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Chapter 1

General Introduction

Biological nitrogen removal,
mechanisms of bacterial adhesion and
subsequent biofilm formation, and

development of novel biofilm reactor

Summary
Nitrogenous compounds cause eutrophication, leading to a significant negative impact to
aqueous environment. Essentially, removal of nitrogenous compounds is required for
preservation of the aqueous environments. Nitrogen removal in wastewater not only from
sewage plant but also industrial plant, e.g., wastewaters from food processing, brewery,
power plant, photo processing, livestock and so on, would be necessary. Considering the
fact that some industrial plants do not have enough space for wastewater treatment
process, small system applicable to nitrogen removal is required. Application of biofilms
for biological nitrogen removal is very useful in that biofilm itself is very compact and
robust, yielding high bacterial density in a reactor. Furthermore, most natural biofilms

exhibit redox stratification and the presence of strong concentration gradients of both
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electron donors and acceptors, resulting in simultaneous nitrification and denitrification.
An engineering challenge is how we can control biofilm stiffness and maintain such
redox stratification. Essentially, we need to chase the mechanism of biofilm formation
and to make robust biofilms. In this chapter, biological nitrogen removal, basics of
biofilm, initial bacterial adhesion and subsequent biofilm formation, and development of

novel biofilm reactor with use of a gas-permeable membrane are described.

Published in (partly): A. Terada, K. Hibiya, S. Tsuneda, A. Hirata. “Novel water
treatment system with hollow-fiber membranes” Water and Purification and Liquid

Water Treatment, 44 (4), 153-164 (2003) (in Japanese)

1.1 Origin of nitrogen pollution

Nitrogen compounds are essential for all living organisms since it is a necessary element
of DNA, RNA and proteins. Although it is composed of 78% of the earth’s atmosphere as
nitrogen gas, almost all bacteria except a few organisms cannot utilize this form of
nitrogen directly. In many situations, fixed nitrogen is the limiting nutrient because its
availability is usually much smaller than the potential uptake by, for example, plants
(Pynaert, 2003). Hence, the supply of protein food for the global population by
agriculture is recently dependent on the use of synthetic nitrogen fertilizer generated
from atomospheric N, by the Haber-Bosch process. The global estimation for biological
nitrogen fixation is in the range of 200-240 Mt nitrogen, which indicates that the mass
flows for nitrogen have a major impact on the global nitrogen cycle (Gijzen and Mulder,
2001).

The consumption of protein will yield the discharge of organic nitrogenous compounds
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in wastewater (Van Hulle, 2005). Some nitrogenous compounds derived from fertilizer
accumulate and end up in wastewater in the form of ammonium or organic nitrogen.
Other polluting nitrogenous compounds are nitrite and nitrate. Nitrate is originally used
to make fertilizers, even though it is also used to make glass, explosives and so on.
Nitrite is manufactured mainly for use as a food preservative. These nitrogenous
compounds, i.e., organic nitrogen, ammonia, nitrite and nitrate, exist ubiquitously.

The discharge of these nitrogenous compounds into water environment results in several
environmental and health problems. Essentially, ammonia is a nutrient for plants and it is
responsible for eutrophication, i.e., undesirable and excessive growth of aquatic plants
and algae. Such excessive growth of the aquatic vegetables would cause a depletion of
oxygen since they consumes oxygen in the water, which has a significant impact on
viability of fish. Additionally, the growth of the vegetables determines oxygen and pH of
the surrounding water. The greater the growth of algae, the wider the fluctuation in levels
of dissolved oxygen (DO) and pH will be. This affects metabolic processes in organisms
seriously, leading to their death. Besides that, some blue-green algae have a potential to
produce algal toxins, which fatally kill fish and livestock that drink the water (Antia et al.,
1991). Ammonia itself is also toxic to water environmental organisms at concentration
below 0.03 g-NH3-N/L (Solbe and Shurben, 1989). Nitrate pollution impeded the
production of drinking water critically. Nitrite and nitrate in drinking water can result in
oxygen shortage of newly born, which is alternatively called ‘blue baby syndrome’
(Knobeloch et al., 2001) and, during chlorination of drinking water, carcinogenic
nitrosamines may be formed by the interaction of nitrite with compounds containing
organic nitrogen. Therefore, nitrogenous compounds need to be removed from
wastewater. For the removal of nitrogen, a wide variety of biological removal systems

are available (Henze ef al., 1995).
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1.2 Biological nitrogen removal
Inorganic nitrogen, which comes from domestic and industrial wastewater, is normally
found in most reduced form, ammonia. In wastewater treatment, nitrogen removal with
microorganisms (bacteria) is most widely applied in wastewater treatment plant because
biological nitrogen removal is less costly and less harmful to water environment than
physicochemical counterpart. In the biological nitrogen removal, complete nitrogen

removal is achieved by two successive processes: nitrification and denitrification.

1.2.1 Nitrification process

Nitrification is the aerobic oxidation of ammonia to nitrate (Rittmann and MaCarty,
2001). It is an essential process prior to the actual nitrogen removal by denitrification.
The process consists of two sequential steps that are performed by tow phylogenetically
unrelated groups of aerobic chemolithoautotrophic bacteria and, to a minor extent, some
heterotrophic bacteria. In the first step, ammonia is oxidized to nitrite by
ammonia-oxidizing bacterial (AOB) and, in the second step, nitrite-oxidizing bacteria
(NOB). Sometimes AOB and NOB are summarized as nitrifiers. The stoichiometry for
both reactions is given in equations 1.1 and 1.2, respectively (U.S. Environmental
Protection Agency, 1975). In these cases, typical values for AOB and NOB biomass yield

are used as follows:

Ammonia oxidation (nitritation)

55NH,4" + 760, + 109HCO3 — CsH;NO, + 54NO; + 57H,0 + 104H,CO;  (1.1)
Nitrite oxidation (nitrataion)

400NO, + NH," + 4H,CO; + HCO; + 1950, — CsH;NO; + 3H,0 + 400NO;’

(1.2)
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Both groups of bacteria are chemolithoautotrophic and obligatory aerobic. Autotrophic
means that they definitely fix and reduce inorganic carbon dioxide (CO,) for biosynthesis,
which is an energy-expensive process. Such very unique characteristic of nitrifiers makes
their yield values lower than that of aerobic heterotrophic bacteria. The fact that they
utilize a nitrogen electron donor even lowers their cell yield due to less energy release per
electron equivalent compared to organic electron donors. As a consequence, both AOB
and NOB are considered slow growing bacteria. Molecular oxygen is utilized for
endogenous respiration and conversion of reactant i.e., ammonia or nitrite. It is generally
known that nitrifies grow well at slightly alkaline pH (7.2-8.2) and temperature between
25-35°C (Sharma and Ahlert, 1977). At a pH below 6.5, no growth of AOB is observed
probably due to limited ammonia availability at such low pH value (Burton and Prosser,
2001). The optimal DO for AOB and NOB is normally 3-4 g-O,/m’ (Barnes and Bliss,
1983), although levels of 0.5 g-O,/m’ (Hanaki et al., 1990) and even 0.05 g-O,/m’
(Abeliovich, 1987) supported significant rates of ammonia oxidation but not nitrite

oxidation (Bernet et al., 2001).

1.2.2 Phylogeny of nitrifying bacteria

Nitrifying bacteria (nitrifiers) have minimal nutrient requirements owing to their true
chemolithotrophic nature. Nitrifiers are obligate aerobes, and they use oxygen for
respiration and as a direct reactant for the initial monooxygenation of ammonia (NH,") to
hydroxylamine (NH,OH). The most commonly known genus of bacteria that carries out
ammonia oxidation is Nitrosomonas; however, Nitrosococcus, Nitrosopira, Nitrosovibrio,
and Nitrosolobus are also able to oxidize ammonia to nitrite. The AOB, which all have
the genus prefix Nitroso, are genetically diverse, but related to each other in the

B-subdivision of the proteobacteria (Teske er al, 1994). This diversity suggests that
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neither the Nitrosomonas genus nor any particular species within it (e.g., N. europaea)
necessarily is dominant in a given system.

Although Nitrospira, Nitrospina, Nitrococcus, and Nitrocystis are recognized as NOB
to sustain themselves from nitrite oxidation, Nitrobacter is the most famous genus of the
NOB. Within the Nitrobacter genus, several subspecies are distinct, but closely related
genetically within the a-subdivision of the proteobacteria (Teske et al. 1994). Recent
findings using oligonucleotide probes targeted to the 16S rRNA of Nitrobacter, which
indicates that Nitrobacter is not the most important nitrite-oxidizing genus in most
wastewater treatment processes. Nitrospira more often is identified as the dominant NOB
(Aoi et al., 2000). Since nitrifiers exist in water environment and wastewater treatment
plants where organic compounds are present, such as in wastewater treatment plants, it
might seem curious that they have not evolved to use organic molecules as their carbon
source. While the biochemical reason that organic-carbon sources are excluded is not
known, the persistence of their autotrophic dependence probably is related to their

evolutionary link to photosynthetic microorganism (Teske et al., 1994).

1.2.3 Differential behavior of AOB and NOB

Several environment conditions affects the activity AOB and NOB. Generally, the
amount of nitrate defines NOB activity under aerobic conditions. By setting optimal
conditions, we can theoretically achieve not nitrite but ammonia oxidation since NOB are
more sensitive to detrimental environmental conditions, e.g., unusual pH, low DO,
temperature, solid retention time and so on, than AOB. Among the most important
environmental parameters influencing ammonia and nitrite oxidation are the free
ammonia (FA) and free nitrous acid (FNA) concentration, temperature, pH and DO

concentration. Engineering challenge is how we can differentiate the activity of AOB
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with NOB critically.

1.2.3.1 FA and FNA inhibition of nitrifiers
The uncharged nitrogen forms are considered to be the actual substrate/inhibitor for
ammonia and nitrite oxidation. The amount of FA and FNA can be calculated form

temperature and pH using following equilibrium equations:

K,
NH,Y == NH;+H' (1.3)

With a typical K}, value of 5.68 x 10™° at 25°C and pH 7

K,
HNO, — NO, +H" (1.4)
With a typical K, value of 4.6 x 10™* at 25°C and pH 7

where K; and K, are ionization constants of ammonia and nitrous acid, respectively.
The NH3 and HNO; concentrations can be calculated from equations 1.5 - 1.8 proposed
by Anthonisen et al. (1976):

_1_7X(NH;—N)X10PH

FAasNH (g | m’ (1.5)
&I = TR TR v 107
Kb /K = o(6344/273+1) (1.6)
46 (NO; —N)
FNAasHNO,(g / m’) = HXW (1.7)
Ka — e<—2300+273+7) (1.8)

where NH,'-N and NO,-N are ammonia- and nitrite-nitrogen concentrations, 7 is
temperature in °C, respectively. For these equilibriums 1.5 and 1.7, T and pH of the
solution will determine the concentrations of FA and FNA. The toxicity effect of this FA
and FNA on the two groups of nitrifiers has been described regarding a diagram proposed
by Anthonisen ef al. (1976). The diagram (Figure 1.1), where the AOB are represented by
Nitrosomonas and the NOB by Nitrobacter, indicates that inhibition of AOB by FA is

likely in the rage of 10 to 150 g-N/m’ while NOB are likely inhibited at significant lower
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concentrations of 0.1 to 1 g-N/m’. In case of NOB, the key enzyme, a nitrite
oxidoreductase (NOR), loses activity (Yang and Alleman, 1992). This difference in NH;
sensitivity could give rise to nitrite accumulation when wastewater with high ammonia
concentration is treated. However, adaptation of NOB to high FA levels is observed by
Turk and Mavinic (1989). They reported that NOB appeared capable of tolerating
ever-increasing levels of FA concentrations up to 40 g NH;-N/m’. At low pH less than 7,
FNA aftect the activity of AOB and NOB. According to Figure 1.1, a FNA concentration

of 0.2-2.8 g HNO3-N/m’ inhibits NOB.

FNA 0.2 g/m’
4 | 4
10 ' .3’,\ ' 3’, 10
— FA 10 g,/m FA 150 g/m —
g e Zoned nel g
=) 3 =)
— 3 —
|
=]
S 10 S
Z ¥ Z
! P i 102 +I
ON 10" FNA 2.8,¢/m’ mﬂ'
= " Zone3 z
’ \ 3 3
FA 0.1 %m FA 1 [g/m’]
100 ) ) . \ 101
5 6 7 8 9
pH [-]

Figure 1.1 Dependence of free ammonia (FA) and free nitrous acid (FNA) on pH in
the solution proposed by Anthonisen et al. (1976). Zone 1 shows FA inhibition of
Nitrobacter and Nitrosomonas, Zone 2 shows FA inhibition of only Nitrobacter, Zone
3 shows complete nitrification, and Zone 4 shows FNA inhibition of Nitrobacter.
Symbols: solid lines, FA of 0.1, 1, 10 and 150 mg r', respectively; dotted lines, FNA of
0.2and 2.8 mg /.

1.2.3.2 Effect of oxygen
Both AOB and NOB require oxygen for their normal anabolism and catabolism. Low DO
concentration will disrupt rates of ammonia and nitrite oxidation, leading to imbalance

between the growth of AOB and NOB. The effect of DO on the specific growth rate of
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nitrifiers is generally governed by the Monod equation, where affinity constant of oxygen
Ko> 1s a determining parameter. Considering the report that the constant for AOB and
NOB are 0.6 and 2.2 g-O,/m’, respectively (Wiesmann, 1994), Ky, value for AOB are
lower than that for NOB, indicating a higher oxygen affinity of AOB than that NOB at
low DO concentrations. In such oxygen-limited systems, this feature could lead to a
decrease in the amount of nitrite oxidation and therefore accumulation of nitrite (Bernet
et al., 2001; Garrido et al., 1997; Pollice et al., 2002; Terada et al., 2004).

