Manganese-reducing bacteria

CH,O+ 2MnO, + 4H* > 2Mn2* + H,CO; + 2H,0

Sediment

Figure 2.4 Manganese redox cycling in a water-sediment environment mediated by
microorganisms (adapted from De Schamphelaire et al., 2007 with modification).

2.2.1 Biological Mn(II) oxidation

Biological Mn(Il) oxidation mediated by manganese-oxidizing bacteria (MnOB) generates
insoluble manganese oxides Mn(III/IV), which is also widely known as biogenic manganese
oxides (bio-MnOx). MnOB are ubiquitous and widespread in nature having high level of
manganese, such as freshwater and marine environment, soil, and sediment. They have been
detected in oligotrophic environments such as caves and deep oceanic sediments (Carmichael
et al., 2015; Cloutier et al., 2017; Blothe et al., 2015), as well as copiotrophic environments,
such as river estuary (Anderson et al.,, 2011). MnOB play an important role in the
biogeochemical cycle of elements in nature, such as manganese, carbon, nitrogen, and sulfur
(Tebo et al., 2005; Geszvain et al., 2012). They have also been found to facilitate manganese
removal in drinking water treatment system (Cerrato et al., 2010). Barboza et al. (2017) isolated
a high manganese tolerance and manganese oxidation ability of Serratia marcescens from Mn
mine in the Iron Quadrangle region, Minas Gerais, Brazil. A diverse MnOB community exists
in coal mine drainage treatment system from Pennsylvania, USA (Santelli et al., 2010), the
former uranium mining (Akob et al., 2014), and also hot spring area in Japan (Shiraishi et al.,
2019). Some MnOB communities detected in natural and engineered ecosystem are given in

Table 2.4.
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Table 2.4 Some MnOB communities detected in natural and engineered ecosystem.

Habitat Genus/Species Phylum References
Arthrobacter sp. Actinobacteria
Pseudomonas sp. Proteobacteria
i Flavobacterium sp. Bacteroidetes .
Caves in the upper P _ Carmichael et al., 2013
Tennessee River Basin Janthinobacterium sp. Proteobacteria
Leptothrix sp. Proteobacteria
Acinetobacter sp. Proteobacteria
Deep ocean nodules Shewanella Proteobacteria
from the northeastern Colwellia Proteobacteria  Blothe et al., 2015
equatorial Pacific Pseudomonas Proteobacteria
Shewanella Proteobacteria
o Bacillus Firmicutes
The Columbia River Aurantimonas Proteobacteria  Anderson et al., 2011
Estuary
Rhodobacter Proteobacteria
Fulvimarina Proteobacteria
Duganella zoogloeoides Proteobacteria
Janthinobacterium lividum  Proteobacteria
) Flavobacterium .
The.foncl;.er uranium aquidurense Bacteroidetes
mining district . Pseudomonas putida Proteobacteria  Akob et al., 2014
Ronneburg, Thuringia, )
Germany Burkholderia sordidicola Proteobacteria
Arthrobacter stackebrandtii  Actinobacteria
Frigoribacterium sp. Actinobacteria
Albidiferax ferrireducens Proteobacteria
Pedomicrobium sp. Proteobacteria
Hyphomicrobium sp. Proteobacteria
Mn deposit from . .
Yiterby, Sweden Terrimonas sp. Bacteroidetes  Sjoberg et al., 2018
Microbacterium sp. Actinobacteria
Psychrobacillus sp. Firmicutes
Alteromonas Proteobacteria
Arthrobacter Actinobacteria
Manganese deposits Hyphomicrobium Proteobacteria o
from Sambe hot spring, . ) . Shiraishi et al., 2019
Ja Mycobacterium Actinobacteria
pan
Pedomicrobium Proteobacteria
Pseudomonas Proteobacteria
Agrobacterium sp. Proteobacteria
i i Bacillus sp. Firmicutes
Coal Mine Drainage ) . Santelli et al., 2010
(CMD) treatment system  Flavobacterium sp. Bacteroidetes
Pseudomonas sp. Proteobacteria

14
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Table 2.4 (continued)
Habitat Genus/Species Phylum References

L. fusiformis Firmicutes
B. pumilus Firmicutes
B. cereus Firmicutes

Drinki . ) B. sphaericus Firmicutes

rinking water systems : .

in Honduras and USA P. aeruginosa . Proteobacteqa Cerrato et al., 2010
P. saccharophila Proteobacteria
B. nasdae Proteobacteria
B. simplex Firmicutes
B. brevis Firmicutes

MnOB are phylogenetically diverse and belong to several phyla including Firmicutes,
Actinobacteria, Bacteroidetes, and Proteobacteria (Tebo et al., 2004). Several MnOB strains in
pure culture have been extensively studied and explored as Mn oxidizers and/or catalyst for
removal pollutants, such as Pseudomonas putida MnB1 (Tran et al., 2018), Bacillus sp.
(Francis and Tebo, 2002), Leptothrix discophora SP6 (Saratovsky et al., 2006), Roseobacter
sp. AzwK-3b, (Li et al., 2014), Brevibacillus panacihumi MK-8 (Zeng et al., 2018),
Acinetobacter sp. (Hosseinkhani and Emtiazi, 2011), Shewanella sp. (Wright et al., 2016),
Aeromonas hydrophila strain DS02 (Zhang et al., 2019), Brevibacillus brevis MO1 and
Brevibacillus parabrevis MO2 (Zhao et al., 2018), and Serratia marcescens (Queiroz et al.,

2018).

Mechanism of formation of bio-MnQOx

The oxidation of Mn(II) to Mn(II/IV) is thermodynamically favorable at a neutral to high pH
and under aerobic conditions according to the equation (1), however, the kinetic of this reaction

is very slow with a half-life in the order of hundreds of years (Tebo et al., 2005).
Mn?" + %403 + HO = MnO; + 2H" (1)

It has been reported that MnOB oxidize manganese as a defense mechanism to protect
themselves from toxic environments, such as UV radiation, predation, viral attack, or heavy
metals toxicity (Tebo et al., 2005). MnOB oxidize Mn(Il) to Mn(III/IV) through direct and
indirect process. Multicopper oxidases (MCOs) have been identified in MnOB strains as
responsible for direct catalysis of Mn(Il) oxidation to Mn(III/IV) (Tebo et al., 2004). MCOs
are a group of enzymes that capable of oxidizing various substrates by using copper ions as co-

factors. Several MCOs such as MnxG, MofA, MoxA, CotA, CueO, and CopA have identified
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as putative Mn(II) oxidases (Tebo et al., 2004; Su et al., 2013; Su et al., 2014; Zeng et al., 2018).
Oxidation of Mn(II) to Mn(IV) requires two-electron transfer, however, MCOs oxidize their
substrates via one-electron transfer. Therefore, MCOs first catalyst Mn(II) oxidation to Mn(III)
and then followed by further oxidation of Mn(IIl) to Mn(IV) or by disproportionation of
complexed Mn(IIl) (Eq. 2 to 5) (Soldatova et al., 2012). In addition, Soldatova et al. (2012)
also shows that Mn(III) is formed during Mn(II) oxidation by MCOs.

4Mn*" + O, + 4H" = 4Mn*" + H,O ()
Mn** + %0, + H = Mn*" + %H,0 (3)
2Mn** & Mn*" + Mn** @))
Mn*" + 2H,0 = MnOx) + 4H" (5)

Indirect Mn(II) oxidation occurs when organisms release metabolic end products, such as
reactive oxygen species (ROS) that can subsequently chemically oxidize Mn(II) to Mn(III/IV)
(Eq. 6) (Learman et al., 2011). Learman et al. (2013) demonstrated that oxidation of Mn(II) by
abiotically generated superoxide can occur and lead to formation of Mn oxides, which their
characteristics are poorly crystalline phyllomanganate with hexagonal symmetry and low

Mn(III) content, and structurally similar to those produced biotically by fungi or bacteria.
Mn?* + Oy +2H" 2 Mn*" + H20; (6)

Potential application of MnOB and bio-MnOx for environmental remediation

Removal of Mn in drinking water system

Soluble Mn(Il) in freshwater sources, including river water and groundwater, can cause
aesthetic problems and adverse human health effects. As noted above, because the kinetic
oxidation of Mn(II) by oxygen is very slow, the stronger chemical oxidants, such as chlorine
dioxide (ClOy), permanganate (MnQO4 ), or ozone (O3), are required to remove Mn in water
(Tobiason et al., 2016). The highly abundant of MnOB in drinking water systems, especially
the biological filtration process, has the benefit of not only effective in removing Mn, but also
reduce the consumption of chemical oxidants that could generate harmful by-products during

catalytic oxidation of Mn (Cerrato et al., 2010; Tobiason et al., 2016).

Several studies demonstrated that manganese from water have been successfully

removed through biological process. Abu Hassan et al. (2012) exhibits that ammonium and

16



Chapter 2: Literature review

manganese could be simultaneously oxidized in biological aerated filter that inoculated with
sewage activated sludge, and Bacillus cereus is the dominant species in the mixed culture of
sewage and the most effective microbe for the removal of ammonium (NH4"-N) and manganese
(Mn?"). Groundwater containing Mn(II), Fe(II), As(III), and Sb(III), can be treated by quartz-
sand filter bioaugmented with a manganese-oxidizing bacterium (Pseudomonas sp. QJX-1)
(Bai et al., 2016). The results show that bioaugmentation of MnOB could accelerate the
generation of Fe-Mn oxide particles from oxidation Fe(I) and Mn(II), lead to the increase in
As(IIT) and Sb(IIT) removal through oxidation to As(V) and Sb(V), respectively, followed by
adsorption on to the Fe-Mn oxide surfaces. However, contamination or outcompeted by
indigenous microbes are the constraints to use pure culture for bioaugmentation in full-scale

reactor.
Removal of Mn in acid mine drainage treatment system

Acid mine drainage (AMD) is a contaminated water generated due to the water flows over or
through the mining area, and characterized by having low pH and high levels of various heavy
metals, such as Fe, Mn, Cd, Cu, Co, Zi, and radionuclides (Tutu et al., 2008). MnOB have been
applied in a pilot scale fixed bed bioreactor for removal of manganese from acid mine drainage
of the former Wheal Jane tin mine in Cornwall, UK, in which the reactor is initially inoculated
with ferromanganese nodules (about 2 cm in diameter), collected from an abandoned mine in
north Wales (Hallberg and Johnson, 2005). A treatment system consisting of wetland and
limestone bed, is highly effective in removing Mn(II) from acid mine drainage of Pennsylvania,
USA, and a diverse MnOB community is present in the system, suggesting that MnOB play a
major role in the Mn removal in the treatment system (Santelli et al., 2010). In more recent
study, Crafton et al. (2019) reported that a combination of aerobic wetland and limestone bed
has shown to be a successful treatment for AMD at the Huff Run watershed of eastern Ohio,
USA, for long-term operation (over 13 years), achieving sustainable removal of Fe, Mn, and
Al. Fe and Al are primary removed in the aerobic wetland, while high concentration of Mn is
only partially removed in the aerobic wetland and further removal takes place in the limestone
bed. The high Mn removal in the limestone bed is attributable to the high abundance of MnOB,

as revealed by microbial community analysis.
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Removal of inorganic pollutants

As mentioned above, MnOB are able to oxidize Mn(II) to bio-MnOx in the form of Mn(III) or
Mn(IV). The physical and chemical characteristics of biogenic manganese oxides are shown in
Table 2.5. Due to having high specific surface area, poorly crystalline structure, high number
of vacancy sites, and strong oxidant nature, bio-MnOx possess ability to adsorb and/or oxidize
heavy metals. Ba, Ni, Co, Cd, Zn, Ce, Pb and Sb can be adsorbed by bio-MnOx (Mayanna et
al., 2015; Zhou et al., 2015; Wang et al., 2019). Bio-MnOx have also been shown to oxidize
heavy metals, such as Cr(Ill), Sb(III) and As(III). Cr(IlI), Sb(IIl) and As(IIl) are initially
adsorbed on the bio-MnOx surface and then oxidized to Cr(VI), Sb(V) and As(V), respectively
(Murray and Tebo, 2007; Bai et al., 2017; Liang et al., 2017). Oxidation rate of Cr(III) by bio-
MnOxy generated from Bacillus sp. strain SG-1 is faster than synthetic 3-MnO> (Murray and
Tebo, 2007). In more recent study, simultaneous removal of Co and Ni through adsorption
mechanism using in situ generated bio-MnOy in down-flow hanging sponge (DHS) reactor has
been reported by Cao et al. (2015) and Matsushita et al. (2018). More recently, He et al. (2019a)
demonstrates that high removal of As(IIl) can be achieved by manganese-oxidizing aerobic
granule sludge (Mn-AGS) in sequencing batch reactor (SBR) through oxidation of As(III) to
As(V) by generated bio-MnOx, H2O2, and microbes. In another study, He et al. (2019b) reported
that As(IIT) and Sb(IIl) can be successfully oxidized to less toxic As(V) and Sb(V), while
Cr(III) was not oxidized to Cr(VI) and Cr(VI) can be reduced to Cr(III) in the Mn-AGS reactor.
Murray and Tebo (2007) investigated the ability of manganese-oxidizing bacterium Bacillus
sp. Strain SG-1 to oxidize Cr(III). The results demonstrated that the presence of bacterial strain
Bacillus sp. Strain SG-1 can accelerate Cr(II1) oxidation compared to both abiotic and biogenic
Mn oxides. The oxidation of Cr(III) to Cr(VI) in natural systems has been observed by Fandeur
et al. (2009) in ultramafic rocks of New Caledonia. The results show that the largest amounts
of Cr(VI) is found in the transition laterite, where Mn concentrations are the highest and where
this element occurs as Mn(IV). These results indicate that Mn(IV) reduction plays an important

role in the oxidation Cr(III) to Cr(VI).
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Table 2.5 Physical and chemical properties of biogenic manganese oxides by different

bacteria.
Parameter Nealson et al., 1999 Meng et al., 2009  Su et al., 2014 Zhang et al., 2019
Leptothrix E. coli strains K-12  Aeromonas
MnOB dl.fc onhora SS-1 Bacillus sp. WH4  substr. MG1655 hydrophila strain
P and BL21 DS02

Pgrtwle n.a. Nano size 150-350 nm n.a.
diameters

. 1rregular. no specific shape, flake-shaped and
Structure poorly crystalline geometric shape, and weak

. . porous structure
poor crystallinity  crystalline nature

BET specific 224 m? g! 30.6m?g! P n.a. n.a.
surface area
Remark:

n.a. = not available
D A mixture of biogenic Mn oxide particulates and spores

Degradation of organic pollutants

Bio-MnOx are strong oxidant and their abundance in the natural environment have been
reported to play an important role in the biogeochemical cycles of organic carbon, nitrogen,
sulfur and phosphorus (Tebo et al., 2005; Geszvain et al., 2012). The presence of bio-MnOx in
nature would be beneficial because some microorganisms are known to utilize Mn oxides as
electron acceptor for the oxidation of organic compounds. Mn oxides reduction contributes to
the organic carbon oxidation in offshore sediments of the deep Ulleung Basin, East Sea (Hyun
et al., 2017). Jones et al. (2018) demonstrated that biotic Mn(II) oxidation formed bio-MnOx,
contributes to carbon oxidation along oxic-anoxic interfaces in soils and sediments. The
presence of Mn oxides in suboxic sediment of the Clarion-Clipperton fracture zone mediates
nitrogen cycling, in which ammonium generated from organic matter decomposition is

oxidized by manganese oxides under the oxic zone (Mogollon et al., 2016).

MnOB and bio-MnOx, as the strong oxidant agent, have gained much intention from
many researchers to degrade organic pollutants. Bio-MnOx have been shown to degrade several
organic compounds, such as estrone, 17-a ethinylestradiol, diclofenac, carbofuran,
ciprofloxacin (Tu et al., 2014; Furgal et al., 2014; Liu et al., 2016). In recent study, synergistic
between MnOB and bio-MnOx could enhance degradation of 17-a ethinylestradiol, in which
its degradation mechanism involves biological degradation by MnOB and chemical reaction
with bio-MnOx (Tran et al., 2018). In another study, degradation of sulfamethoxazole by

manganese-oxidizing bacteria has been shown in sequence batch reactor with the removal
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efficiency ranging from 40% to 98% and its performance is dependent on the feeding
concentrations and hydraulic retention time (Zhang et al., 2017). MnOx ore filled biological
aerated filter (BAF) which is initially inoculated with MnOB consortium (Leptothrix sp. and
Pseudomonas sp.) have been shown capable of removing pharmaceutical compounds,
including carbamazepine, diclofenac, and sulfamethoxazole (Zhang et al., 2015). The removal
efficiency of diclofenac and sulfamethoxazole are in the range of 80-90%, while
carbamazepine is less than 20%. In more recent study, continuous degradation of 1,2,4-triazole,
an intermediate product of medicine and widely used in pesticides, coupled with manganese
oxidation in biological aerated filter (BAF) inoculated with MnOB consortium achieves 50%
removal efficiency, and Pseudomonas and Bacillus are the most predominant MnOB in the

reactor (Wu et al., 2017).