Besides the direct inhibitory effect of low DO, there is also an indirect effect. AOB
exposed to low DO levels have been shown to generate higher amounts of the
intermediate hydroxylamine, which might be the determinant compound of nitrite
build-up (Yang and Alleman, 1992). Kindaichi et al. (2004) clarified that the addition of
hydroxylamine decreases the activity of NOB, which alternatively lead to an increase of
AOB activity and changes of microbial community in an autotrophic nitrifying biofilm.

1.2.3.3 Effect of temperature
Temperature is a key parameter in the nitrification process; however, the exact influence
has not been clarified because of the interaction between mass transfer, chemical
equilibrium and growth rate dependency. Normally, both AOB and NOB have similar
temperature ranges for their activities. Both organisms have maximum growth rates at a
temperature of 35°C (Grunditz and Dalhammar, 2001); however, they prefer moderate
temperature (20-30°C). The activities significantly decrease at temperatures below 20°C
and above 40-45°C because of enzyme disruptions. Generally, AOB grow faster than
NOB at temperatures of more than 25°C, whereas this is reversed at lower temperatures
around 15°C. The SHARON process (Single reactor High activity Ammonia Removal
Over Nitrite) employs such principle. In this process, nitritation, oxidation of ammonia to

nitrite, is established in chemostat by operating under high temperature conditions (above
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25°C) and maintaining an appropriate sludge retention time (SRT), which is also a
selection pressure between AOB and NOB. Such selective operation keeps AOB in the
reactor, while NOB are washed out and further nitratation, oxidation of nitrite to nitrate,
can be prevented. Nitrite build-up would be very useful when treating low
carbon/nitrogen-containing wastewater because subsequent denitrification requires less
organic carbon in case via nitrite than in that via nitrate.

Furthermore, considering the influence of temperature on microbial community
between AOB and NOB, increased temperature will increase the ratio of NH3/NH,',
possibly causing inhibitory effects on the NOB. Additionally, an increase of temperature
decrease saturated DO concentration, leading to oxygen-limited conditions disrupting the
imbalance of AOB and NOB with possible nitrite accumulation.

1.2.3.4 Effect of pH
In spite of a wide divergence of the reported effects of pH on nitrification, it is generally
known that the optimum pH range for both AOB and NOB is from 7.2 to 8.2 (Pynaert,
2003). The range is also related to NH3/NH," and NO, /HNO, ratios, where FA and FNA
can exhibit inhibitory effects starting from certain pH. Ammonia oxidation brings
acidifying conditions when it occurs (see equation 1.1). If buffer capacity of this
environment is too low, the pH will decrease rapidly. Below pH 7, nitrification rate
decrease even though there are some reports of nitrifying activity in acidic environments

(Burton and Prosser, 2001; Tarre et al., 2004a, b).

1.2.4 Denitrification process
Denitrification is the dissimilatory reduction of nitrate or nitrite to mainly nitrogen gas.
In other words, nitrate or nitrite is the electron acceptor used in energy generation.

Denitrification normally occurs among heterotrophic and autotrophic bacteria, many of

10
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which can shift between oxygen respiration and nitrogen respiration. Denitrifying
bacteria (denitrifiers) are common among the Gram-negative Proteobacteria, such as
Pseudomonas, Alcaligenes, Paracoccus and Thiobacillus. Some Gram-positive bacteria,
including Bacillus, can also denitrify. Even a few halophilic Archaea, such as
Halobacterium, are able to denitrify. The denitrifiers used in environmental
biotechnology are chemotrophs that can use organic or inorganic electron donors. Those
that utilize organic electron donors are heterotrophs and are widespread among the
Proteobacteria. Inorganic electron donors also can be used and gaining popularity
(Rittmann and MaCarty, 2001). Hydrogen (H,) is an excellent electron donor for
autotrophic denitrification. Its advantages include lower cost per electron equivalent
compared to organic compounds, less biomass production than with heterotrophs, and
absolutely no reduced nitrogen added. The main disadvantage of H2 in the past has been
lack of a safe and efficient H, transfer system. The recent development of
membrane-dissolution devices overcomes the explosion hazard of conventional gas
transfer and makes H, a viable alternative (Lee and Rittmann, 2000, 2002). Reduced
sulfur also can drive autotrophic denitrification. The most common source of reduced S
is elemental sulfur, S(s), which is oxidized to SO4*. The S normally is embedded in a
solid matrix that includes a solid base, such as CaCOs, because the oxidation of S(s)
generates strong acid.

During biological heterotrophic denitrification, oxidized nitrogen forms are reduced
and an organic electron donor is oxidized for energy conservation. This electron donor
can be the organic material present in wastewater, or, in case of shortage, an externally
added carbon source, e.g., acetate. An example of a denitrification reaction is given in
equation 1.9, where nitrate is denitrified to nitrogen gas with acetate as an electron donor.

CH3;COOH + 8/5 NO5™ +4/5 H,O — 4/5N,+2H,CO3 +8/50H (1.9)

11
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The pathways of denitrification are composed of four steps (equation 1.10). Each of the
reduction steps is catalyzed by respective enzymes, i.e., nitrate reductase, nitrite
reductase, nitric oxide reductase and nitrous oxide reductase.

NO; — NO; — NO (gas) — N,O (gas) — N, (gas) (1.10)
NO and N,O are gaseous intermediates, which have to be avoided. Since the greenhouse
effect of N,O is reported to be 300 times higher than that of CO, (IPCC, 2001), emission

of N>O should be reduced from wastewater (Tsuneda et al., 2005).

1.2.5 Application to novel nitrogen removal

1.2.5.1 Nitrogen removal via nitrite
As already mentioned in the previous chapters, nitrite is an intermediate in both
nitrification and denitrification (Figure 1.2). Accumulation or discharge of nitrite should
be harmful to aqueous environment; hence, nitrite should be removed properly. Normally,
ammonia is converted into nitrate by AOB and NOB under aerobic conditions;
subsequently the nitrate is converted into nitrogen gas by denitrifiers under anoxic
conditions. Such pathway via nitrate requires more oxygen for nitrification and organic
carbon for denitrification than that via nitrite. Numerous environmental engineers have
been focusing on biological nitrogen removal via not nitrate but nitrite because of
economical advantages. Concretely, the nitrification-denitrification via nitrite saves
around 25% on oxygen input for nitrification and 40% of organic carbon for
denitrification (Abeling and Seyfried, 1992; Bernet et al., 1996; Eum and Choi, 2002; Oh
and Silverstein, 1999; Turk and Mavinic, 1986). It also enables required hydraulic

retention time (HRT) to decrease, which could achieve a small reactor volume.

12
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AOB Nitrification

NH,* [—>|NH,OH (Aerobic)
\ NOB

Figure 1.2 Schematic diagram of biological nitrogen removal pathway.

1.2.5.1 Simultaneous nitrification and denitrification with biofilm
Nitrification and denitrification are complementary in many ways: (1) nitrification
produces nitrite or nitrate that is a reactant in denitrification; (2) nitrification reduces the
pH that is raised in denitrification; and (3) denitrification generates the alkalinity that is
required in nitrification (Rittmann and MaCarty, 2001). Therefore, there exists obvious
advantage to carry out simultaneous nitrification and denitrification in a single reactor. In
that case, it is essential to make redox stratification, i.e. reaction sites for aerobic and
anoxic part in a single reactor. In this thesis, the author is focusing on bacterial
aggregated layer on surfaces, biofilm. The Biofilms have chemical gradients because of
its thickness, leading to creation aerobic and anoxic part inside; therefore, they can
theoretically provide such stratification. Engineering challenges are how we can create
such redox stratification in biofilms and how we can make robust biofilm. Biofilm itself

and its potential toward biofilm reactor will be described in the next chapter.

1.3 Basics of biofilms and application to biofilm reactor
1.3.1 Why biofilms?
Bacteria tend to adhere onto surfaces. Once bacteria attach to a substratum surface, a

multistep process starts leading to the formation of a complex and heterogeneous biofilm

13
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(Bos et al., 1999). Biofilms are layer-like aggregations of bacteria and their extracellular
polymeric substances (EPSs) attached to a solid surface (Rittmann and MaCarty, 2001).
Biofilms occur ubiquitously in nature and are increasingly important in engineered
processes used in pollution control, e.g., trickling filters, rotating biological contactors,
membrane-aerated biofilm reactor and anaerobic filters. Biofilm processes are simple,
reliable and stable because natural immobilization allows excellent biomass retention and
accumulation without the need for separate solids-separation devices.

A biofilm can be sometimes formed by a single bacterial species, but more often
biofilms consist of many species of bacteria, for instance, fungi, algae, protozoa, debris
and corrosion products. The relative ratio of bacterial cells and EPS has been reported to
vary significantly, from 10 to 90% of the organic matter (Nielsen et al., 1997). EPS is
mainly represented by polysaccharides (up to 65%) and is for this reason also known as
the glycocalyx matrix. However, other substances are present, such as proteins (10-15%),
nucleic acids, lipids, DNA and humic acids (Wingender et al., 1999).

Here one fundamental issue about biofilm (actually, all aggregated systems) emerges:
why do bacteria preferably attach to surfaces and belong to part of biofilm? Considering
the issue, there are some answers as follows (Rittmann and MaCarty, 2001):

1. The biofilm create an internal environment (e.g., pH, O,, or products), which
is more hospitable than the bulk liquid. In other words, the biofilm generates
unique, self-created microenvironments, for example, aerobic and anoxic
conditions in the same biofilm that could achieve simultaneous nitrification
and denitrification (de Beer et al., 1997)

2. Different bacterial species must live together in obligate consortia for
substrate transport or some other synergistic relationships; the close

juxtaposition of cells in a biofilm, e.g., AOB and NOB, is necessary for the
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4.

5.

exchanges (James et al., 1995).

The surface itself creates a unique microenvironment, such as by adsorption
of toxins or corrosive release of Fe%, which is an electron donor.

The surface triggers a physiological change in the bacterial.

The tight packing of cells in the aggregate alters the cells’ physiology.

Possibilities 1-3 involve microenvironment effects and seem to occur in specific

instances. They are forms of ecological selection, and biofilm formation is one tool for

ecological control of a process. Evidence to support possibility 4 is spare for systems of

relevance to environmental biotechnology, although it may by important for specific

interactions between bacteria and surfaces. Possibility 5 is often called “quorum sensing”,

and evidence of its role in biofilms and other aggregates is just emerging (Miller and

Bassler, 2001).

1.3.2 Mechanisms of biofilm formation

The formation of a biofilm in an aqueous environment is generally illustrated to proceed

as follows (Bos et al., 1999; Bryers, 2000) (Figure 1.3):

1.

A conditioning film of adsorbed components is formed on the surface prior
to the arrival of the first coming bacteria.

Bacteria are transported to the surface through diffusion, convection,
sedimentation or active movement.

Initial microbial adhesion occurs From the physicochemical aspects of the
bacterial adhesion phenomenon, since individual cell size is more or less 1
pm, cell surface characteristics, such as surface electric potential,
hydrophobicity and surface polymer structure, play significant roles in

bacterial adhesion (Bos et al., 1999; Hayashi et al., 2001; Hayashi, 2002;
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Rutter et al., 1984). This phenomenon is a reversible step.
4. Attachment of adhering microorganisms is strengthened through secretion of
EPSs and unfolding of cell surface structures. This step is an irreversible
step.
5. Surface growth of attached bacteria and continued secretion of EPSs.
6. Localized detachment of biofilm organisms caused by occasionally high
fluid shear or other detachment forces.
Localized detachment of biofilm organisms commences after initial adhesion, although
adhesion of individual bacteria is often considered irreversible. The ratio of detachment
event could be dependent of interaction between bacterial cells and physicochemical
surface characteristics, flow rate in the bulk and so on. The importance of the studied of
the initial bacterial adhesion in biofilm formation has been questioned because the
number of cells in a mature biofilm after the growth phase is several times higher that
involved in the initial bacterial adhesion (Fox et al., 1990; Petrozzi et al., 1993).
However, Busscher et al. (1995) proposed the significance of bacteria that initially
adhere as the link between the colonized surface and the biofilm. Regarding initial
bacterial adhesion onto a substratum, electrostatic force is considered to be the most
important, because it is markedly influenced by the surface potentials of both bacterial
cells and the substratum or the chemical properties of the solution, that is, ionic

concentration and valence of ions (Terada et al., 2005).
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Figure 1.3 sequential illustrations of the initial steps in biofilm formation. A:
Adsorption of conditioning film components; B: microbial transport and coaggregation;
C: adhesion of single bacterial cells and of microbial coaggregates; D: co-adhesion
between microbial pairs; E: anchoring or the establishment of firm, irreversible
adhesion through secretion of EPSs; F: biofilm growth and detachment (From Bos et
al. 1999).

1.3.3 Biofilm detachment
Detachment is an event by definition balancing the growth of a biofilm in steady state
(van Loosdrecht et al., 1995). It can be defined as the transport of particles from the
attached solid matrix into the fluid phase. Attachment can be considered as a separate
process or included in the detachment, leading to a net detachment rate. There are four
different types of detachment as follows:

1. Erosion: a continuous process by which relatively small pieces of biofilm are

removed from the biofilm’s surface.
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2. Abrasion: removal of small groups of bacterial cells from the surface as a
result of collision with particles, e.g., in fluidized bed or biofilm airlift
reactors, or during backwash of fixed beds.

3. Sloughing: an abrupt, intermittent loss of a large section of biofilm..

4. Grazing: protozoa prey bacterial cells in a biofilm

Sloughing can result in drastic changes in the local biofilm accumulation (Rittmann and
MaCarty, 2001). Considering that biofilm should be robust in a reactor for wastewater
treatment, we should set a carrier, which would help bacterial cells to attach very firmly

and robustly.