2.2.2 Biological manganese oxides-reduction

Under anaerobic condition, manganese oxides undergo reduction to Mn(II). Manganese oxides
reduction is therefore important to provide Mn(II) for metabolism of organisms. Many studies
reported that microbial MnOx reduction in marine sediments affect the biogeochemical cycles
of elements, such as carbon, sulfur, nitrogen and many trace metals (Burdige, 1993; Hulth et
al., 1999; Hyun et al., 2017). The mechanism of MnOx reduction can be through direct
enzymatic reduction by manganese-reducing bacteria (MnRB) or indirect reduction by
dissimilatory manganese oxide-reducing bacteria through coupling with oxidation of organic
compounds (Gounot et al., 1994). MnOx have been reported to catalyze anaerobic ammonium
(NH4") oxidation to nitrite (NO2") or nitrate (NO3") in marine sediments, and the ratio of N to
Mn is the important factor governing this process (Lin and Taillefert, 2014). Elemental sulfur
coupling with MnOx reduction, is biologically catalyzed to sulfate and sulfide (Thamdrup et
al., 1993). Dissimilatory manganese oxide-reducing bacteria utilize manganese oxides as an
electron acceptor for their metabolism, which usually occurs under anaerobic conditions

(Lovley, 1991).

Shewanella and Geobacter are two microbial strain that have been extensively studied
for their ability to reduce MnOx (Shi et al., 2007; Richter et al., 2012). Numerous bacteria
which capable of reducing MnOx have also been isolated and identified by many studies.
Manganese-reducing bacteria were isolated from Black Sea, including Shewanella,
Pseudomonas spp., Bacillus spp. (Nealson et al., 1991). Clostridium sp., a widely known N-

fixing bacterium, has been reported to facilitate the reductive dissolution of manganese oxides
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(Francis and Dodge, 1988). Alteromonas putrefaciens (strain MR-1) isolated from Oneida lake,
NY, USA, is not only capable of rapid Mn(IV) reduction under conditions of neutral pH, but
also reduces Fe*" to Fe?*, and disproportionates thiosulfate to sulfide and sulfite (Myers and
Nealson, 1988). Arcobacter, Colwellia, Shewanella, and Alteromonadales found in manganese
oxide-rich sediments from Gullmar Fjord (Sweden), Skagerrak (Norway) and Ulleung Basin
(Korea), can reduce MnOy coupled with acetate oxidation (Vandieken et al., 2017). In a more
recent study, Henkel et al. (2019) isolates the genus Sulfurimonas from the Black Sea, which

capable to oxidize H»S or thiosulfate (S203%) by using Mn-oxides as electron acceptor.

MnOx reduction would be beneficial for biodegradation of organic pollutants (Ghattas
et al,, 2017). MnOx can act as an electron acceptor during the degradation of organic
compounds such as BTEX (benzene, toluene, ethylbenzene, and xylenes) and naphthalene
(Langenhoff et al., 1996; Villatoro-Monzoén et al., 2003; Dorer et al., 2016). Degradation of
naproxen, an analgesic micropollutant, can be achieved under anaerobic conditions with
Mn(IV) as electron acceptor (Schmidt et al., 2017). Liu et al. (2018a) reported that anaerobic
biodegradation of pharmaceutical compounds, such as caffeine and naproxen, can be attained
using chemically synthesized Mn(IV) and biogenic Mn(IV) generated from drinking water
treatment plants, but no removal is found for ibuprofen and metoprolol. Swathi et al. (2017)
reported that microbially mediated anoxic nitrification-denitrification in the presence of
nanoscale manganese oxides could remove ammonium, and this method is feasible for
application, in term of less energy consumption for aeration and reduce COD requirement
compared to conventional method. In addition to MnOx reduction, Shewanella xiamenensis, a
widely known dissimilatory manganese-reducing bacterium, is able to decolorize azo dye, and

Mn(II) addition improves its performance (Ng et al., 2014).

2.3 Environmental impacts of azo dyes and their biological treatment

methods

Azo dye compounds are characterized by the presence of the azo function (-N=N-). Azo dyes
are commonly used in textile industries due to their nature such as easy to use, relatively cheap,
high photolytic stability, a wide range of color availability, and strongly attached to the fabric.
Due to their variations in chemical structure, azo dyes can be applied in different applications,
such as dyeing of natural products (cotton, paper, silk, leather, wool), synthetics products

(polyamides, polyesters, acrylics, polyolefins, viscose rayon, and cellulose acetate), coloring
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of paints, varnishes, plastics, printing inks, rubber, foods, drugs, and cosmetics (Chudgar, 2000).
In general textile manufacturing, approximately 90% of the textile dyes bind to woven fabrics,

with 10% discharged to effluent (Nimkar, 2018).

Azo dye-containing wastewaters are of major concern, because of not only their
aesthetic problem related to the color appearance, but also many their degradation products are
toxic, potentially mutagenic, carcinogenic or causing adverse health (Briischweiler and Merlot,
2017). Azo dyes and their metabolites persist in the environment and are not completely
degraded in the conventional aerobic wastewater treatment, such as activated sludge (Shaul et
al., 1991; Ekici et al., 2001); therefore untreated azo dyes and their metabolites are still detected
in the river water and sludge (Vacchi et al., 2016; Ning et al., 2015). Aniline, an aromatic amine,
affect reproductive functions of fish (Bhunia et al., 2003). Exposure to aromatic amines may
increase the risk of cancer in humans. Skipper et al. (2010) reported that alkylaniline, a
monocyclic aromatic amine compound, possess carcinogenic effect that may induce bladder

cancer in human.

Biological treatment method is a cost-effective and eco-friendly process without
generating harmful products for azo dye degradation compared to physical chemical method.
Azo dyes are generally resistant to biological activity under aerobic conditions; however,
degradation of azo dyes by microbial communities under aerobic conditions have been reported
by many studies (Buitron et al., 2002; Kolekar et al., 2012; Tan et al., 2013; Krishnan et al.,
2017; Sarvajith et al., 2018). Some strains in pure culture have been shown to decolorize azo
dye under aerobic conditions, such as Klebsiella oxytoca, Comamonas sp., Bacillus sp.,
Aeromonas sp., Pseudomonas (Yu et al., 2014; Jadhav et al., 2008; Telke et al., 2009; Du et al.,
2015; Meerbergen et al., 2018). Microbial strains which capable of decolorizing dye were
summarized in Table 2.6. Decolorization of azo dye using microbial consortium under aerobic
conditions can be achieved if additional co-substrate is supplemented, and without any extra
supplementary carbon source, decolorization of azo dye is found to be difficult (Moosvi et al.
2007). Contrary to the result reported by Tan et al. (2013), in which azo dye could be
decolorized by the aerobic microbial community without any additional carbon source, and
microorganisms could utilize azo dye as carbon sources. Microbial consortiums which capable

of decolorizing dye were given in Table 2.7.
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Tabel 2.6. Decolorization of dye compounds by microbial strains in pure culture

Microbial strain Dye compound Decolorization References
Aeromonas sp. Bordeaux S 98% Hayase et al., 2000
Methyl Orange 95%
Orange 11 90%
Tartrazine 83%
Remazol Brilliant Blue R 25%
Acid Blue 45 18%
Reactive Blue 5 9%
Acid Blue 74 96%
Poly R-478 7%
Nigrosine 2%
Crystal Violet 86%
Aeromonas Reactive Red 198, 82-86% Hsueh et al., 2009
hydrophila Reactive Black 5, 62—-67%
Reactive Red 141, 10-17%
Reactive Blue 171, 13-15%
Reactive Yellow 84 20-28%
Aeromonas sp. Methyl Orange 100% Duetal., 2015
Klebsiella oxytoca Methyl Red 95% Yuetal.,, 2014
Comamonas sp. Direct Red 5B 72% Jadhav et al., 2008
Direct Brown MR 93%
Direct Orange T4 87%
Direct Yellow SGL 93%
Disperse Golden Yellow 95%
Brilliant Blue GRL 73%
Reactive Blue HERD 95%
Golden Yellow HER 90%
Blue 2RNL 78%
Navy Blue 2GL 80%
Navy Blue HE2R 73%
DK Red 2B 75%
Navy Blue RX 70%
Red HESB 65%
Bacillus sp. Reactive Orange 16 88% Telke et al., 2009
Bacillus sp. Reactive Black 5 95% Wang et al., 2013
Pseudomonas sp.  Reactive Orange 16 >T75% Meerbergen et al., 2018
Klebsiella sp. 35-75%
Acinetobacter sp. >35%
Pseudomonas sp.  Reactive Green 19 >35%
Klebsiella sp. >35%
Acinetobacter sp. >35%
Shewanella sp. Reactive Black-5 50-90% Imran et al., 2016
Direct Red-81 37-99%
Acid Red-88 34-94%
Shewanella Acid Red 27 >97% Meng et al., 2012
aquimarina
Enterobacter sp. Reactive Black 5 79-85% Chen et al., 2011
Sphingomonas Methylene Blue >85% Noraini et al., 2012
paucimobilis
Brevibacterium sp. Reactive Yellow 107 99% Franciscon et al., 2012
Reactive Black 5 99%
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Table 2.7 Bacterial consortiums capable of decolorization of dye

Microbial consortium Dye compound Decolorization References
Brevibacillus panacihumi Acid Orange 7 98% Bay et al., 2014
strain ZB1,

Lysinibacillus fusiformis
strain ZB2,
Enterococcus faecalis
strain ZL
Six different classes: a-, -, Reactive Red 3BS >95% Tan et al., 2013
and 'Y_proteobacteria, Reactive Violet KN-4R >90%
Bacilli, Cytophagia, and Acid Brilliant Scarlet GR >75%
Nitrospirales. Acid Red B >80%
Acid Orange 11 >90%
Bacillus vallismortis, Congo red 96% Tony et al., 2009
Bacillus pumilus, Bordeaux 90%
Bacillus cereus, Ranocid Fast Blue 81%
Bacillus subtilis, Blue BCC 83%
Bacillus megaterium
Paenibacillus polymyxa, Reactive Violet SR 94% Moosvi et al., 2007

Micrococcus luteus,
Micrococcus sp.

Zobellella taiwanensis Reactive green-19 >97% Das and Mishra,
strain AT 1-3, 2017

Bacillus pumilus strain

HKG212

Degradation of azo dye under anaerobic conditions has been widely reported by many studies
(Ong et al., 2012; Spagni e al., 2012; Wang et al., 2015; Dai et al., 2018). Anaerobic conditions
are more favorable for dye decolorization compared to aerobic conditions. Anaerobic
degradation of azo dye is mediated by azoreductase enzymes which cause the reductive azo
bond cleavage resulted in the formation of intermediate products, such as aromatic amines, that
are potentially toxic and resistant to further degradation under anaerobic conditions (Saratale
etal.,2011). Anaerobic decolorization of azo dye is strongly dependent on organic co-substrate
addition as electron donor. Donlon et al. (2007) found that decolorization of an azo dye,
Mordant Orange 1, failed in a continuous up-flow anaerobic sludge blanket (UASB) reactor
without co-substrate addition, and azo dye decolorization can be achieved in the reactor
supplemented with either glucose or a volatile fatty acids mixture (acetate, propionate,
butyrate). Organic substrates, for example glucose, could serve as electron donor to enzyme
cofactors, e.g., via NAD(P)H or reduced FAD(H)>, which subsequently transferring electrons
for azo dye reduction mediated by specific enzymes, such as azoreductase. Removal of dye
using various bioreactor systems under both aerobic and anaerobic conditions were

summarized in Table 2.8.
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Table 2.8 Removal of dye in various bioreactors

System Dye compound Conditions Decolorization  References
Aerobic granular Yellow Dye Microaerophilic  89—100% Sarvajith et al.,
sludge-sequencing 2018
batch reactors
(AGS-SBR)

Down flow A mixture of azo dyes:  Microaerophilic  99.5% Balapure et al.,
microaerophilic Reactive Red 2, 2015
fixed film Reactive Red 198,
bioreactor Reactive Red 120,

Reactive Blue 160,

Reactive Blue 13,

Reactive Blue 172
Sequencing batch Acid red 151 Aerobic 99% Buitron et al.,
biofilter 2004
Membrane-aerated  Acid Orange 7 Aerobic 98% Wang et al.,
biofilm reactor 2012
Hydrolysis A mixture dye: Anaerobic 51% Xieetal., 2018
acidification (HA)  Reactive Black 5 (RBS)
reactor Remazol Brilliant Blue

R (RBBR)
Anaerobic reactor  Acid Orange 7 (AO7) Anaerobic 93-96% Lietal., 2017
A continuous Mordant orange 1 Anaerobic >T75% Donlon et al.,
upflow anaerobic 1997
sludge-blanket
reactor
A continuous Alizarin Yellow R Anaerobic 97% Cui et al.,
stirred tank reactor 2016
(CSTR) with
bioelectrochemical
system
Sulfidogenic Remazol Brilliant Anaerobic >90% Ozdemir et al.,
anaerobic baffled Violet SR 2013
reactor
Sequential Acid Red 18 Anaerobic- >97% in the Hosseini
anaerobic aerobic anaerobic Koupaie et al.,
sequencing batch reactor 2012
reactor/moving bed
sequencing batch
biofilm reactor
Hybrid up flow Acid Yellow 36 Anaerobic- 100% Ahmad et al.,
anaerobic sludge- aerobic 2010

filter bed
(UASFB)-aerobic
activated sludge
reactor
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Aromatic amines formed in anaerobic degradation of azo dye are generally not degraded and
accumulate under anaerobic conditions. Aerobic treatment process has shown to be effective
as post treatment for removal of aromatic amines, in which more than 80% removal of 1-
naphthylamine-4-sulfonate (1N-4S), an intermediate anaerobically degradation product of
Acid Red 18, can be achieved in aerobic moving bed sequencing batch biofilm reactor (MB-
SBBR), and high removal efficiency is attributable to the high percentage of porosity of the
biofilm structure (Hosseini Koupaie et al., 2011). Similar results have been demonstrated by
Baéta et al. (2015), in which a sequential anaerobic-aerobic reactor is found to be effective to
treat azo dye-containing wastewater and removal of an aromatic amine sulfanilic acid, an
intermediate product of azo dye Remazol Golden Yellow RNL under anaerobic conditions, can
be achieved in an aerobic reactor. Pereira et al. (2011) reported that aromatic amines, aniline
and sulfanilic acid, could be degraded under denitrifying conditions in UASB reactor with
nitrite and nitrate addition, while if only supplemented with nitrate, only aniline could be
degraded and sulfanilic acid remains. In another study, azo dye-containing wastewater can be
mineralized in a down flow microaerophilic fixed film reactor and GC-MS analysis reveals
that complete degradation of aromatic amines, intermediate products of azo dyes, into aliphatic

compounds (Balapure et al., 2015).

Juarez-Ramirez et al. (2012) found interesting results, in which 4-aminonaphthalene-1-
sulfonic acid (4-ANS), which is recognized as recalcitrant compound, could be effectively
decomposed in nitrogen-limiting fed packed-bed column reactor, and the results demonstrated
that 4-ANS, could be utilized by microbial community as the sole carbon source. Some strains
are isolated from the reactor, such as Oleomonas (sagarenensis), Arthrobacter sp., Bacillus sp.,
Nocardioides sp, and Microbacterium (oxydans), which probably contribute to the 4-ANS
degradation. In more recent study by Juarez-Ramirez et al. (2015), the mixture of 4-
aminobenzene sulfonic acid (4-ABS) and 4-aminonaphthalene-1-sulfonic acid (4-ANS) could
be removed in volcanic stone packed-bed column continuous reactor, and six microbial strains
are isolated from the reactor which belong to the genera Variovorax, Pseudomonas, Bacillus,
Arthrobacter, Nocardioides and Microbacterium. In addition to degradation of aromatic amines
by mixed microbial culture in a reactor, degradation of sulfonated aromatic amine, 4-
aminobenzene sulfonic acid (4-ABS), could be achieved by aerobic microbial consortium,
which consists of Pseudomonas pseudoalcaligenes, Pseudomonas citronellolis and
Pseudomonas testosterone (Barsing et al., 2011). Many previous studies also reported some

microbial strains in pure culture have ability to degrade aniline, the simplest aromatic amine,
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such as Erwinia sp. strain HSA 6 (Li and Yu, 2010), Dietzia natronolimnaea JQ-AN (Jin et al.,
2012), and Pigmentiphaga daeguensis (Huang et al., 2018). According to the previous studies
above, a wide range of microbes are able to decompose aromatic amines, and their ability is
also influenced by other important factors, such as nutrient availability (carbon, nitrogen,

sulfur), pH, and also the biodegradability characteristics of aromatic amine compounds.