1.3.4 Application of fluorescence in situ hybridization (FISH) to microbial biofilms
1.3.4.1 FISH
FISH is a powerful molecular technique, allowing for detection of phylogenetically
targeted microorganisms. Advantageous points of FISH technique are reviewed by Aoi.
(2003). According to the work, this technique illuminates spatial distribution of the
targeted microorganisms even in a thick specimen, e.g. biofilm and sediment samples.
Regarding bacteria and archaea, 16S rRNA gene is targeted. Oligonucleotide probe with
sequences complementary to a targeted site in 16S rRNA gene is labeled with
fluorochrome, each of which has inherent excitation and emission wavelengths (Amann
et al., 1990). According to the previous literature (Aoi, 2002), the rationales for selection
of 16S rRNA gene as a target are three-fold: (i) all bacteria and archaea embrace 16S
rRNA gene; (ii) the database is sufficiently provided; and (iii) the gene can be detected
by either an epifluorescence microscopy or confocal laser scanning microscopy (CLSM).
1.3.4.2 Combination of FISH technique with other methods

FISH technique has been applied to biological specimens in combination with a
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sub-cloning or fingerprinting method, e.g. denaturing gradient gel electrophoresis
(DGGE). The combination of these techniques allows one to acquire information on
identification of unidentified bacteria, by a sub-cloning or fingerprinting method like
DGGE, and subsequently the spatial location by FISH technique. A whole scheme of this
analysis on 16S rRNA gene can be found in the previous literature (Amann ef al., 1995).

A microsensor with its tip diameter within the micrometer level allows attainment of in
situ substrate profiles with rapid response time in a non-destructive manner. A Clark-type
microsensor, e.g. DO microelectrode, is based on diffusion of oxygen through a silicon
layer embedded at the edge of the microsensor tip (Kiihl and Revsbech, 2001). There are
several variations of Clark-type microsensors, e.g. N>O, H,S, H, and so on. In addition,
microsensors for ionic compounds, e.g. NH;", NO,, NO; and so on, can be also
fabricated, allowing for these ionic concentration profiles in micrometer scale.
Combination of FISH technique with microsensors has been applied to biofilms for
sulfate reduction (Ramsing et al., 1993), nitrification (Okabe et al., 1999; Schramm et al.,
1996, 1988, 1999) and nitrification/denitrification (Hibiya et al., 2003; Schramm et al.,
2000; Terada et al., 2003). These studies elucidated both spatial distribution of targeted
bacteria and their in situ activities, unveiling functions of the biofilms and potential
implications for bioreactor performances (Figure 1.4).

1.3.4.3 In situ observation of nitrifying biofilms

Nitrification is generally mediated by chemolithoautotrophic bacteria, i.e. AOB and NOB.
This means that their growth rates are not as high as those of heterotrophic bacteria.
Given this point, nitrifying bacteria are potentially washed out from a bioreactor at any
inconvenient operation conditions. Therefore, keeping nitrifying bacteria in a bioreactor
system is a big engineering challenge. In other words, activated sludge is not always the

best option to achieve organic carbon oxidation and nitrification with short hydraulic
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Figure 1.4 Schematic illustration of the analysis of the in sifu organization of a biofilm

community using various methods and the connection with reactor performance (partly
from Aoi, 2002).

retention time. In order to ensure a certain degree of nitrification in a bioreactor system,
immobilization of nitrifying bacteria is of promise. As summarized elsewhere (Aoi,
2003), several methods for immobilization of nitrifying bacteria have been proposed, e.g.
the use of robust biofilm produced by heterotrophic bacteria as a scaffold (Tsuneda et al.,
2000), a gel entrapment method (Sumino et al., 1992), entrapment in a three-dimensional
matrix of a fibrous material (Hayashi et al, 2002), and surface modified materials to
electrostatistically attract bacterial cells (Hibiya et al., 2000, 2003; Terada et al., 2003).
To confirm the presence of nitrifying bacteria in a biofilm, application of FISH technique

can be meaningful.
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By using available oligonucleotide probes, spatial distribution of even
phylogenetically different AOB and NOB can be attained. Previous researches have
demonstrated niche differentiation of phylogenetically different AOB and NOB in a
nitrifying biofilm (Okabe et al., 1999; Satoh et al., 2003; Schramm et al., 2000).
Furthermore, combination of FISH technique with microsensor application even allowed
in situ activity of specific AOB in the level of a single cell resolution (Schramm et al.,
1999). As reviewed by Aoi (2002), the attainment of in situ activity and spatial location
of targeted bacteria leads to elucidation of unexplored biofilm functions and development

of an exquisite biofilm model incorporating bacterial activities in a microscale level.

1.3.5 Surface modification by grafting method -toward enhancement of biofilm
formation-
As mentioned in the chapter /.3.3, the sloughing from the base biofilm would be a
serious problem in a biofilm reactor because almost all of the biofilm is removed from a
substratum. When the biofilm has redox stratification, i.e., aerobic and anaerobic part, the
problem itself would become serious; all biofilm function would lose completely.
Busscher et al. (1995) proposed that the strength between adhering bacteria and a
substratum surface is determinant on biofilm strength and resistance against sloughing.
The author think consider surface modification that makes bacteria easy to attach onto
the surface swiftly and robustly since initial bacterial adhesion is one of significant factor
to determine biofilm property, e.g., biofilm density, thickness and activity. In this study,
the author is focusing on radiation induced graft polymerization (RIGP) (Figure 1.5).
RIGP is one of the techniques for modifying polymeric materials with new properties.
Irradiation with electron beam or gamma-rays onto a polymeric material (trunk polymer)

produces radicals (reaction sites) in the polymer, Using radicals as starting sites for
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polymerization, vinyl monomers that come into contact are polymerized to form
polymeric brushes (polymer chains or branch polymers) (Kawai et al., 2003). Although
other excitation sources such as plasma and UV light can also produce radicals on the
trunk polymer, RIGP is powerful in that it can introduce a high density of polymeric
brushes bearing functional groups into the entire volume of the trunk polymer uniformly
(Lee, 1997). The advantages of RIGP are:

1. A selectivity and chemically physically stable polymeric materials;

2. A wide application various types and shapes of polymeric materials;

3. A wide range of applicable reaction temperature; and

4. An easiness of controlling the distribution of reaction sites in the trunk

polymer.
This technique can be used to maintain the physical strength and chemical stability of the
trunk polymer while appending various functionalities to the trunk polymer, for instance,
ion-exchange function, microbial-cell-capturing function, metal-ion-chelating function
and catalytic function.
Application this method to enhancement of bacterial adhesion would be promising

because of two reasons:

1. Bacterial cell surface has originally negative charges at neutral pH range.

2. By using RIGP, trunk polymer can be changed into the surface with

positively charged.

Lee et al. (1996) reported that application of RIGP to polyethylene (PE) fiber, concretely
PE was modified in order to have positively charged surface, can make Staphylococcus
aureus cells-capturing ability increase up to 1000-fold faster than the original trunk
polymer, PE. In addition, they suggested that polymer chains on the PE capture a

bacterial cell softly, which remains bacterial activity (Figure 1.6). On the other hand,
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Hibiya et al. (2000) reported that a nitrifying biofilm forms successfully on the surface
modified sheets, which are originally made of PE, under high hydrodynamic conditions.
However, there are some issues to be clarified: is there the link between initial bacterial
adhesion and subsequent biofilm formation?; how is the activity of the adhering

bacteria?; and can we generalize bacterial adhesion behavior statistically?.
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Figure 1.5 An illustration of radiation-induced graft polymerization (From Saito ef al.
1999).
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Figure 1.6 Suggested images for the adsorption of bacterial cell onto two kinds of
polymers (from Lee ef al., 1996).
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1.3.6 Novel biofilm reactor applicable to simultaneous nitrification and denitrification
-with use of membrane-aerated biofilm-

Interestingly, most natural biofilms exhibit redox stratification and the presence of strong
concentration gradients of both electron donors and acceptors (Amann and Kiihl, 1998;
Schramm 2003). The oxygen level in most natural biofilms is modulated by external
factors such as flow, light or organic loading, and consequently the redox conditions
often show a pronounced spatial heterogeneity over timescales ranging from hours to
days. While redox gradients can, thus, establish in natural biofilms and traditional biofilm
reactors, they lack the system control measures required for precise manipulation of
multiple biochemical environments within a single bioreactor unit.

Membrane-aerated biofilm reactors (MABRs) are an emerging technology that could
permit a more rigorous oxygen control (Brindle et al., 1996, 1998; Casey et al., 1999;
Pankhania et al., 1994; Suzuki et al., 1993, 2000; Yamagiwa et al., 1994, 1998). Gas
permeable membranes, which can be fabricated from a variety of polymers (poly
(dimethylsiloxane), polyethylene and polypropylene in single or multiple layer) with
different functional properties, permit bubbleless aeration and very high oxygen transfer
rates (Ahmed et al., 2004; Cote et al., 1989). There are two types of aeration: flow
thorough and dead-end (Figure 1.7). Such aeration type is dependent on what kind of
membrane is used. Characterization of the aeration types is summarized in Table 1.1.

By growing the desired microorganisms on gas-permeable membranes, with oxygen
delivered through the membrane at the base of the biofilm, and the other nutrients
provided to the surface of the biofilm from the water within which the membranes are
suspended, redox-stratified biofilms can be attained. Such counter diffusing fluxes of
oxygen and other nutrients are, additionally, amenable to separate manipulation, yielding

unprecedented opportunities for control. It is expected that MABRs would be suitable to
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create the redox stratification in the biofilms, leading to simultaneous nitrification and
denitrification from organic carbon-containing wastewater (Figure 1.8). Some
researchers clarified that such simultaneous reaction would be feasible from
mathematical modeling (Bell et al. 2005; Shanahan and Semmens, 2004) and from
experimental work (Cole et al., 2003; Hibiya et al., 2003; Satoh et al. 2004; Semmens et
al., 2003; Timberlake et al. 1988; Terada et al., 2003). Therefore, we need to verify some
issues regarding MABRs, e.g., whether biofilm forms on a membrane surface; whether
we need to modify membrane surface to enhance biofilm formation; whether redox
stratification is properly created by appropriate oxygen transfer and whether shortcut

nitrogen removal via nitrite (nitrate) is feasible or not.

Table 1.1 Variation of membrane material and its characterization

Non-porous membrane Porous-membrane Composite membrane

Property Normally hydrophobic (it depends on time)

) Through pores and
Oxygen transfer Dissolved Through pores :

dissoved
Driving force of o Diffusion or convection o .
Diffusion . . Diffusion and convection

oxygen transfer (it depends on operation)
Bubbling point High Low Extremely high
Cost High Low High
Biofilm formation Difficult Easy Easy
Specific
membrane surface Small Large Large
area
Membrane wall Thick Thin Thin
Aeration type Cross-flow Cross-flow/dead-end Dead end
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Figure 1.7 Composition of membrane module: (a) cross-flow system; (b) dead-end

system.
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Figure 1.8 Comparison of biofilm structures for organic carbon and nitrogen removal:
(a) conventional biofilm on an impermeable support; (b) proposed biofilm grown on an

oxygen-permeable membrane
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1.4 Objective of this study

The final objective of this study is to create stable redox stratification in a biofilm and to

develop novel biofilm reactor applicable to simultaneous nitrification and denitrification.

The overview of the thesis is illustrated in Figure 1.9. For achieving these goals, a

challenge is how we can make swift biofilm formation and robust biofilms. Therefore,

the author conducted these experiments:

1.

Initial bacterial adhesion experiment: the author clarified the determinant
factor on initial bacterial adhesion. Since RIGP is a very powerful method to
prepare the sheets with different physicochemical properties, e.g., surface
roughness and surface potential, for the adhesion experiment, various
membrane sheets with different properties were prepared and subsequently
the initial bacterial adhesion onto the prepared surfaces were carried out
(Chapter 2).

Bacterial adhesion and activity experiment: the relationship bacterial
adhesion rates onto the surface modified sheets and their activity were
investigated. And discussion whether or not the surface modified sheets
would be useful for enhancement of biofilm formation is summarized in
Chapter 3.

Biofilm formation test: the relationship between initial bacterial adhesion
and the subsequent biofilm formation is linked with use of a flow cell. And
some corroborative experiments were conducted to support the result of the
flow cell. Through these experiment, the effectiveness of surface modified
sheets was evaluated (Chapter 4).

Primary nitrification test: Initial adhesion of nitrifying bacteria and biofilm

formation were investigated to clarify the effectiveness of the surface
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modified hollow-fibers for rapid biofilm formation. Moreover, MABR,
which employed the modified hollow-fiber module, was constructed and
operated for nitrification test. Especially, controllability, i.e., the relationship
supplied oxygen and ammonia oxidation, was evaluated (Chapter 5).

5. Simultaneous nitrification and denitrification test with MABR: the MABR
has been operated for one year to chase process performance from
macroscale and microscale analyses. Regarding the microscale evaluation,
the combination of FISH and microsensor was employed to verify the
concept of membrane-aerated biofilm. Furthermore, the feasibility of
simultaneous nitrification and denitrification via nitrite was discussed

(Chapter 6).

Bacterial adhesion and Evaluation of MABR from
subsequent biofilm formation macro- and micro-scale

.
Elucidation of determinant factor on E System evaluation
bacterial adhesion (Shcggmtme:mllu)m . E (Chapter V, VI)
am'" " E @ Evaluation of oxygen
»  utilization
-~ \® E @ Analysis of water quality

Development of novel biofilm
......................... process with redox stratifi;ation temmssssszssszassas

Relationship among bacterial adhesion
rate, activity and biofilm formation
(Chapter II1, IV)
@ Evaluation for rapid and
robust biofilm formation

Biofilm analysis
(Chapter VI)
Microelectrode
Fluorescence in situ
@ Verification of redox hybridization
stratification

'Oligonucleotide prob:

@ Evaluation of
microbial community

Figure 1.9 Outline of this thesis.
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Abstract
Surface-modified polyethylene (PE) membrane sheets were prepared by the
radiation-induced graft polymerization (RIGP) of an epoxy-group-containing monomer,
glycidyl methacrylate (GMA). The epoxy ring of GMA was opened by introducing
diethylamine (DEA) or sodium sulfite (SS). We examined the properties of these sheets
by measuring the amount of grafting polymer, surface roughness and membrane potential,
and also investigated the adhesion of five Gram-negative bacteria, Escherichia coli,
Pseudomonas aeruginosa, Pseudomonas putida, Pseudomonas fluorescens and
Paracoccus denitrificans, onto the prepared sheet surfaces. A linear relationship between
the degree of grafting (dg) and surface roughness was observed. Moreover, membrane
potential was dependent on the amount of DEA or SS as the ionizable group. These

results indicate that RIGP enables the control of the physicochemical properties of such a
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sheet surface by adjusting dg and the subsequent conversion of functional groups. A
batch test on bacterial adhesion onto the sheets clarified that the DEA-containing sheet
(DEA sheet) exhibited an adhesion rate constant, 4, significantly greater than those of
other types of sheet. Clearly, the adhesion rate constant of the DEA sheet increased with
dg, indicating that electrostatic interaction is the most decisive factor for bacterial
adhesion when it works as an attractive force. Furthermore, the densities of bacteria
adhering onto the GMA-containing sheet (GMA sheet) and the SS-containing sheet (SS
sheet) were almost the same as that onto a PE sheet, whereas that onto a DEA sheet
significantly increased. Thus, the introduction of the GMA- and SS-containing graft
chain did not have much influence on bacterial adhesion onto the surfaces, supporting the
conclusion that the promotion of bacterial adhesion onto the GMA and SS sheets was due
to an increase in surface area resulting from RIGP. Moreover, the scanning electron
microscopy images of the sheet surfaces indicate that the conditions and morphologies of
initial bacterial adhesion are dependent on surface properties, particularly membrane

potential.

Published in: A. Terada, A. Yuasa, S. Tsuneda, A. Hirata, A. Katakai, M. Tamada,
“Elucidation of dominant effect on initial bacterial adhesion onto polymer surfaces

prepared by radiation-induced graft polymerization” Colloids and Surfaces B:

Biointerfaces, 43, 97-105 (2005).

2. 1 Introduction
Bacteria tend to associate with surfaces. Once bacteria attach to a substratum surface, a

multistep process starts leading to the formation of a complex and heterogenous biofilm
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(Bos et al., 1999). Biofilms are detrimental to food equipment (Dickson et al., 1989),
heat exchangers (Kjellerup et al., 2003), ship hulls (Cooksey et al., 1995), and
biomaterial implants (Hendricks et al., 2000), but also beneficial; for example, they
degrade environmental hazardous substances in a bioreactor (Nicolella et al., 2000a, b;
Tsuneda et al., 2003). In the former case, most research focused on how to prevent the
adhesion of bacteria and therefore the formation of an infectious, pathogenic biofilm. In
the latter case, an important consideration is to enhance the initial attachment of bacteria
onto a substratum and maintain biofilms in an optimal spatial arrangement of different
microbial species to stimulate an efficient degradation of specific substances in a
bioreactor.

Bacterial adhesion leading to the formation of a coherent biofilm is a two-step process;
the first step is reversible involving physicochemical forces. The second step is an
irreversible chemical step, followed by the synthesis of extracellular polymeric
substances cementing the film. The importance of the studies of the initial bacterial
adhesion in biofilm formation has been questioned, because the number of cells in a
mature biofilm after the growth phase is several times higher than that involved in the
initial adhesion (Petrozzi et al., 1991; Fox et al, 1990). From another viewpoint, however,
these studies overlook the importance of bacteria that initially adhere as the link between
the colonized surface and the biofilm (Busscher et al, 1995). Some researchers
demonstrated that the physicochemical properties of a substratum, particularly surface
potential (i.e., zeta potential), affect the rate of the initial bacterial adhesion and the
subsequent biofilm formation, indicating the significance of the initial bacterial adhesion
onto a substratum (Harks et al., 1992; Gottenbos et al, 1995, 1999, 2001; van Loosdrecht
et al., 1990).

The majority of existing models for bacterial attachment mechanisms are based on
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colloidal theories. From the physicochemical aspect in the case of planktonic bacteria
approaching a solid substratum in a solution, mainly van der Waals forces and
electrostatic interaction due to the overlapping diffuse layer, that is, DLVO forces, comes
into play initially. Then, subsequent short-range forces, such as steric interactions due to
the polymeric surface structure or forces of hydrophobic nature, become dominant (Saito,
2002). Electrostatic force is considered to be the most important, because it is markedly
influenced by the surface potentials of both cells and the substratum or the chemical
properties of the solution, that is, ionic concentration and valence of ions.

In many surface modification methods that promote or reduce bacterial adhesion,
radiation-induced graft polymerization (RIGP) has an advantage in that it enables the
introduction of graft-chain-containing interfaces bearing functional groups into various
polymeric backbones (Lee et al., 1996). Lee et al. reported that a hollow-fiber membrane
modified by RIGP exhibits a significantly high capturing rate for Staphylococcus aureus,
indicating efficient bacterial recovery for water purification (Lee et al., 1996, 1997).
Hibiya et al. reported that nitrifying bacteria exhibit a high adhesiveness to a membrane
whose surface is modified with positively charged graft polymer chains, and nitrifying
biofilms form within a short time (Hibiya et al., 2000). In our previous studies, we used a
positively charged hollow-fiber membrane as a bacterial support medium and as an
oxygen-supplying material to develop a membrane-aerated biofilm reactor for
nitrogenous wastewater treatment: we obtained a rapid immobilization of nitrifying
biofilms and a high oxygen utilization efficiency of a nitrifying bacteria (Terada ef al.,
2003, 2004). Although research on its practical applications is underway, we have to
elucidate the relationship between bacteria and surfaces prepared by RIGP for the
optimal design of biointerfaces.

The objective of this chapter is twofold: to examine the effect of physicochemical
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properties of a surface-modified membrane sheet prepared by RIGP on the initial
bacterial adhesion and to clarify the dependence of the mechanism of adhesion onto

membrane sheet properties.

2.2 Materials and methods

2.2.1 Bacterial strains
Five Gram-negative bacteria, Escherichia coli (IFO-3301), Pseudomonas aeruginosa
(IFO-3080), Pseudomonas putida (IFO-3081), Pseudomonas fluorescens (IFO-3507) and
Paracoccus denitrificans (JSM-6892), were used in this study. These bacteria are
ubiquitous and are responsible for the removal of nitrogenous and xenobiotic compounds
in soil, water environments, wastewater treatment plants and so on. Prior to adhesion
tests, each strain was aerobically cultured for 1 day at 30°C in a liquid medium
containing polypeptone, 10.0 g; yeast extract, 5.0 g; sodium chloride, 1.0 g; and distilled
water, 1 L. Cells were harvested at their exponential growth phase by centrifugation
(8000 g, 10 min) and resuspended in water. This washing procedure was repeated three
times to eliminate residual substrates and extracellular polymers that bacterial cells
produced during their growth. Finally, the washed cells were suspended in a 0.02 M
phosphate-buffered saline (PBS) solution. Prior to the adhesion experiment, the linear
relationship between cell number and optical density at 660 nm wavelength (O.D.¢60) was
confirmed under all experimental conditions. YO-PRO-1 (Molecular Probes, Leiden, The
Netherlands), which stains DNA, was used for counting cell number.

Electrophoretic mobility measurements were carried out using an electrophoretic
light-scattering spectrophotometer (ELS-8000, Otsuka Electronics, Japan). Subsequently,

zeta potential was calculated from obtained electrophoretic mobilities using
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Smoluchowski’s equation. Cell suspensions were dispersed in an ultrasonic bath for 5
min and immediately applied to the apparatus. All measurements were carried out in

triplicate.

2.2.2 Fabrication of membrane sheet

A preparation scheme for diethylamino- or sulfonic acid-containing membrane sheets is
shown in Figure 2.1. Firstly, a polyethylene (PE)-based membrane sheet (PE sheet)
(Asahi Kasei Chemicals, Japan) was used as the stem for grafting. The longitudinal and
transversal of the sheet were 10 and 7.5 cm, respectively, with a porosity of 70% and an
average pore size of 0.20 pm. The sheets were irradiated with an electron beam in a
nitrogen atmosphere at room temperature. The total dose of the electron beam was set at
200 kGy. Then, the irradiated sheets were immersed in a glass ampoule containing
glycidyl methacrylate (GMA; 5 wt/wt% in methanol), previously sparged with nitrogen
gas, and allowed to react at 313 K for a predetermined time. The obtained GMA-grafted
sheets were soaked in N, N-dimethylformamide and then in methanol to remove residual
monomers and homopolymers. They were then dried under reduced pressure. The
amount of GMA grafted onto a stem sheet represented the degree of grafting (dg)

calculated as follows:

W =W,
dg:IOOX( 7 J [%] (2.1)

0

b

where W, and W, are the weights of the stem sheet and GMA-grafted sheet, respectively.
Then, the produced epoxy groups were converted to diethylamino groups (-N(C,Hs),) or
sulfonic acid groups (-SO3;H) by immersing the GMA-grafted sheet in a mixture of
diethylamine (DEA)/water = 50/50 (volume ratio) or sodium sulfite (SS)/isopropyl

alcohol/water = 10/15/75 (weight ratio), respectively. The conversion of the epoxy
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groups to ionizable groups, that is, DEA and SS groups, was set at about 100%. Hereafter,
the resultant GMA-, DEA- and SS-containing sheets are referred to as GMA, DEA and
SS (X) sheets; X in parentheses represents dg.

DEA
—> polyethylene

electron beam —|—N(C2H5)2

OH
GMA —T—N(C.Hs),

OH
| polyethylene l —_—> [ polyethylene ]_) [ polyethylene ]— _|_N(C2H5)2

OH
Teoeeoe e —|—N(C2H5)z
radical O~ OH

—— DEA sheet
o SS

:O; _)I polyethylene l

——SO;H

OH
GMA sheet —(l):SOSH

—|—SO3H

OH
—SO:H

OH

SS sheet

Figure 2.1 Preparation scheme for GMA, DEA and SS sheets.

2.2.3 Properties of membrane sheet
For the morphological observation of sheet surfaces fabricated by RIGP, atomic force
microscopy (AFM, Nonoscope Illa Dimersion™ 3100, Digital Instruments, USA) was
carried out. For AFM, the sheets were cut in 1 x 1 cm sections and fixed on a microscope
slide with double-sided adhesive tape. AFM was performed in the tapping mode. Height
images were recorded in three dimensions at three randomly selected sites, from which
the mean surface roughness and the mean three-dimensional surface area were calculated.
Ten point height of roughness profile was employed for the measurement of the mean
surface roughness (ISO 4287: 1997).

Membrane potential was measured following the method of Tsuru et al. (1990). The
apparatus used in this study was a U-bend cell, which was divided into two

compartments using one membrane sheet. The solute used in this study was 0.02 M PBS
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(pH 7.2). The membrane sheets were rinsed in distilled water before being used for the
measurements. Distilled water was supplied to one side and PBS to the other side of the
cell. The temperature was maintained at 298 K. Membrane potential was measured using
two reference electrodes (RE-1C, BAS Inc. Japan), which were both Ag/AgCl electrodes
in a saturated potassium chloride solution, when the value became constant due to the
decrease in concentration polarization. The two electrodes were connected to an
electrometer (R8240, Advantest, Japan). The measurement was conducted in triplicate

under the same conditions and the average value was taken.

2.2.4 Evaluation of rate of bacterial adhesion onto a membrane sheet

Forty milliliters of cell suspension prepared as described above was added to a 50 ml
beaker. The concentration of the cell suspension was set at an O.D.g60 of 0.050(5.5 ~ 9.4
x 10° cells/ml). Ten PE, GMA (50, 100 and 200), DEA (50, 100 and 200) and SS (50, 100
and 200) sheets were cut into 0.25 cm®. Then, each sheet was immersed in a beaker
containing a cell suspension. The rate of adhesion of five bacterial strains onto each sheet
was measured in terms of the decrease in O.D.¢sp of each cell suspension. The cell
suspension and the prepared sheets were incubated with shaking at 200 rpm at 298 K.
The cell suspension was sampled at specific time intervals. Adhesion rate was calculated
from O.D.g60, two-dimensional surface area and volume. The adhesion rate constant, %,

was defined as (Lee et al., 1996):

9 _ rac (2.2)
dt

B

where k can be derived as follows under an initial condition of C=Cj at +=0:

HME)
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where V, 4, t, C,, and C, are the volume of cell suspension, two-dimensional sheet

surface area, contact time, O.D.¢69 at time ¢ and initial O.D.¢0, respectively.

2.2.5 Observation of bacterial adhesion by scanning electron microscopy

The sheets, which were immersed in cell suspensions of the five strains for 8 h at 298 K,
were collected carefully and washed with distilled water. Then each sample was
immediately fixed, washed with sodium cacodylic acid solution, and dehydrated with
ethanol. A sample was observed by scanning electron microscope (SEM) (JSM-5600,
JEOL, Japan) after the sample was mounted on a stub and coated with gold using an ion

coater (JFC-1100E, JEOL, Japan).

2.3 Results
2.3.1 Membrane sheet properties prepared by RIGP
Dg for the membrane sheets increased proportionally with reaction time in Swt/wt%
GMA/methanol solution (Figure 2.2). This property allowed us to control dg by setting
reaction time and thus to fabricate ten membrane sheets, namely, PE, GMA (50, 100 and
200), DEA (50, 100 and 200) and SS (50, 100 and 200) sheets. The relationship between
surface roughness and dg for each sheet is shown in Figure 2.3. Whether the epoxy group
of the GMA was opened to ionizable groups or not, roughness was proportional to dg.
Surface morphological observation by AFM clarified that the sheets with a high dg had
rough surfaces because of the introduction of GMA polymer chains to the PE sheet by
RIGP (data not shown). The three-dimensional surface area of each sheet is shown in
Table 2.1. These results demonstrated that RIGP produced rough sheet surfaces and

larger surface areas of modified PE sheets for bacterial adhesion than that of PE sheets,
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although the surface area of the modified PE sheets did not necessarily increase in
proportion to the dg of the sheets. Representative images of the PE and DEA (200) by
AFM are shown in Figure 2.4. The surface morphology of DEA (200) (Fig. 2.4 (B)) was
quite different from that of PE (Fig. 2.4 (A)): the DEA (200) surface has a more complex
surface compared to the PE counterpart.