However, only a few azo dyes have been completely mineralized through aerobic
degradation. Jonstrup et al. (2011) shows that aromatic amines are produced during anaerobic
degradation of Remazol Red RR, but only partial degradation of aromatic amines is observed,
and sulfonated aromatic amines seem to be resistant. The poor biodegradability of aromatic
amines under anaerobic and aerobic conditions have been reported by Tan et al. (2005), who
found that from the total of ten tested aromatic amine compounds, including 2-
aminobenzenesulfonic acid (2-ABS), 3-aminobenzenesulfonic acid (3-ABS), 4-
aminobenzenesulfonic acid (4-ABS), 2,4-diaminobenzenesulfonic acid (2,4-DABS), 3-amino-
4-hydroxybenzenesulfonic acid (3-A-4-HBS), 1-aminonaphthalene-4-sulfonic acid (1-AN-4-
S), 1-aminonaphthalene-5-sulfonic acid (1-AN-5-S), 2-aminonaphthalene-1,5-disulfonic acid
(2-AN-1,5-DS), 3-aminonaphthalene-2,7-disulfonic acid (3-AN-2,7-DS), and 8-
aminonaphthol-3,6-disulfonic acid (8-ANOH-3,6-DS), only two aminobenzene-sulfonic acid
isomers (2- and 4-ABS) can be degraded, and their degradation process only occur under
aerobic conditions. The presence of sulfonated structure in aromatic amine compounds cause

highly soluble resulted in the lower biodegradability.
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Abstract

Three different organic substrates, K-medium, sterilized activated sludge (SAS), and methanol,
were examined for utility as substrates for enriching manganese-oxidizing bacteria (MnOB) in
an open bioreactor. The differences in Mn(Il) oxidation performance between the substrates
were investigated using three down-flow hanging sponge (DHS) reactors continuously treating
artificial Mn(II)-containing water over 131 days. The results revealed that all three substrates
were useful for enriching MnOB. Surprisingly, we observed only slight differences in Mn(II)
removal between the substrates. The highest Mn(II) removal rate for the SAS-supplied reactor
was 0.41 kg Mn-m3.d"!, which was greater than that of K-medium, although the SAS
performance was unstable. In contrast, the methanol-supplied reactor had more stable
performance and the highest Mn(II) removal rate. We conclude that multiple genera of
Comamonas, Pseudomonas, Mycobacterium, Nocardia and Hyphomicrobium play a role in
Mn(II) oxidation and that their relative predominance was dependent on the substrate.
Moreover, the initial inclusion of abiotic-MnO; in the reactors promoted early MnOB

enrichment.

Keywords: biological manganese oxidation, down-flow hanging sponge reactor, K-medium,

manganese-oxidizing bacteria, methanol, sterilized activated sludge
3.1 Introduction

A wide variety of organisms, including bacteria, fungi, algae, and plants, have been used in
bioremediation processes to remove heavy metals and hazardous organics from contaminated
waters and wastewaters (Bahar et al., 2016; Jaiswal et al., 2018; Zeraatkar et al, 2016; Yin et
al., 2017). Of all microbes used, manganese-oxidizing bacteria (MnOB) are gaining attention
for their unique characteristics that promote the removal of heavy metals. Heterotrophic MnOB,
capable of oxidizing Mn(II) to Mn(III/IV), yield manganese oxides, which also are referred to
as biogenic manganese oxides (Bio-MnOx) (Francis and Tebo, 2002). Bio-MnOx can adsorb
cationic metals and oxidize inorganic contaminants because of their poorly crystalline-layered
materials that have many vacant sites (Meng et al., 2009; Droz et al., 2015; Tang et al., 2014;
Bai et al., 2016a). MnOB are ubiquitous and widespread in nature; they have been detected in
oligotrophic environments including caves (Cloutier et al., 2017), deep oceanic sediments

(Blothe et al., 2015), and river estuaries (Anderson et al., 2011). They play a key role not only
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in the biogeochemical cycle of manganese (Tebo et al., 2005) but also in carbon (Jones et al.,

2018), nitrogen (Lin and Taillefert, 2014) and sulfur (Geszvain et al., 2012) cycles in nature.

Exploiting these characteristics of Bio-MnOx in MnOB-enriched bioreactors is
promising for water and wastewater treatments. Therefore, many studies on the applications of
MnOB for removal of heavy metals have been reported. In most previous studies, pure MnOB
cultures were employed for batch-scale and column experiments (Meng et al., 2009; Bai et al.,
2016b). Pure cultures present problems for large-scale use, because it is difficult to prevent
contamination by other bacteria in open systems. Even if bacterial contamination occurs, it is
essential to maintain the presence and prevalence of MnOB. A previous study successfully
enriched MnOB in an opened down-flow hanging sponge (DHS) reactor to continuously
remove the minor metals, nickel (Ni)(II) and cobalt (Co)(II), from synthetic wastewater by
coupling nitrification (Cao et al., 2015). The growth of MnOB was promoted by providing a
natural substrate of soluble microbial products (SMPs) generated by nitrifying bacteria.
However, a long time was required to confirm significant Mn(II) oxidation. MnO; inhibited
bacterial activity due to its toxicity (Matsushita et al., 2018). By slowly but steadily increasing
the accumulation of produced Bio-MnOx over time, the activity of MnOB might be gradually
enhanced by the MnOx inhibition of growth of other bacteria. I hypothesized that starting with
a large amount of MnO> would provide early MnOB enrichment and high Mn(II) oxidation

performance in a shorter time.

There s little information on organic substrates that promote the enrichment of MnOB.
K-medium, consisting of peptone and yeast extract, has been widely used for MnOB growth in
pure cultures (Yang et al., 2013). Methanol is a promising substrate because Matsushita et al.
(2018) successfully enriched methanol-utilizing MnOB in a methane oxidation reactor, where
methanol was generated as a utilization-associated product (UAP) of methanotrophs. Methanol
is abundant in nature and is produced in soils from the decomposition of dead plants (Kolb S.,
2009). Matsushita et al. (2018) also found that Mn(II) oxidation occurred under starvation
conditions without exogenous methane and concluded that MnOB could utilize biomass-
associated products (BAPs) derived from cell lysis in biofilms. The bulk liquid from dead
microbes contains high concentrations of proteins, carbohydrates and lipids (Ramstedt et al.,
2011). Combined, these reports suggest that activated sludge is a good candidate substrate for
MnOB enrichment.
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This study aims to clarify whether it is possible to use methanol and sterilized activated
sludge (SAS) as substrates for MnOB enrichment. I also set out to evaluate the performance of
Mn(Il) oxidation relative to that of K-medium through a continuous Mn(II) removal
experiment. A unique DHS reactor, with abiotic MnO; initially installed, was employed with
the goal of promoting early MnOB growth. Microbial community analyses of each retained
biomass were performed to identify the predominant MnOB related to the Mn(II) oxidation

performance.

3.2 Materials and methods

3.2.1 Reactor configurations, inoculation, and operational conditions

Enrichments of MnOB were conducted in three DHS reactors of 75 cm height and 5 cm
diameter, in which a set of 20 polyurethane sponge cubes (each 2 x 2 x 2 cm?, total volume of
160 cm?) were hung diagonally in series on a nylon string (Fig. 3.1). The sponge carriers were
inoculated with activated sludge from the aeration tank of a municipal sewage treatment plant
in Higashihiroshima, by squeezing and soaking in its suspension liquid mixed with abiotic-
MnO> 100 g-L! (Kishida Chemical Co. Ltd., Japan). The activated sludge, consisting of a large
variety of microorganisms, was expected to contain MnOB (Abu Hasan et al., 2012). Prior to
using abiotic-MnO; for inoculation, it was pretreated by Mn(II) adsorption to equilibrium,
allowing us to judge whether the Mn(II) removal performance of the reactors was caused by

the oxidation or the adsorption. The reactors were placed in a dark room at 26 °C.

The reactors, R-1, R-2, and R-3, were supplied with different organic substrates: K-
medium, sterilized activated sludge (SAS) and methanol, respectively. K-medium is composed
of peptone and yeast extract (4:1, w/w). SAS was made by heating activated sludge at 100 °C
for 24 hours in a drying oven (DVS 602 Yamato Scientific Co., Ltd., Japan). The concentrations
of organic substrates in the influent are provided in Table 3.1, except for SAS, because the
concentration of SAS in the influent was adjusted based on the COD concentration of SAS
stock solution. The substrates contained Mn(II) (MnCl>.4H>0), minerals (CaCl,.2H>O 0.05
mg- L, MgSO4+.7H,0 0.2 mg-L!, FexSO4+5H,0 0.1 mg-L!, KH,POs 1.156 mgL"
Na;HPO4.7H20 49.08 mg-L!), and trace elements (CuSO4.5H20 0.025 mg-L!, NaSeO4 0.005
mg-L!, NiCl,.6H,0 0.019 mg-L!, CoCl2.6H,0 0.024 mg-L!, Na;M004.2H,0 0.022 mg-L™!,
H3BO30.001 mg-L!, ZnSO4.7H,0 0.043 mg-L!), all final concentration. Before the substrates

were supplied to the respective reactors, the substrate tanks were purged with nitrogen gas. Air
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was provided to the reactors at a flow rate of 15.6 L-h"! to create aerobic conditions. The organic
and Mn(II) loading rates were set by controlling the hydraulic retention time (HRT) based on
the sponge volumes and concentrations (Table 1). The reactor operation was conducted for 131
days and the condition was divided into three phases. The effluent waters were recirculated at

a ratio of 1:10 (Q influent:Q recirculation).
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Figure 3.1 Reactor configuration.
Table 3.1 Operational conditions of the three DHS reactors
Reactor R-1 R-2 R-3
Phase Phase 1 Phase2 Phase3 Phasel Phase2 Phase3 Phasel Phase2 Phase3

Period (d) 0-30 31-59 60-131 0-42d 43-59 60-131 0-36 37-59 60-131
COD

8-50 5 10 8-50 5 10 8-50 5 10
(mg-L")
Mn(II)

5 5 5 575 7.5 7.5 5-75 7.5 7.5
(mg-L1)
HRT (h) 42-06 0.4 04 4206 04 04 4206 04 0.4
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3.2.2 Analytical methods

Water samples were filtered through a 0.45-um membrane filter (Advantec, Tokyo, Japan).
Mn(II) and chemical oxygen demand (COD) concentrations were determined by the
colorimetrical method using a Hach DR2800 spectrophotometer (Hach Co., Loveland, CO,
USA).