Figure 2.5 shows the effects of dg on the membrane potential of the membrane sheets
(GMA, DEA and SS sheets). The membrane potentials of GMA sheets almost remained
constant (-23.4 ~ -22.5 mV) in 0.02 M PBS solution (pH 7.2) because these sheets did
not have an ionizable group. In contrast, a linear relationship between membrane
potential and dg was consistently observed for both the DEA and the SS sheets.
Moreover, the absolute values of these two slopes were very similar. Therefore, we
concluded that RIGP enables the control of membrane potential by adjusting reaction

time in GMA/methanol solution.
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Figure 2.2 Time course of degree of grafting
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Figure 2.3 Surface roughness of membrane sheets as a function of degree of grafting.

Table 2.1 Properties of membrane sheets used in this study

. Three-dimensional
Degree of grafting a

(%) surface gtrea
(m?)
PE sheet - 2670
50 3080
GMA sheet 100 3310
200 3420
50 2950
DEA sheet 100 3550
200 3460
50 3660
SS sheet 100 3570
200 3690

* Three-dimensional surface area was measured in the range of 50x50 pm (two-dimensional area).
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(A) (B)

Figure 2.4 AFM images of PE (A) and DEA (200) (B).

Membrane potential (mV)
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Degree of grafting (%)

Figure 2.5 Membrane potentials of membrane sheets as a function of degree of
grafting. Membrane potential was measured at 0.02 M PBS and pH 7.2.

2.3.2 Bacterial adhesion experiment
The prepared ten sheets, namely, PE, GMA (50, 100 and 200), DEA (50, 100 and 200)
and SS (50, 100 and 200) sheets, were immersed in cell suspensions of five

Gram-negative bacteria in the batch mode. Figure 4 shows changes in bacterial cell
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concentration as representative data. As shown in Figure 2.6 (A), the adhesion of P,
aeruginosa cells onto the PE sheet hardly occurred since O.D.¢sp in the bacterial
suspension was almost the same after 8 h. Slight decreases in O.D.g0 (about 15%
decrease in initial O.D.¢s0) were observed in the case of E. coli and P. denitrificans (data
not shown), which indicated that cell adhesion occurred to a small degree. On the other
hand, Figure 2.6 (B) shows that the adhesion of P putida onto the PE sheet rapidly
occurred in a manner different from that of the three bacterial strains mentioned above. A
similar trend was observed in the case of P. fluorescens (data not shown). These results
clarified that bacterial adhesion onto the PE sheet depended on the bacterial species.

The trends of bacterial adhesion onto the GMA and the SS sheets shown in Figs. 2.6 (A)
and (B) indicated that the rates of bacterial adhesion onto these sheets were slightly
higher than that onto the PE sheet. In contrast, all the bacterial strains tested adhered onto
the DEA sheet rapidly. These results indicate that the DEA sheet showed enhanced

bacterial adhesion.
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Figure 2.6 Change in concentration of bacterial cells of (A) P. aeruginosa and (B) P.

putida.
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2.3.3 Comparison of adhesion rate constant, k

The comparison of adhesion rate constant among the prepared sheets is shown in Figure
2.7. Figure 2.7 shows that the DEA sheet exhibited a high adhesion rate constant, & in all
bacterial suspensions and that & increased with dg. In particular, the k£ of DEA (200) sheet
in P. aeruginosa suspension was about 30 times higher than that of the PE sheet. These
results confirmed the rapid adhesion of bacterial cells onto the DEA sheets whether or
not the initial bacterial adhesion onto the PE sheet immediately occurred. On the other
hand, the adhesion rate constants of GMA and SS sheets except for P. aeruginosa were
from 1.1- to 1.9-fold greater than that of the PE sheet. Slight increases in adhesion rate
constant with dg were observed, which was also observed in the DEA sheets. A marked
difference in adhesion rate constant between the GMA and the SS sheets was not

observed, although there was a considerable difference in membrane potential.
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Figure 2.7 Comparison of adhesion rate constant, k among different sheet surfaces.

Values in parentheses represent degree of grafting.
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2.3.4 Observation of bacteria attached onto membrane sheet surface

Representative SEM images of E. coli adhesion onto the prepared sheets are shown in
Figure 2.8. The forms of bacterial adhesion onto the sheets were divided into three types:
adhesion onto (i) the PE sheet, (i1) the GMA and the SS sheets, and (iii) the DEA sheet.
In the case of (i) (the PE sheet), it was confirmed in Figures 2.8 (A) and (E) that E. coli
adhered unevenly in a multilayer structure: the cells were sparsely present as aggregates.
Additionally, Figure 2.8 (E) shows that E. coli colonized the sheet with a spherical
morphology, in contrast to cases (ii) and (iii), where a rod-like morphology was observed
(Figures 2.8 (B), (C), (D) and (F)). In the case of (ii) (the GMA and the SS sheets), E.
coli adhered unevenly in a monolayer structure: the cells were sparsely present on the
sheets (Figures 2.8 (B) and (D)). In the case of (ii1) (the DEA sheet), E. coli adhered
evenly in a monolayer structure: the cell adhered densely onto the sheet (Figures 2.8 (C)
and (F)), which exhibited a high potential for E. coli adhesion. Similar tendencies were
confirmed by SEM for the other bacterial strains (data not shown). SEM showed clearly
that the surface characteristics of a sheet significantly affected the area covered by cells,
and the bacterial morphology during the initial adhesion, which seems to influence

subsequent biofilm structure and activity.
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Figure 2.8 SEM images of interfaces of membrane sheets after immersion in E. coli
suspension for 8 h. (A) PE; (B) GMA; (C) DEA; (D) SS; (E) magnified image of (A);
(F) magnified image of (C). Degree of grafting of each sheet was about 100%.
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2.4 Discussion
2.4.1 Effect of roughness on initial bacterial adhesion
We demonstrated a linear relationship between dg and the roughness of membrane sheets.
Since the change in the membrane potential of the GMA sheets was negligible (-23.4 ~
-22.5 mV) compared with the change in roughness, the effect of roughness on adhesion
rate constant, k¥ was evaluated (Figure 2.9). Figure 2.9 confirmed that the adhesion rate
constant slightly increased with dg, which indicated that surface roughness promoted
bacterial adhesion. Morgan and Wilson clarified that the number of Streptococcus oralis
cells adhering to surfaces increases linearly with mean surface roughness in a short
period (Morgan et al., 2001). Gjaltema et al. showed that the most important parameter
of a carrier surface seems to be its roughness in a turbulent P. putida biofilm reactor
(Gjalteman et al., 1997). However, Bos ef al. in their review stated that roughness affects
biofilm formation, whereas it appears to be a minor factor with regard to the initial
adhesion (1999). In our present study, although we cannot conclude that surface
roughness is a major factor affecting bacterial adhesion, at least we determined that
surface roughness is one of the factors promoting bacterial adhesion. Whether the
promotion of bacterial adhesion caused by an increase in surface roughness is due to an

increased surface area or the cleavage of surface will be discussed in 2.4.3.
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Figure 2.9 Effect of surface roughness of GMA sheet on adhesion rate constant, k

2.4.2 Effect of membrane potential on initial bacterial adhesion

Figure 2.10 shows the effect of membrane potential on adhesion rate constant, k.
Considering that the zeta potentials of the five bacterial strains were negative at pH 7.2, it
could be explained that electrostatic interaction between bacterial cells and the DEA
sheets becomes stronger with dg, resulting in the high adhesion rate constant. Moreover,
since surface roughness was a minor factor for promoting bacterial adhesion as shown in
Fig. 2.9 and a linear relationship between dg and membrane potential of the DEA sheets
was obtained as shown in Fig. 2.5, we can conclude that the significant increase in the
rate of bacterial adhesion is attributed to the membrane potential of the DEA sheets
derived from the diethylamino group. Surprisingly, the rates of bacterial adhesion onto
the SS sheets did not decrease with dg in all experiments, even though their membrane
potentials became more negative with dg, leading to an increase in the repulsive force
between bacterial cells and the sheet surface. Furthermore, Fig. 2.7 shows that the

adhesion rate constants of the GMA (50, 100 and 200) and the SS (50, 100 and 200)
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sheets were approximately the same and the definite dependence of dg on adhesion rate
constant was not observed. These results seem to be explained by Ohshima’s
‘soft-particle’ theory (Ohshima, 1994). Considering that this theory assumes an
ion-penetrable polymer layer around the core particle, the magnitudes of cell surface
potential based on soft-particle theory are lower than those based on conventional zeta
potential derived from Smoluchowski’s theory (Morisaki et al., 1999); Poortinga et al.,
2001; Hayashi et al., 2001; Tsuneda et al., 2001). Moreover, grafting materials such as
the DEA and the SS sheets used in our present study may be assumed to have ‘soft’
surfaces because each surface has an ion-penetrable layer derived from the DEA and SS
groups, respectively. Then, the energy barriers between bacterial cells and the SS sheet
surfaces would be reduced significantly, leading to the observation that the adhesion rate
constant is nearly the same between the GMA and the SS sheets. Kaper et al. analyzed
the electrophoretic mobilities of poly (ethylene oxides) brushes by streaming potential
measurements, yielding an electrophoretic softness (Kaper et al., 2003). Therefore, future
research on the dependence of the electrophoretic mobilities on the ionic strength is
needed to elucidate the relationship between bacterial cells and the prepared surfaces in
detail.

We can explain the obtained findings on the initial bacterial adhesion to some extent
from the physicochemical aspect; however, it is difficult to generalize the findings with
respect to the mechanisms of bacterial adhesion. Bakker ef al. pointed out that taking
adhesion strength and hydrodynamic conditions into consideration is necessary for the

generalization of a mechanism of the initial bacterial adhesion (2004).
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Figure 2.10 Effect of membrane potential on adhesion rate constant, £. Membrane
potential was measured at 0.02 M PBS and pH 7.2.

2.4.3 Evaluation of bacterial density per surface area

The number of planktonic bacterial cells was calculated from a linear relationship
between O.D.gs0 and the number of the bacterial cells at 5 h. As a result, adhesion rate
could be expressed in a first-order equation as a function of time. Then, we evaluated the
number of adhering bacterial cells per surface area including the extended surface area
produced by RIGP. Table 2.2 shows the estimated number of bacterial cells attached onto
each sheet after a 5 h immersion in the bacterial suspension. Significant differences in the
number of adhered bacterial cells were not observed among the PE, GMA and SS sheets
except for P. aeruginosa. These results indicated that the promotion of bacterial adhesion

with an increase in roughness was not due to a drastic change in the surface
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physicochemical property but due to the increase in surface area for bacterial adhesion.
On the other hand, the density of bacterial cells adhering onto all DEA sheets increased
markedly, implying that the adhesion rate constant k£ of the DEA sheets increased with
membrane potential as shown in Fig. 2.10. These results support the SEM observation
that bacterial adhesion occurred evenly onto the DEA sheets because these sheets attract
bacterial cells due to their physicochemical properties, whereas bacterial adhesion
occurred unevenly onto the PE, GMA and SS sheets because these sheets repulse
bacterial cells. On the basis of SEM images shown in Fig. 2.8, we can explain the
mechanism of the initial bacterial adhesion onto different surfaces. These results clarified
that the rate and conditions of the initial bacterial adhesion were strongly dependent on

the physicochemical properties of the surface.

Table 2.2 The estimated number of bacteria adhered onto each surface after

immersion in bacterial suspension for S h

Bacterial strain  Bacterial density per surface area including roughness ° (X 10° number/mm?)

(Zeta potential GMA GMA GMA DEA DEA DEA SS SS SS
(mV)?) (50)° (100) (200) (50) (100) (200) (50) (100) (200)
E. coli.
(-38.5) 039 034 047 046 0.88 1.5 1.6 0.57 044 0.56
P. aeruginosa
(-12.4) 0.098 026 024 023 0.53 1.1 1.2 0.29 029 0.28
P. putida

0.83 088 082 0.79 1.4 1.7 1.7 0.87 0.89 0.87
(-27.0)
P. fluorescens

34 3.0 2.8 3.1 3.9 3.9 4.1 2.9 34 2.9
(-30.1)
P.
denitrificans 0.69 080 0.75 0.63 1.2 1.5 1.5 0.68 0.69 0.59
(-34.5)

* Zeta potential was measured at pH 7.2 in 0.02 M PBS.
® The number of bacteria adhered onto each sheet was calculated from O.D. 660 after immersion in
bacterial suspension for 5 h

¢ X in narentheses desionates do
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2.4.4 Relationship between bacterial adhesion and subsequent biofilm formation

Some researchers have focused on the effect of surface properties on biofilm formation.
Gottenbos et al. reported that the adhesion of Gram-negative bacteria onto a
trimethylaminoethylmethacrylate chloride material with a positive zeta potential is faster
than that onto other materials with a negative zeta potential; however, the subsequent
biofilm formation by Gram-negative bacteria is slower, indicating that a positively
charged surface affects biofilm formation negatively (2001). On the other hand, Hibiya et
al. showed that a nitrifying biofilm with 100 um thickness forms on a positively charged
surface within 150 days and this biofilm exhibits a much higher specific nitrification rate
than other biofilms (2000). Lee et al. proposed that a GMA polymer grafted onto a PE
polymer captures Staphylococcus aureus “softly” (1996). These reports support the
notion that the GMA graft chain seems to have a positive influence on biofilm formation.
However, the mechanism by which the GMA graft chain facilitates bacterial adhesion
still remains unclear. Our ongoing research is focusing on the activity of bacterial cells
adhering onto the DEA and SS sheets and on subsequent biofilm formation, which may
elucidate differences in the mechanisms of a series of biofilm formation dependent on

surface properties.

2.5 Conclusion
A positively charged sheet on which a DEA-group-containing graft chain was introduced
by RIGP can significantly facilitate the initial bacterial adhesion mainly due to
electrostatic interaction and partly due to an increased surface area. Moreover, an
increase in the amount of the DEA group largely governs the rate of bacterial adhesion,
which allows us to control bacterial adhesion. On the other hand, the sheets whose

surfaces work as a repulsive force against bacterial adhesion (GMA and SS sheets) can
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slightly facilitate the initial bacterial adhesion in comparison with the PE sheet due to an
increased surface area rather than the physicochemical properties. It is obvious that the
rate and activity of initial bacterial adhesion largely depend on the properties of
membrane sheet surfaces produced by RIGP, leading to a possibility that these surfaces

also influence subsequent biofilm formation.
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Abstract
Primary, secondary and tertiary amino groups were introduced into polymer chains
grafted onto a polyethylene (PE) flat-sheet membrane to evaluate the effect of surface
properties on the adhesion and viability of Escherichia coli cells. The characterization of
the surfaces containing amino groups, i.e., ammonia (AM), ethylamino (EA) and
diethylamino (DEA), revealed that the membrane potentials of AM-containing sheets are
constant regardless of AM group density. A high bacterial adhesion rate constant k& was
observed at a high membrane potential, which indicates that membrane potential could
be an indicator for evaluating bacterial adhesion onto the EA and DEA sheets. The
maximum E. coli cell adhesion rate constants of the EA- and DEA-containing sheets
were 3.5-fold that of the PE sheet. The E. coli cell viability experiment revealed that
approximately 70% of the cells adhering onto these sheets were inactivated after a

contact time of 8 h, and that such viability was dependent on membrane potential.
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Furthermore, E. coli cell viability significantly decreased at a membrane potential higher
than —8 mV. Future perspectives regarding the application of these sheets to the

enhancement of biofilm formation or prevention are discussed.

Submitted to: A. Terada, A. Yuasa, S. Tsuneda, A. Katakai, M. Tamada, “Effects of
electrostatic properties of positively charged polymer surfaces on bacterial adhesion and

activity” Microbiology-SGM

3.1 Introduction

The vast majority of microorganisms adhere to most surfaces and form complex and
heterogeneous microbial communities termed biofilms (Bos et al., 1999). Although the
formation of biofilms is harmful in aqueous environments and biomaterial systems
(Hallam et al., 2001; Kjellerup et al., 2003; Hendricks et al., 2000), the application of
biofilms to a wastewater treatment system can be beneficial (Lin et al., 2004; Nicolella et
al., 2000; Tsuneda et al., 2003). In the former case, the focus of most research is how to
prevent bacterial adhesion followed by the subsequent formation of harmful biofilms. In
the latter case, the enhancement of the initial adhesion of bacteria onto a substratum and
the formation of robust biofilms are significant for the rapid startup of biofilm reactors
and the effective removal of contaminants in such reactors.

Bacterial adhesion leading to mature biofilms generally entails two steps: a reversible
step involving physicochemical forces and an irreversible chemical step involving the
generation of extracellular polymeric substances (EPSs). The significance of the effect of
the initial bacterial adhesion on biofilm formation has been questionable because the

number of bacterial cells involved in the initial adhesion is much smaller than that in
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mature biofilms (Petrozzi et al., 1991; Fox et al., 1990); however, some researchers have
suggested the significance of the link between the initial bacterial adhesion and the
biofilms formed (Busscher et al., 1995). In particular, it has been reported that
physicochemical properties, e.g., surface potential, roughness and hydrophobicity, affect
the rate of the initial bacterial adhesion and the subsequent biofilm formation (Gottenbos
et al., 1999, 2000, 2001; Hibiya et al., 2000; Terada et al., 2005). Moreover, taking into
account the fact that bacterial growth and EPS secretion after adhesion onto a solid
substratum result in biofilm formation, the estimation of both bacterial adhesion and
bacterial viability is essential for determining some clues to biofilm prevention and
enhancement.

Many surface modification techniques, such as surface abrasion (Morgan and Wilson,
2001), chemical coating (Harris and Richards, 2004) and chemical grafting (Gottenbos et
al., 1999, 2000, 2001; Hibiya et al., 2000; Terada et al., 2004, 2005; Park et al., 1998;
Pasmore et al., 2000; Roosjen et al., 2003, 2004; Lee et al., 1996, 1997, 1998), have been
developed to promote or prevent bacterial adhesion and biofilm formation.
Radiation-induced grafting technology can generate highly reactive radicals and
subsequently initiate the polymerization and extension of long graft chains onto common
polymer materials such as polyethylene (PE). In particular, radiation-induced graft
polymerization (RIGP) can control the density and length of graft chains. Each property
can be varied by adjusting two set times: the time that a base material is exposed to an
electron beam and the time that the treated base material is reacted with the vinyl
monomer (Kawai et al., 2003). Another important feature of RIGP is that many
monomers can be chemically modified further during a functionalization step to impart
on the important properties such as the ability to attract bacterial cells. In our previous

study, positively or negatively charged groups were introduced into PE membrane sheets

69



Effect of positively charged surfaces on bacterial adhesion and activity

by the RIGP of an epoxy-group-containing monomer, glycidyl methacrylate (GMA) and
subsequent epoxy-ring-opening reaction. Then, bacterial adhesion characteristics were
examined. As a result, it was clarified that electrostatic interaction is the most decisive
factor for bacterial adhesion (Terada er al., 2005). However, it is still unclear how a
positively charged surface affects bacterial viability and whether the optimum point for
biofilm enhancement and prevention exists.

From the above viewpoint, primary, secondary and tertiary amino groups, having
different strengths of positive charges, were introduced into poly-GMA chains in this
chapter. The objective of this chapter is twofold: 1) to examine the effect of the
electrostatic properties of a positively charged surface prepared by RIGP on the initial
bacterial adhesion statistically, 2) to evaluate the viability of bacteria adhering onto

surfaces and determine the decisive factor of bacterial viability.

3.2 Materials and methods

3.2.1 Bacterial strain

As a representative bacterial strain, Escherichia coli (IFO-3301) was used in this study.
Before adhesion tests, this strain was aerobically cultured for 1 day at 30°C in a liquid
medium containing the following: polypeptone, 10.0 g; yeast extract, 5.0 g; sodium
chloride, 1.0 g; and distilled water, 1 L. Cells were harvested in their exponential growth
phase by centrifugation (8000 g, 10 min) and resuspended in water. This washing step
was repeated three times to eliminate residual substrates and EPS. Finally, the washed
cells were suspended in 0.02 M phosphate-buffered saline (PBS). The linear relationship
between cell number and optical density at 660 nm wavelength (0.D.660) was confirmed

using YO-PRO-1 (Molecular Probes, Leiden, The Netherlands).
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3.2.2 Introduction of anion-exchange groups into membrane sheet

Figure 3.1 shows a preparation scheme for the amino groups into PE. PE-based
membrane sheets (PE sheets) (Asahi Kasei Chemicals, Tokyo, Japan) were used as the
trunk polymer for grafting. Each sheet was 10 x 7.5 c¢cm, with a porosity of 70% and an
average pore size of 0.20 um. Technical-grade GMA was purchased from Tokyo Kasei
(Tokyo, Japan) and used without further purification. Ammonia, ethylamine and
diethylamine were obtained from Kanto Chemical (Tokyo, Japan). The sheets were
irradiated with an electron beam from an accelerator (Dynamitron, Model IEA 3000-25-2,
Radiation Dynamics Inc., Edgewood, NY) operating at a beam energy of 2.0 MeV and a
current of 1 mA at ambient temperature in a nitrogen atmosphere. The total irradiation
dose was 200 kGy. Then, the irradiated sheets were immersed in a glass ampoule
containing GMA (5wt/wt% in methanol), previously sparged with nitrogen gas, and
allowed to react at 313 K. The radicals generated on the sheets, which react with GMA,
are used as starting sites for the polymerization and extension of long graft chains from
the bulk towards and off the surface of the sheets. The GMA-grafted sheets (GMA
sheets) obtained were immersed in N,N-dimethylformamide and then in methanol to
remove residual monomers and homopolymers, followed by drying under reduced
pressure. The amount of GMA grafted onto each stem sheet represented the degree of

grafting (dg) calculated using

W, -W,
dgleOx[ ’W ”) (3.1

0

where W, and W, are the weights of the stem and GMA sheets, respectively. The grafted
sheets with a dg of approximately 100% were prepared by setting the grafting time at 30
min. The GMA sheets with a dg of 100% were then immersed in ammonia-, ethylamine-,

or diethylamine-containing solution under the conditions shown in Table 3.1. The
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reaction of the GMA sheets with AM, EA and DEA converts the epoxy groups of the
GMA into the respective amino groups. The amino group density and molar conversion

percentage are calculated using

Wz - WJ
Amino group density = 1000 x T (3.2)
2
Wz - VV1
. . M,
Molar conversion percentage of amino groups = 100X W (3.3)
1 0
142

where W;and M,, are the weight of the amino-group-containing sheet and the molecular
weight, respectively. Hereafter, the resultant GMA-, AM-, EA- and DEA-containing
sheets are respectively referred to as GMA, AM, EA and DEA (X) sheets; X in

parentheses designates the molar conversion percentage of each amino group.
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Figure 3.1 Preparation scheme of primary, secondary, or tertiary amino

group-containing polymer chains grafted onto flat-sheet membranes.
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Table 3.1 Conditions for Epoxy-Opening Reaction for the Preparation of Primary-, Secondary-
and Tertiary-Amino-Group-Containing Flat-Sheet Membrane.

AM sheet EA sheet DEA sheet

Reactant NH; NH,C,H; NH (C,Hs),
Dissolution constant of reactant (25°C) 1.77x107° *! 3.98x107 *? 6.91x10™* *°
Molecular weight (My) [g/mol] 17 45 73
Conc. of reactant** [v/v%] 28 50 50
Reaction temperature [K] 318 303 303

1 Bates and Pinching (1950)

*2 Zheng and Blanchard (2000)

#3 Perrin (1965)

*4 Solvent: water

3.2.3 Characterization of membrane sheets prepared by RIGP

The densities of the AM, EA and DEA groups were determined from the measurements
of the total ion exchange capacity by titration. The AM, EA and DEA sheets were
immersed in 2 M NaOH solution to recover anion-exchange capacity. Then, 0.2 M HCI
solution was used for ion exchange. Titration was performed using 0.1 M NaOH solution.
A solution of methyl red and methylene blue (Kanto Chemical Co., Tokyo, Japan) was
used as an indicator. Membrane potential was measured in accordance with the procedure
of Tsuru et al. (1990). A U-bend glass cell was divided into two compartments by
pinching one membrane sheet at the bottom of the cell. After rinsing in distilled water,
the membrane sheets were used for the measurements. Distilled water and 0.02 M (pH
7.2) PBS were supplied to one side and the other side of the cell, respectively.
Temperature was maintained at 298 K. Membrane potential was measured using two
reference electrodes (RE-1C, BAS Inc., Tokyo, Japan), which were Ag/AgCl electrodes
both connected to an electrometer (R8240, Advantest, Tokyo, Japan) in a saturated

potassium chloride solution. The measurement was conducted in triplicate under the
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same conditions. Water contact angles on each sheet were measured at 20°C using the
sessile drop technique. The sheets were fixed on a glass plate with double-sided sticky
tape and the contact angle of each sample was measured by keeping the syringe in the

water droplet (1.5 pL). Each contact angle was the average of at least ten different points.

3.2.4 Evaluation of rate of E. coli cell adhesion onto membrane sheets

Bacterial adhesion tests were conducted in accordance with the method of Terada et al.
(2005). The prepared cell suspension of 40 ml was placed in a 50-ml beaker. The
concentration of E. coli cells was set at an O.D.¢5 of 0.050 that is equivalent to 5.8 x 10°
cells/mL. PE, GMA, AM (X=26, 32, 46, 48, 58 and 100), EA (X=35, 37, 54, 67, 75 and
87) and DEA (X=11, 29, 67, 74, 95 and 100) sheets were cut into 0.25 cm? sections. Each
sheet was immersed in a beaker containing an E. coli cell suspension. The cell
suspension and the prepared sheets were shaken at 200 rpm and 298 K. The adhesion of
the cell onto each sheet was measured from the decrease in the O.D.gs0 of each cell

suspension. The adhesion rate constant £ was defined as

dc
V—=-kAC
i 3.4

e

where V, A4, t, C;, and C, are the volume of the cell suspension, two-dimensional sheet

surface area, contact time, O.D.469 at time ¢ and initial O.D.¢0, respectively.

3.2.5 Viability of E. coli cells adhering onto membrane sheet
The viability of E. coli cells adhering onto each sheet was evaluated with a commercially

available staining kit (Live/Dead Baclight bacterial viability kit, Molecular Probes,
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Leiden, The Netherlands). The Live/Dead kit comprised the green fluorescent
DNA-binding stain SYTO 9 and the red fluorescent DNA-binding stain propidium iodide
(PI), enabling the detection of bacterial viability from the difference in membrane
integrity between embedded cells. Each membrane sheet was carefully removed from the
beaker after immersion in E. coli cell suspension for 0.25, 2, 4, 6 and 8§ h and was
mounted onto a slide glass well. Each sheet was filled with 8 ul of 1000-fold-diluted
Live/Dead kit and incubated for 15 min in the dark. After washing with distilled water,
the sheets were mounted in FluoroGuard Antifade reagent (Bio-Rad, Hercules, CA), and
observed by fluorescence microscopy (Axio skop2 plus, Carl Zeiss, Oberkochen,
Germany) to visualize live and dead cells. Bacterial viability was calculated from the
ratio of the number of live cells stained with SYTO-9 to the total number of cells
(SYTO-9-positive plus PI-positive cells). Direct counting was carried out for more than

10 randomly recorded images.