3.2.3 Microbial community analysis

Biomass samples were collected by squeezing sponge carriers taken from the upper, middle
and lower portions of each reactor at the end of Phase 2 (day 60) and Phase 3 (day 131), namely
R1-d60 (R-1, day 60), R1-d131 (R-1, day 131), R2-d60 (R-2, day 60), R-2-d131 (R-2, day
131), R3-d60 (R-3, day 131), and R3-d131 (R-3, day 131). DNA was extracted using a Fast
DNA spin kit for soil (MP Biomedicals, Irvine, CA, USA). Polymerase chain reaction (PCR)
amplification of the 16S rRNA gene was performed using the primer sets 341F (5°-
CCTACGGGGNGGCWGCAG) and 805R (5’-GGACTACCAGGGTATCTAATCC). The
PCR conditions were as follows: 3 min of initial denaturation at 95 “C followed by 30 cycles
of 30 sat 95 'C, 30 s at 55 °C and 30 s at 72 °C, and then final extension at 72 "C for 5 min. The
PCR products were purified using an Agencourt AMPure XP (Beckman Coulter, CA, USA)
and subsequently sent to Hokkaido System Science Co. Ltd (Sapporo, Japan) for DNA
sequencing by Illumina MiSeq platform with a Miseq Reagent Kit v3 (Illumina Inc., San Diego,
CA, USA). Sequence data were analyzed using QIIME software version 1.8.0 (Caporaso et al.,
2010). Sequences showing more than 97% identity of DNA were grouped into the same
operational taxonomic units (OTUs) using the UCLUST method (Edgar, 2010) and the OTUs
were classified using MiDAS v1.20 database (Mcllroy et al., 2015).

3.2.4 Data analysis

Alpha-diversity indexes including Simpson’s index of diversity (1-D), Shannon (H), Evenness
and Chao-1 were calculated using PAST (PAleontological STatistics) 3.20 software (Hammer
et al., 2001). One-way analysis of variance (ANOVA) was performed using Microsoft Excel to

measure statistical significance between the Mn(II) oxidation performance of the three reactors.

3.3 Results

3.3.1 Reactor performances
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The performance data are shown in Figure 3.2. Mn(II) removal was immediately observed for
all reactors, although the Mn(II) loading rate was very low for each. Since the influent Mn(II)
concentration of 5 mg Mn(II)-L"!' was reduced to almost zero in the effluent, we gradually
increased the Mn(Il) loading rate by reducing HRT and increasing the influent Mn(II)
concentration to find the maximum Mn(Il) oxidation potentials in Phase 1, with the COD
loading rate set at approximately 0.3 kg COD-m™-d”!. The Mn(Il) removal rates steadily
increased to result in effluent concentrations of less than 0.5 mg Mn(II)-L™!. At the end of Phase
1, R-1 (day 30), R-2 (day 38) and R-3 (day 36) achieved Mn(II) removal rates of 0.26, 0.41
and 0.49 kg Mn-m~.d"!, respectively, at a HRT of 0.4 h, with effluent Mn(II) concentrations
exceeding 0.5 mg Mn(II)-L!. Thus, as expected, Mn(II) removal with oxidation was successful
with K-medium, SAS, or methanol used as substrate, although Mn(II) oxidation potential was
different for each substrate at almost the same COD removal rate. In addition, a slight decrease

in the effluent pH was observed in three reactors because of Mn(II) oxidation.

In Phase 2, the operational conditions were kept the same as the last conditions in Phase
1 to investigate performance stability. With elapsed time, the effluent Mn(II) concentration
tended to increase for all three reactors. It was difficult to maintain stable reactor performance
at high Mn(II) loading, resulting in a deterioration of the Mn(II) removal rate to 0.23, 0.36, and
0.34 kg Mn-m>-d”! on average for R-1, R-2 and R-3, respectively (Figs. 3.2 and 3.3).

Mn(II) removal performance of the reactor should be related to the population size of
microbes with manganese oxidation ability. I expected that the Mn(II) removal rate would be
improved by increasing COD loading rate. In Phase 3, I therefore doubled the COD loading
rate to 0.6 kg COD-m>-d"! and increased the Mn(II) concentration from 5 to 10 mg L' in the
influent without changing the Mn(Il) loading rate of the reactors. Despite the change, the
Mn(1II) removal rates did not improve, although the COD removal rates were slightly higher.
In R-1 and R-3, although the Mn(II) removal rates fluctuated greatly, their averages were
almost the same as those achieved at the end of Phase 2 (Figs. 3.2 and 3.3). In R-2, in contrast,
Mn(II) removal gradually deteriorated over time (Fig. 3.2). Therefore, to restore the Mn(II)
removal performance in R-2, I decreased the influent Mn(II) concentration for the last 5 days
because I hypothesized that high concentrations of Mn(II) were inhibiting removal. However,
the deterioration of Mn(II) removal performance did not stop and therefore, this attempt failed.
The results in Phase 3 suggested that the COD loading rate was less important in MnOB

enrichment.

45



Phase |

& o

Mn(Il) concentration
(mg-L)
o ©o o
» o wo

Mn(ll) loading/ removal
rate (kg Mn-m-3-d"")
o
o

o

HRT (h)

D

COD concentration
(mg-L")

o

0.5

COD loading/ removal
rate (kg COD-m=3-d"")

0.0

9
8

T

(=

7

6 +

Chapter 3: Multiple organic substrates support Mn(II) removal

R-1 (K-medium)

| R-2 (Sterilized Acivated Sludge) |

-
o o N

N

So =N w bk O

R-3 (Methanol)

1 i 2 ‘ 3 ; Phase : 1 E Zl 3 1 Phase 1 2 1 3 1
. : ‘ 12 1 - ? 12 : :
@ ! ; eInfluent ! é 10 (@) i eInfluent . _é 10 (m) ; ; @ Influent |
' O Effluent I 8 OEffluent ' ] 8 H o Effluent 1
: ! 1z, .-0“%-.%,.-"'5 B . dn\'ﬁa.-d- ull'\
1 | ! c 1 4 ' -
_Nf'i‘w-"ﬂ'ﬁ 82, lomara® o@+ BE Jowwe T
s Ceans® | T2 : @ T S 24 i UP%@;?%%%
3
d?é @ =R 4%9? oo = 399
(b) : @ Loadin : Tgn f 08 (h) — @ Loading i (_g = 08 (n) : @l oading
i E R gl g;’ 06 4 O Removal £0 06 oRemoval
H O Remova i F . H
< E S E
2£ 04 24 .cdbod"\
== 352 % Cp on
52 ‘8 ' D ¢, ° 82 @d%
’.‘ C@@D@é}b%d% = 0.2 4 E O fo) c&é} = 0.2 !
TE (’ | : E
= o004 - : = 00
‘ g 5 : : 51 ‘
3 : 4 ; 4 ‘
‘ : £ 3 s £ 3 |
| | g 2 Lol e 2 |
i 1 11 : 1 . :
: : = 0 ) 0 ] : —
s t - 60 - : c 60 : :
p(d) ; einfluent | S 540 ; o Influent S s 7'(p) e Influent ‘
L4 ! | o Effluent 3 .E_,___ 40 1 4 v oEffluent : gp 40 | ! E oEffluent 3
: i ‘ g ! g ! !
" ! i S E: 30 4 1 g g) 30
] H o= H s = 4
Po | S= 20 5=
g 10 g 104
0 - T 0 -
. 520 : . 520 : -
fe) | ® Loading % (k) : eloading | £% (a) : ®Loading
H oRemoval EM.E 15 4 ! oRemoval 5”’5 1.5 : oRemoval
‘ E’g 1.0 4 ; .? E"g 10
el " Rl
w -\’ 82,51 = “‘""%‘5‘* 82, 1) o Y 3
CbOQp@ Qb& ‘?53’ Se ﬂmo%%o%odﬁ?o% Qg g o e Oooo
Mi&.&% 3%, B <% SEU_OM :
9 — ; 9 4 '
U] | ® Influent ) P elnfluent | n ! ®influent !
; O Effluent 8 : oEffluent ! 8 . | : OEfuent :
o H
WW v‘mmﬁ" mmw
7 ] 7 nSiseYel * e !
: ‘ : 6 r . 6 4 . . ‘ ‘
0 30 60 90 120 150 0 30 60 90 120 150 0 30 60 90 120
Time (d) Time (d) Time (d)
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Figure 3.3 Mn(Il) removal rates of each reactor during Phase 2 and 3
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Figure 3.4 Relationship between Mn(II) loading and removal rate.