3.3 Results

3.3.1 Characterization of membrane sheets prepared by RIGP

The dg of the membrane sheets increased proportionally to reaction time in Swt/wt%
GMA/methanol solution (r=0.998) (data not shown). The time courses of the conversion
of the grafted epoxy groups to the amino groups are shown in Figure 3.2. The molar
conversion percentages of the epoxy groups to the amino groups ranged from 11 to 100%.
The conversion was almost completed within 1.5 h, as shown in Figure 3.2, indicating
that the reaction is faster than those previously reported (Lee ef al., 1996, 1997; Koguma
et al., 2000). This difference seems to be simply because the membrane used in this study

was a flat sheet, allowing for the rapid permeation of a solvent with the amino groups,
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compared with hollow-fiber membranes. Figure 3.3 shows the relationship between the
density of the AM, EA and DEA groups determined by titration and that determined
from weight gain calculated using equation (3.2). A good agreement was observed,
which indicates that the weight gain accompanying the reaction of the epoxy group with
AM, EA or DEA corresponded to the intrinsic introduction of these groups. This result
clearly shows that the increase in weight was due to the conversion of GMA to AM, EA
or DEA, indicating the accuracy of the conversion reaction in this experiment.

Figure 3.4 shows the relationship between amino group density and membrane
potential. Clearly, this figure shows that the membrane potentials of the EA and DEA
sheets are proportional to their amino group densities. On the other hand, the membrane
potential of the AM sheets remained constant in spite of an increase in AM group density.
Obviously, these results indicate that amino group density is not necessarily dependent on
membrane potential probably because the AM sheets do not have a higher degree of
dissociation constant in solution than the EA and DEA sheets. Koguma et al. (2000)
revealed that the permeability of Tris-HCI buffer through AM hollow fibers, i.e., liquid
flux, is constant irrespective of the occurrence of conversion, which supports our result
that membrane potential was independent of AM group density. The result of contact
angle is summarized in Table 3.2. The contact angle of the GMA sheet was almost the
same as that of the PE sheet. On the other hand, the conversion of the GMA sheet to the
AM (100), EA (87) or DEA (100) sheet slightly decreased contact angle. This decrease is
probably because the amino groups have a hydroxyl group, which is generated through
such conversion reaction. In summary, the contact angles after the grafting and
conversion did not change dynamically compared with those in previous studies that treat
the modification of polymers with grafting (Park et al., 1998; Sainbayar et al., 2001;

Wang et al., 2000).
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Figure 3.2 Time courses of conversion of epoxy groups to AM, EA and DEA groups.
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Figure 3.4 Relationship between amino group density and membrane potential.

Table 3.2 Contact Angles of PE, GMA, AM, EA and DEA sheets. Values in

Parentheses Represent Conversion Percentages of Amino Groups.

PE GMA AM (100) EA(87) DEA (100)

Contact angle [°] 92.0 93.8 79.6 80.4 83.0

Standard deviation +0.83 +1.67 +2.87 +2.91 +3.63

3.3.2 Estimation of E. coli cell adhesion

The result of the E. coli cell adhesion experiments is shown in Figure 3.5. For the AM
sheets (Figure 3.5 (a)), the concentration of the E. coli cell suspension did not decrease
significantly notwithstanding conversion ratio, indicating that the AM sheets with a high
conversion percentage do not enhance E. coli adhesion essentially. On the other hand, a
marked enhancement of E. coli cell adhesion was observed for the EA and DEA sheets

(Figures 3.5 (b-c)). Moreover, the adhesion rate of E. coli increased with conversion
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percentage, indicating the significant effect of conversion on bacterial adhesion.
Considering that the zeta potential of the E. coli cell surface is negative at pH 7.2 (Terada
et al., 2005), the electrostatic interaction between the cells and the sheet surface is a
decisive factor governing bacterial adhesion. Figure 3.6 shows the effect of the
membrane potential of the sheets on the bacterial adhesion rate constant k. The rate
constants of the EA and DEA sheets increased with their membrane potentials.
Furthermore, the slope of the rate constant increased at a membrane potential higher than
—8 mV. Since the membrane potentials of the AM sheets were almost the same regardless
of their densities as shown in Figure 3.4, it was approximately —8 mV. These results
indicate that membrane potential is a decisive factor reflecting the adhesion behavior of E.
coli in terms of the EA and DEA sheets. Thereafter, membrane potential is used to

evaluate the viability of E. coli cells.
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Figure 3.6 Effect of membrane potential on adhesion rate constant k.

3.3.3 Evaluation of E. coli viability

The time courses of the transition of bacterial viability on the PE, GMA, AM (100), EA
(87) and DEA (95) sheets are shown in Figure 3.7. All E. coli cells did not aggregate in
bulk liquid and any colonization on each sheet was not observed during the experiment
(data not shown). The viability of planktonic E. coli cells remained approximately 90%
after 8 h in the bulk liquid where each sheet was immersed. This result indicates that
there is no dissolution of amino groups from each polymer sheet and that the effect of the
bulk liquid on the viability of E. coli cells is negligible. Similar tendencies between the
PE and GMA sheets were observed: 70-80% cells of adhering E. coli cells on the PE and
GMA sheets were viable and the viability remained almost constant during the whole
experimental period. Although bacterial activities on the PE and GMA sheets decreased
to some extent, they more or less remained constant. On the other hand, the trends of E.
coli cell viability on the AM (100), EA (87) and DEA (95) sheets were quite different

from those on the PE and GMA sheets. The E. coli cell viability of the AM (100) sheet
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gradually decreased; those of the EA (87) and DEA (95) sheets were quite low even at
0.25 h. After the 8-h immersion of these three sheets in E. coli cell suspension, the
percentage viability decreased to 20-30% irrespective of the differences among primary,
secondary and tertiary amino groups, indicating that large amounts of E. coli cells were
inactivated after adhesion onto the AM (100), EA (87) and DEA (95) sheets. The
relationship between membrane potential and E. coli cell viability is shown in Figure 3.8
after the 6-h immersion of the cell suspension. A critical point of E. coli cell viability was
clearly observed; the viability decreased significantly at membrane potentials higher than
—8 mV. In other sampling points (2, 4 and 8 h), sharp decreases in E. coli cell viability
were also observed at almost the same point (data not shown), indicating that the
membrane potentials of these sheets strongly affect E. coli cell viability. Although the
exact reason for this decrease in activity remains unclear, we have demonstrated that
amino-group-containing sheets, i.e., the AM, EA and DEA sheets, with a membrane
potential higher than —8 mV, significantly inactivate E. coli cells and that there exists a

membrane potential threshold for the decrease in the activity of E. coli cells.

e -Planktonic
2z PE

o= —1+GmAa

= —©@—AM (100)
< —A—FA (87)
'§ —{O-DEA (95)

Figure 3.7 Time course E. coli cell viability on PE, GMA, AM (100), EA (87) and
DEA (95) sheets.
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Figure 3.8 Dependence of E. coli cell viability on membrane potential of each
sheet (6 h).

3.4 Discussion

3.4.1 Surface characterization

For measurement of the surface characteristics of the prepared sheets, X-ray
photoelectron spectroscopy (XPS) or Fourier transform infrared attenuated total
reflectance (FTIR-ATR) could be a powerful tool. However, these measurements were
not conducted in this study because of the following two reasons. One reason is that the
composition of nitrogen in the AM, EA and DEA sheets is significantly less than those of
carbon and hydrogen, yielding critical error in the quantitative analyses of the sheets with
different amino group densities. Using FTIR-ATR, however, Lee et al (1998)
qualitatively confirmed the existence of C=O stretching in the GMA fibers and its
disappearance when converting the GMA fibers completely into DEA fibers. Therefore,

XPS or FTIR-ATR could be useful for corroboration of the results obtained from
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gravimetric method and titration. The other reason is that XPS or FTIR-ATR is
conducted under completely dry conditions, whereas the adhesion and activity
experiments were conducted under wet conditions: this discrepancy probably gives rise
to inadequate interpretation of bacterial adhesion behavior. From the above-mentioned
two reasons, it is judged that the most appropriate method, which enables the quantitative
measurement of nitrogen components under the same conditions as the bacterial adhesion

experiment, is the combination of the gravimetric method and titration.

3.4.2 Generalization of E. coli adhesion behavior
Considering that some physicochemical features of the membrane sheet surfaces affect .
coli adhesion, it is essential to clarify which parameter determines E. coli adhesion
behavior. The contact angles of the AM, EA and DEA sheets did not decrease
significantly compared with those of the PE and GMA sheets (Table 3.2), which
indicates that the differences in respective surface hydrophobicity were less significant
than the fluctuations of membrane potential and density (Figure 3.4). We previously
investigated the relationship between the surface roughness of membrane sheets and the
degree of grafting (dg), leading to the fact that the roughness increases linearly in dg
irrespective of functional groups, i.e., DEA and GMA (Terada et al., 2005). Since sheets
with a dg of approximately 100% were used in this study, the roughnesses of all the
surfaces except the PE membrane are probably the same; hence, the effect of roughness
would not be significant on E. coli cell adhesion. In summary, it is concluded that
electrostatic interaction, i.e., membrane potential, would be the most significant
parameter in terms of E. coli adhesion.

The determination of the behavior of E. coli adhesion onto the prepared sheets shows

that the adhesion rate constant of E. coli increases with membrane potential and that the
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slope increases at a membrane potential higher than —8 mV. Lee et al. (1997) clarified
that there is a relationship between the conversion ratio of the DEA group to the GMA
group and the capture rate constant of Staphylococcus aureus and that the rate constant
increases with conversion ratio, i.e., the density of DEA. The obtained result indicates
that both the density and membrane potential of the EA and DEA sheets are good
indicators for understanding the behavior of E. coli adhesion onto sheets. The reason the
AM sheets did not have different membrane potentials is the low dissolution constant of
AM (Bates et al., 1950). Since the dissolution constant of AM is one order of magnitude
smaller than those of EA and DEA (Table 1), the AM sheets did not have a high ion

exchange capacity, leading to no difference in membrane potential among them.

3.4.3 Effect of graft chain on E. coli cell adhesion

As shown in Figure 3.7, the viability of E. coli cells on the AM (100) sheet decreased
gradually. In contrast, more than half of the E. coli cells on the EA (87) and DEA (95)
sheets whose adhesion rate constants were much higher than those of the PE, GMA and
AM (100) sheets were inactivated after 0.25-h immersion in E. coli suspension. The
sheets prepared by RIGP have a very unique structure, i.e., they have graft chains
containing amino groups with a positive charge, which attracts bacterial cells (Kawai et
al., 2003). Therefore, it seems to be important in elucidating how these polymer
conformations influence bacterial adhesion. Kawai et al. (2000) reported that the
DEA-containing graft chain extends with the capture of proteins due to the electrostatic
repulsion between each DEA group in water and ionizable graft chains can form distinct
conformational structures depending on the density of ionizable groups. Koguma et al.
(2000) showed that two-dimensional protein adsorption occurs in AM-containing

hollow-fiber membranes owing to insufficient electrostatic interaction among graft
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chains, whereas three-dimensional protein adsorption occurs in EA- and DEA-containing
hollow-fiber membranes, resulting in a significant difference in binding capacity. Their
results support our result that the strengths of the charges of AM, EA and DEA determine
bacterial adhesion rate, which is presumably related to graft chain conformation.
Moreover, the behaviors of protein adsorption and bacterial adhesion are quite similar in
spite of the difference in particle size between a protein molecule and a bacterial cell.
Regarding the relationship between adhesion rate constant and membrane potential in
Figure 3.6, the slope of the constant increases markedly at a membrane potential higher
than —8 mV. This result disagrees with our previous results that the membrane potential
of DEA sheets with a conversion of approximately 100% is proportional to the E. coli
adhesion rate constant (Terada et al., 2005). This difference seems to be due to the effect
of graft chain conformation: the EA and DEA sheets with low degrees of conversion
cannot extend graft chains, leading to low adhesion rate constants of E. coli cells.
Additionally, our result agrees with that of Lee et al. (1997), in which capture rate
constant increases markedly during the conversion of a DEA group higher than 80%
although they used a different bacterium. Considering that the GMA sheet does not
enhance E. coli adhesion, as shown in Figure 3.6, it can be concluded that the
enhancement of bacterial adhesion is due to the favorable membrane potential of E. coli
cells and possibly to the extension of graft chains induced by electrostatic repulsion

among graft chains.

3.4.4 Is the sheet prepared by RIGP effective for biofilm prevention and formation?
The result in Figure 3.8 shows that the viability of E. coli cells is dependent on
membrane potential irrespective of the differences among primary, secondary and tertiary

amino groups. Apparently, there is a threshold around a membrane potential of -8 mV,
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which governs the viability of E. coli cells. Therefore, the membrane potential of the
sheets could be a decisive factor affecting not only bacterial adhesion rate but also
bacterial viability. In general, the anion-exchange group-containing surfaces, e.g.,
quaternary ammonium compounds (QACs), are widely used because of their
antibacterial effect (McDonnel and Russell, 1999; Kiigler et al., 2005). The mechanism
of the loss of bacterial activity has been proposed by Salton et al. (1968). Kiigler et al.
(2005) reported that the electrostatic interaction between a QAC surface and bacteria is a
significant parameter for the control of bacterial growth. They clarified that E. coli cells
are inactivated within less than 10 min, which is shorter than the doubling time of E. coli,
and thus there is no possibility for biofilm formation on the QAC surface. On the other
hand, our results clarified that approximately 20% of E. coli cells on the EA (87) and
DEA (95) sheets are still active even after the 6-h immersion in the cells suspension.
Figure 3.9 shows the number of adhering E. coli cells, which was calculated from the
relationship between O.D.csp and the number of E. coli cells. Seemingly, the cells
adhering onto the EA (87) and DEA (95) sheets would be effective for antibacterial
application; however, some cells were still alive, indicating that the growth potential to
form biofilms remains on the EA (87) and DEA (95) sheets. These sheets would not be
suitable for killing bacteria and biofilm prevention; however, it is possible to increase
membrane potential by increasing dg (Terada et al., 2005). Therefore, the optimum
design of sheets for biofilm prevention may be possible.