Until the low Mn(II) loading rate of approximately 0.25 kg Mn-m™-d"!, three reactors could
completely remove Mn(Il), as shown in the plots on the line of slope 1 in Fig. 3.4. Higher
Mn(Il) loading rates resulted in incomplete Mn(II) removal and unstable performance.
Surprisingly, the SAS substrate of R-2 yielded higher Mn(II) removal than K-medium, which
is usually used for MnOB cultivation (Fig. 3.4). Thus, it can be concluded that SAS is a useful
substrate for enriching MnOB. As expected, the methanol in R-3 was a preferred substrate for
Mn(Il) removal and yielded high and stable performance. During the operation, a black
particulate precipitate was observed at the bottoms of all reactors, consistent with the removal

of Mn(II) by oxidation, yielding Bio-MnOx.
3.3.2 Microbial community

In the microbial community analysis of the six biomass samples, more than 90,000 reads were
obtained, and the number of OTUs, which were defined based on the 97% similarity threshold
of the 16S rRNA gene sequences, exceeded 1,600 for each sample (Table 3.2). Microbial

diversity was assessed by alpha-diversity indices of Simpson (1-D), Shannon (H), Evenness,
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and Chao-1 estimator (Table 3.2). No significant difference (p< 0.05) was found in comparisons
of the diversity among the three reactors, suggesting that the difference in organic substrate had

little effect on the diversity of the microbial community.

Table 3.2 Sequence reads, total number of OTU and diversity of each reactor

R-1 R-2 R-3
Sample
day-60 day-131 day-60 day-131 day-60 day-131
Total reads 91349 96131 96718 92321 95826 90335
Total OTU 1798 1675 1896 2029 1906 1633
Simpson (1-D) ? 0.95 0.97 0.98 0.98 0.98 0.98
Shannon (H) ¥ 4.61 4.97 4.99 5.25 4.98 4.85
Evenness ¥ 0.06 0.09 0.08 0.09 0.08 0.08
Chao-1? 2920 2685 3162 2940 2891 2616

1 Operational taxonomic unit (OTU) are defined at a 97% similarity threshold of the 16S gene sequences.
2 Simpson’s index of diversity (1-D). A higher number represents more diversity.

3) Shannon (H) diversity index. A higher number represents more diversity.

4) Evenness. A higher number represents more evenness.

%) Chao-1. A higher number represents higher richness estimation.

There was little difference in microbial composition among the six samples, even in phylum
level (Fig. 3.5). Of the 17 phyla identified, which were the major microbial communities with
a relative abundance greater than 1% of the total sequence reads, Proteobacteria, Chloroflexi
and Bacteroidetes were found to be dominant in all samples. However, the difference in
microbial composition among the three reactors was clearly observed in the genus level. The
genera, which had relative abundances of more than 3% in the sequence reads, are shown for
each sample in Fig. 3.6. Predominant genera were Comamonas, unclassified Caldilineaceae
and Methylobacter in the R-1 reactor. In R-2, although unclassified Caldilineaceae dominated,
Comamonas was barely present. In R-3, Hyphomicrobium and Methylobacterium were
detected as the predominant genera. Thus, the microbial community was strongly influenced
by composition of the organic substrates even though the high Mn(II) oxidation was performed.
The effect of the organic loading rate on the microbial community was also observed, but it
was insignificant compared to the effect of the substrates of the three reactors (samples on days

60 and 131 in Fig. 3.6).
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Phylum R-1 (K-medium) R-2 (SAS) R-3 (Methanol)
R1-d60 R1-d131 R2-d60 R2-d131 R3-d60 R3-d131
Acidobacteria [1.6% k4% [t.9% [ 3s8% e [ 43%
Actinobacteria ]  57% | 30% ] 70% ] 96% | 31% [] 66%
Aerophobetes [1.5% 0.0% 0.5% 0.1% 0.0% 0.0%
Armatimonadetes [1.0% 0.6% | 46%  |1Lo% bo% [ 39%
Bacteroidetes [[] 116% ] 93% [ 49% ] 113% ] 117% ] 102%
Chlamydiae 0.4% 0.5% 0.6% [t-2% 0.9% [1.0%
Chlorobi [1.4% [t 4% I 47%  |o6% [ 37% [ 43%
Chioroflexi ] 133% ] 71% || 136% ] 139% ] 130% [J] 76%
Firmicutes 0.3% 0.9% [1.0% k2% [0.5% 0.2%
Gemmatimonadetes 0.2% 0.8% 0.2% k.o% 0.0% 0.6%
Latescibacteria 0.1% 0.7% [t3% k4% 0-5% [1.8%
Nitrospirae |1.0% 1.1% [1.2% ks% 0.1% 0.8%
Planctomycetes [2.4% 0.9% [.8% k6% [0.6% 0.5%
Proteobacteria 5211% [ 659% I 423% I |35.8% [ 531% [ 53.8%
Saccharibacteria 0.1% 0.4% 0.9% k.o% h8% 0.5%
Verrucomicrobia || 42%  [1.9% Bl 104% || 35% ] 53% 3%
WCHB1-60 0.0% 0.6% 0.2% |1 6% 0.0% 0.0%
Others | 30% 6% | 30% B7% h9% [1.6%

Figure 3.5 Microbial community at the phyla level. Phyla with relative abundance <1% were

grouped as “Others”.

R-1 (K-medium) R-2 (SAS) R-3 (Methanol)
Phylum Genus
R1-d60 R1-d131 R2-d60 R2-d131 R3-d60 R3-d131
Mycobacterium I:l 38% I] 1.2% I:| 2.8% [| 2.0% I] 1.4% [l 23%
Actinobacteria
I Nocardia [0.3% 4% pow B s2% pa% B 25%
[ Chitinophagaceae uncultured H 15% I] 1.7% ﬁ].s% l:l 4.4% I] 1.4% I] 2.5%
Bacteroidetes |  Cytophagaceae uncultured I:l 28% .:l 32% I] 13% I] 15% [| 19% I] 10%
Saprospiraceae uncultured l] 27% 0.0% p.S% 0.0% .] 5.5% I] 2.1%
Caldilineaceae uncultured .B% .:l 4.5% .:l 6.3% -:| 9.2% .] 4.0% p.e%
Chloroflexi . Candidatus Defluifilum [p.4% ba% B 40% [ 12% B so% [ 1%
Kouleothrix 5% I 13% I 1s% [ o14% P a6 P44
Comamonas [| 1.9% H) 7% ‘0 2% pA% IO,S%
Hyphomicrabium .6% b7 I 15% IIo12% B | 6% 1%
Methylobacter [| 18% -:10.3% |o.4% [| 2.7% [| 2.4% 0.0%
Methylobacterium 0.0% 0.0% 0.0% 0.0% 01% 8.4%
Proteobacteria | Y i ° ’ ° : -:l ’
Methylocaldum .6% B 35% 2% bo% pov 0.0%
Methylaphilus \0.1% la.m |0.1 % \0.3% .:| 5.8% |] 1.7%
Pseudomonas [[| 28% | MERRD p.a% p.a% 0.1% I 1%
Zymomonas | 1.3% po% Bl s0% Io15% I 18% B 24%
Verrucomicrobia — Prosthecobacterl:l 28% ﬁ.g% -:l 9.5%[' 1.5% .:l 4.3% I] 1.3%

Figure 3.6 Most dominant genera in the reactors with relative abundance >3% of the total

sequence reads in each sample.
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Figure 3.7 Relative abundance of putative manganese-oxidizing bacteria.

During Mn(Il) removal, certain MnOB should have played a role in Mn(II) oxidation.
Unfortunately, I was unable to identify enrichment for known MnOB in any of the reactors
because of a limitation of DNA sequence data obtained in this study and the probable presence
of unknown MnOB. However several genera that contain strains previously identified as
MnOB were detected, so I tentatively refer to them as “putative MnOB” responsible for Mn(II)
oxidation, with the caveat that not all putative MnOB are able to oxidize Mn(II) (Francis and
Tebo, 2001; Francis and Tebo, 2002). Many putative MnOB were detected (Fig. 3.7);
comprising 8-25% of the total bacteria. Most putative MnOB in R-1 belonged to either
Comamonas or Pseudomonas. In R-2, multiple genera including Mycobacterium, Nocardia,
and Hyphomicrobium were identified as putative MnOB. Hyphomicrobium were the dominant
putative MnOB genus in R-3. These results indicated that even though three kinds of substrate
used in this study were completely different, high Mn(II) oxidation rates were possible because

different MnOB were highly enriched depending on the substrate
3.4 Discussion

The microbial community analysis showed that the three reactors were dominated by different
putative MnOB genera (Fig. 3.7). These genera have been reported to inhabit different

environments. Comamonas testosteroni, belonging to Proteobacteria phylum, have been found
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to contribute to the formation of Bio-MnOx on the leaf surface of submerged aquatic plants in
a lake (Tsuji et al., 2017). Pseudomonas and Mycobacterium have been reported to play a major
role in manganese removal in drinking water systems (Cerrato et al., 2010; Marcus et al., 2017).
Nocardia and Hyphomicrobium have been detected in ferromanganese deposits in a cave
(Carmichael and Brauer, 2015; Lozano and Rossi, 2012), and Hyphomicrobium have been
found to oxidize Mn(Il) in a methane-fed reactor (Matsushita et al., 2018). It can be presumed
that different environments provide different available nutrients leading to differences in the
microbial community. This study revealed that the distinct putative MnOB community among

the three reactors was due to the adaptation of microbial communities to the different substrates.

The results showed that all three substrates used in this study supported MnOB
communities (Fig. 3.7). It is unsurprising that Comamonas and Pseudomonas dominated in R-
1, as they perform ammonification and nitrogen removal, because K-medium containing
peptone and yeast extract has been commonly used to culture MnOB (Yang et al., 2013). In
addition, MnOB have been successfully enriched even during the nitrification process (Cao et
al., 2015). Both the Mycobacterium and the Nocardia belonging to Actinobacteria were
suggested to be the predominant putative MnOB in the R-2 fed with SAS. The genus
Mpycobacterium can use a wide range of organic compounds as carbon sources, including
recalcitrant compounds such as polycyclic aromatic hydrocarbons (PAHs) (Hartmans, et al.,
2006; Zeng et al., 2010); it was also detected in similar abundance in all reactors. The DHS
reactor employed in this study has a longer sludge retention time and allows a higher degree of
sludge autolysis because of a biofilm system that results in reduced sludge generation
(Tandukar et al., 2007). Even though different substrates were provided, Mycobacterium
probably utilized the generated cell lysate in biofilm as a nutrient source. A previous study
reported that in a methane providing reactor, Hyphomicrobium played a role in M(II) oxidation
by growing on methanol associated with the metabolism of methanotrophic bacteria
(Matsushita et al., 2018). As I expected, putative MnOB belonging to Hyphomicrobium were
enriched with the methanol substrate of R-3. Our results demonstrate that a wide variety of
organic substrates can be used for Mn(Il) removal and MnO> production in engineered

ecosystems, since MnOB are diverse and ubiquitous in natural environments.

The presence of MnO; has been reported to shorten the acclimation period of MnOB in
biofilter and inhibit the activity of non-MnOB by its toxicity (Zhang et al., 2015; Matsushita et
al., 2018). In this study, the sponge carriers combined with abiotic-MnQO; in the hope of
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enhancing MnOB enrichment by inhibiting the growth other bacteria. Our results showed that
the maximum Mn(II) removal rate was achieved within 42 days in all three reactors (Fig. 3.2a,
g and m). In contrast, studies using sponge carriers without abiotic-MnQO; took a longer time to
achieve similar results, even for Mn(II) removal (Cao et al., 2015; Matsushita et al., 2018). Not
only higher initial Mn(II) removal performance but also much higher Mn(II) oxidation rates
were obtained with sponge carriers with abiotic-MnO; relative to those without abiotic-MnO..
The highest Mn(II) oxidation rates of 0.26 and 0.41 kg Mn-m~-d"! for R-1 and R-2, respectively
(Fig. 3.2b and 1h), were almost 10-fold higher than those of 0.048 and 0.011 kg Mn-m™>.d",
which were achieved by other groups in Mn(II) oxidation reactors combined with nitrification
(Cao et al., 2015) and methane oxidation under marine conditions (Kato et al., 2017),
respectively. Interestingly, however, the highest Mn(II) oxidation rate of 0.49 kg Mn-m>-d"! in
R-3 was almost the same as the highest rate in a DHS reactor coupled with methane oxidation
in a freshwater environment, even though it took a long time to reach that rate (Matsushita et
al. 2018). These similar Mn(Il) oxidation rates might be caused by having the same
predominant MnOB, Hypromicrobium in both reactors. Once significant Bio-MnOx is
produced, Mn(II) oxidation might reach a similar rate regardless of the initial installation of

abiotic-MnQ5.

Although R-2 had a significantly lower proportion of putative MnOB relative to the
other reactors (Fig. 3.7), their respective Mn(II) removal rates were almost the same (Fig. 3.3).
Since many uncultured bacteria were detected, unknown MnOB might be included in them and
play a major role in Mn(II) removal in R-2. Two factors, the amount of MnOB retained in the
reactor and their Mn(Il) oxidation potential, should directly affect the Mn(Il) removal
performance of the reactor. Even if the proportion of MnOB is low, a high Mn(II) removal
performance will be obtained when MnOB possess high Mn(Il) oxidation potentials. In
addition, interactions between two non-MnOB in co-culture could induce Mn(II)-oxidizing
activity (Liang et al., 2016). If such interactions occurred in R-2, the high Mn(II) removal
would be expected even if unknown MnOB did not exist. It is hard to explain why so little
difference in Mn(Il) removal performance was observed among the three reactors despite of

the feasible reasons mentioned above.

An unstable Mn(II) oxidation rate was observed at higher Mn(II) loading rates of
greater than approximately 0.25 kg Mn-m>.d"! in Phase 3 (Fig. 3.4). This instability could be

explained by decreased Mn(II) transfer into biomass with increased production of Bio-MnOx
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covering MnOB by mass transfer resistance, resulting in deterioration of Mn(II) oxidation, as
reported elsewhere (Jiang et al., 2010). These investigators also reported that the Mn(Il)
concentration would respond to the instability. Microorganisms have different tolerances for
Mn(II) (Zhou et al., 2016). The residual Mn(II) concentration should depend on an Mn(II)
loading rate due to incomplete oxidation. As shown in Fig. 3.2, Mn(II) oxidation rate tended to
decrease with increased effluent Mn(II) concentration in Phase 3 of R-2. Thus, high Mn(II)

loading rates would affect the stability of Mn(II) oxidation performance.

Our proposed bioreactor having high Mn(II) oxidative capacity could be applied for
remediation of water contaminated by high concentrations of Mn(Il), such as acid-mine
drainage (Tutu et al., 2008). However, because MnOB are heterotrophs, organic substrates have
to be provided to MnOB enriched bioreactors to remove heavy metals or to recover minor
metals from wastewaters containing low or no organics. This study demonstrated that multiple
substrates enriched MnOB and produced Bio-MnOx at a high rate. Methanol would be
preferred over K-medium for its low cost, and somewhat higher Mn(II) oxidation performance.
In addition, if combined with the treatment of methanol-containing wastewaters generated from
methanol production plants (G. Cao et al., 2015) or pulp and paper mills (Meyer and Edwards,
2014), MnOB enrichment of using waste methanol is preferable. The employment of SAS may
also be very attractive. SAS is the most cost-effective and eco-friendly solution for the disposal
of large amounts of sewage sludge. Nevertheless, our trial of SAS had the minor disadvantage
of unstable Mn(II) oxidation performance. However, if I could identify the cause of instability
and overcome the disadvantage, SAS becomes the most promising substrate for MnOB
enrichment. SAS is the bulk of dead cells, which consist of cell walls and cytoplasm. It is
unclear whether the cell wall or cytoplasm is preferable for MnOB enrichment. If 1 could
determine the preferable substrate for MnOB enrichment, Mn(II) oxidation performance could

be enhanced. Future experiments on SAS as a substrate for MnOB are therefore promising

3.5 Conclusions

Three different organic substrates, K-medium, SAS and methanol, successfully enriched
MnOB with high Mn(Il) oxidation rates during continuous operation of a DHS reactor
employing sponge carriers initially combined with abiotic-MnO.. Microbial analysis revealed
that the major MnOB players were significantly different at the genus level among the

substrates. | found that organic substances other than K-medium could enrich MnOB. Methanol
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was most effective in achieving the highest Mn(II) removal with stability. Our data suggest that
SAS is a promising substrate for MnOB enrichment, despite less-stable performance. To better
understand the instability, a study on the effect of Mn(II) concentration on MnOB activity is

necessary.
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