Some researchers have focused on the effect of positively charged surface properties
on biofilm formation. Gottenbos et al. (2001) clarified that bacterial adhesion onto a
surface with positive zeta potential is enhanced; however, the subsequent biofilm
formation is slower, indicating that a positively charged surface adversely affects biofilm

formation. On the other hand, Hibiya et al. (2000) reported that a nitrifying biofilm,
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which is difficult to obtain, forms on DEA-containing sheets successfully under high
hydrodynamic conditions. This apparent controversy may be due to the fact that different
surface properties, bacterial concentrations and hydrodynamic conditions have been used
in these studies, and hence it seems to be difficult to summarize the decisive factors for
biofilm formation systematically. Moreover, Lee et al. (2004) observed, by atomic force
microscopy, that EPS from dead E. coli cells adsorbed onto glass surfaces although it is
unclear how EPS works after cell death. Tsuneda et al. (2000) reported that the utilization
of EPS excreted by heterotrophic bacteria results in a thick biofilm with large quantities
of the autotrophic nitrite-oxidizing bacterium, Nitrobacter winogradskyi, and a high
nitrite-oxidation rate. Since the EPS excreted by dead E. coli cells could help the biofilm
adhere strongly and supply carbon component to live cells, the EA (87) and DEA (95)
sheets seem to have an advantage in biofilm formation under turbulent flow conditions.
Our ongoing research is focused on the long-term activity of bacterial cells adhering onto
PE, GMA, AM, EA and DEA sheets and on subsequent biofilm formation with a flow
chamber, which will elucidate the differences between the mechanisms of the formation
of a series of biofilms dependent on surface properties. The adhesion assay used in this
study is not applicable to monitoring subsequent biofilm formation because bacteria from
the bulk liquid inevitably attach to the biofilm, leading to error in the estimation. Biofilm
formation experiments with a flow chamber, which has been conducted by numerous
researchers, probably overcome this problem and facilitate in situ observation of grown
biofilms (Bos et al., 1999; Busscher and van der Mei, 1995; Stoodley et al., 2003).
Through such observation, we will propose the optimum biointerface design for the

enhancement or prevention of biofilm formation.
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Figure 3.9 Estimated numbers of live and dead E. coli cells adhering onto each surface.

3.5 Conclusion
A monomer containing an epoxy group, GMA, was grafted onto a PE sheet. Three amino
groups, i.e., AM, EA and DEA, were introduced into the grafted sheets with different
amino group densities. The anion exchange capacities determine the conformation of
graft chains, which reflects membrane potential. Membrane potential is a good indicator
of the rate of bacterial adhesion onto the EA and DEA sheets since E. coli adhesion rate
constant increases with membrane potential. Apparently, the viability of E. coli cells on
the anion exchange sheets, i.e., the AM (100), EA (87) and DEA (95) sheets, decreases
with increasing membrane surface potential in comparison with those on the PE and
GMA sheets. Furthermore, a membrane potential threshold critically affecting E. coli cell
viability is observed. Considering the high bacterial adhesion potentials of the EA and
DEA sheets, these sheets do not seem to be suitable for bacterial biofilm prevention.
Although we cannot determine whether these sheets are feasible for biofilm formation

yet, the results obtained in this chapter, at least, lead to the conclusion that differences in
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these surface properties apparently influence adhesion behavior and adhering bacterial

activity, both of which are closely associated with biofilm formation.
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Abstract
The link between initial bacterial adhesion and the subsequent biofilm formation was
investigated with use of a flow cell and the formed biofilm was observed by
epifluorescence microscopy and scanning electron microscopy (SEM). Surface-modified
polyethylene (PE) membrane sheets were prepared by the radiation-induced graft
polymerization (RIGP) of an epoxy-group-containing monomer, glycidyl methacrylate
(GMA). The epoxy ring of GMA was opened by introducing diethylamine (DEA) or
sodium sulfite (SS). The activity of E. coli cells onto the DEA sheets loses significantly
compared to those onto the PE, GMA and SS sheets. The biofilm formation experiment
with a flow cell revealed that biofilm formation was facilitated on the DEA sheet
although the viability of E. coli cell was the lowest among all the prepared sheets. In
addition, the unique biofilm structure was observed on the DEA sheet: almost all of the E.

coli cells were inactive on the base of the biofilm and active cells deposited on the
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inactive cells. The SEM observation on the surface of the sheet clarified that extracellular
polymeric substance (EPS) adhered on the DEA sheet, indicating that the EPSs could
enhance biofilm formation onto the DEA sheet. From the above-mentioned experiments,
a biofilm formation mechanism on positively charged polymer surface, i.e., the DEA

sheet, is proposed.

Paper in preparation: A. Terada, S. Tsuneda, A. Katakai, M. Tamada, “Significance of

electrostatic properties of positively charged polymer surfaces on biofilm formation”

4. 1 Introduction
Biofilms are considered as a complex of bacteria and their extracellular polymeric
substances (EPSs). The formation process of a biofilm in an aqueous environment is
generally divided into three steps: initial bacterial adhesion (reversible step), secretion of
EPSs (irreversible step), and subsequent biofilm formation (Bos et al., 1999). In most
common situations, i.e., aqueous media with pH near neutrality, the microbial cells and
solids substratum are negatively charged (Azeredo and Oliveira, 2003; Jucker et al.,
1997). This implies that surface charge normally has a repulsive effect against bacterial
cell and acts contrary to adhesiveness of the bacteria. Meanwhile, bacteria adhesion is
facilitated on positively charged surface (Gottenbos et al., 1999, 2000, 2001; Harks et al.,
1991; Hayashi et al., 2001; Hogt et al., 1986; Terada et al., 2004, 2005). The question is
whether or not the positively charged surfaces are effective for enhancement of biofilm
formation. Hitherto, there seems to be no definite answer: Gottenbos et al., (1999, 2000,
2001) has reported that the positively charged surfaces are useful for prevention of

biofilm formation on biomaterials; whereas some researchers have suggested that the
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positively-charged surface prepared by radiation-induced graft polymerization (RIGP)
are effective for biofilm formation for nitrification (Hibiya et al., 2000; Terada et al.,
2004). Therefore, such question should be answered essentially.

The objective of this study was to elucidate the significance of positively charged
polymer surface prepared by RIGP on bacterial activity and biofilm formation. A flow
cell was employed to chase Escherichia coli adhesion and biofilm biofilm formation onto

the prepared membrane sheets.

4.2 Materials and methods

4.2.1 Bacterial strain

As a representative bacterial strain, Escherichia coli (IFO-3301) was used in this study.
Before activity and biofilm formation tests, this strain was aerobically cultured for 1 day
at 30°C in a liquid medium containing the following: polypeptone, 10.0 g; yeast extract,
5.0 g; sodium chloride, 1.0 g; and distilled water, 1 L. Cells were harvested in their
exponential growth phase by centrifugation (8000 g, 10 min) and resuspended in water.
This washing step was repeated three times to eliminate residual substrates and EPS.

Finally, the washed cells were suspended in 0.02 M phosphate-buftfered saline (PBS).

4.2.2 Preparation of membrane sheets

A preparation scheme for diethylamino- or sulfonic acid-containing membrane sheets is
shown in Figure 4.1. Firstly, a polyethylene (PE)-based membrane sheet (PE sheet)
(Asahi Kasei Chemicals, Japan) was used as the stem for grafting. The sheet has a
porosity of 70% and an average pore size of 0.20 pum. The sheets were irradiated with an

electron beam in a nitrogen atmosphere at room temperature. The total dose of the

97



Significance of positively charged surface on biofilm formation

electron beam was set at 200 kGy. Then, the irradiated sheets were immersed in a glass
ampoule containing glycidyl methacrylate (GMA; 5 wt/wt% in methanol), previously
sparged with nitrogen gas, and allowed to react at 313 K for a predetermined time. The
obtained GMA-grafted sheets were soaked in N, N-dimethylformamide and then in
methanol to remove residual monomers and homopolymers. They were afterwards dried
under reduced pressure. The amount of GMA grafted onto a stem sheet represented the

degree of grafting (dg) calculated as follows:

W -,
dg:IOOX( W j [%] (4.1)

b

where W, and W, are the weights of the stem sheet and GMA-grafted sheet, respectively.
The grafted sheets with a dg of approximately 100% were prepared by setting the
grafting time at 30 min. Then, the produced epoxy groups were converted to
diethylamino groups (-N(C,Hs);) or sulfonic acid groups (-SOs;H) by immersing the
GMA-grafted sheet in a mixture of diethylamine (DEA)/water = 50/50 (volume ratio) or
sodium sulfite (SS)/isopropyl alcohol/water = 10/15/75 (weight ratio), respectively. The
conversion of the epoxy groups to ionizable groups, that is, DEA and SS groups, was set
at about 100%. Hereafter, the resultant GMA-, DEA- and SS-containing sheets are

referred to as GMA, DEA and SS (X) sheets; X in parentheses represents dg.

DEA
—> | polyethylene

electron beam T N(C:;Hs),

OH
GMA _('):N(CZHS)Z
[ polyethylene ] -_—> [ polyethylene ] e [ polyethylene ]_ _|—N(C2H5)z

OH
oooooo N(G;Hy),
OH

DEA sheet
SS

—> polyethylene

Sl ol ¢ ©

GMA sheet FT—SO:H

SS sheet

Figure 4.1 Preparation scheme for GMA, DEA and SS sheets.
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4.2.3 Surface characterization of the sheets prepared by RIGP

For the measurement of roughness on the sheet surfaces fabricated by RIGP, atomic force
microscopy (AFM, Nonoscope Illa Dimersion™ 3100, Digital Instruments, USA) was
employed. For AFM, the sheets were cut in 1 x 1 cm sections and fixed on a microscope
slide with double-sided sticky tape. AFM was carried out in the tapping mode. Height
images were recorded in three dimensions at ten randomly selected sites, from which the
mean surface roughness was measured. Ten point height of roughness profile was
employed for the measurement of the mean surface roughness (ISO 4287: 1997).

The method by Tsuru et al. (1990) was employed for a measurement regarding
membrane potential. The experimental apparatus was a U-bend cell, which was divided
into two compartments using a prepared membrane sheet. The solute was 0.02 M
phosphate buffered saline (PBS) (pH 7.2). The membrane sheets were rinsed in distilled
water before the measurements. Distilled water was supplied to one side and PBS to the
other side of the cell. The temperature was maintained at 298 K throughout the
experiment. Measurement of membrane potential was carried out by two reference
electrodes (RE-1C, BAS Inc. Japan), both of which were composed of Ag/AgCl in a
saturated potassium chloride solution. The two electrodes were connected to an
electrometer (R8240, Advantest, Japan). The measurement was conducted in triplicate

under the same conditions and the average value was taken.

4.2.4 Viability of E. coli cells adhering onto membrane sheet

Bacterial adhesion tests were conducted in accordance with the method of Terada et al.
(2005). The prepared cell suspension of 40 ml was placed in a 50-ml beaker. The
concentration of E. coli cells was set at an O.D.¢6 of 0.050 that is equivalent to 5.8 x 10°

cells/mL. PE, GMA, AM (100), EA (100) and DEA (100) sheets were cut into 0.25 cm®
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sections. Each sheet was immersed in a beaker containing an E. coli cell suspension. The
cell suspension and the prepared sheets were shaken at 200 rpm and 298 K. The viability
of E. coli cell adhering onto each sheet was evaluated with a commercially available
staining kit (Live/Dead Baclight bacterial viability kit, Molecular Probes, Leiden, The
Netherlands). Each membrane sheet was carefully removed from a beaker after the
immersion in E. coli cell suspension for 0.25, 2, 4, 6 and 8 h and was mounted onto a
slide glass well. Each sheet was filled with 8 ul of 1000-time-diluted Live/Dead kit and
incubated for 15 min in the dark. After washing with distilled water, the sheets were
mounted in FluoroGuard Antifade Reagent (Bio-Rad, Hercules, CA), and observed by
fluorescence microscopy (Axio skop2 plus, Carl Zeiss, Oberkochen, Germany) to
visualize live and dead cells. Bacterial viability was calculated from the ratio of the
number of live cells stained with SYTO-9 to the total number of cells (SYTO-9-positive
plus Pl-positive cells). Direct counting was carried out in more than 10 randomly

recorded images.

4.2.5 Biofilm formation test with a flow cell

The flow cell, which dimensions were 60 x 24 mm (length x width), image analysis
system, and biofilm formation system were set up as shown in Figure 4.1. The flow cell
was purchased from BioSurface Technologies (Model FC71, Montana, USA). The
prepared sheet was mounted and fixed on the groove in the flow cell with double-sided
sticky tape. The dimension of the groove was length, width and depth of 40.6, 11.4 and
0.203 mm, respectively. The top plate of the cell was made of glass. Before the
experiment of biofilm formation, the flow cell was sterilized completely for 30 min. Prior
to the experiments of initial bacterial adhesion and biofilm formation, all tubes and the

flow cells were filled with 0.02 M PBS for removing all air bubbles from the system
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because air bubbles would be high shears on biofilm, which made it impossible to
investigate the effect of surface properties on biofilm formation. The rate of inflow was
set to be 0.04 L/hr, which is equivalent to hydraulic retention time of 0.14 min and flow
rate on the prepared sheet of 0.14 cm/s, respectively. After filling PBS solution, mixture
of E. coli suspension with 0.02 M PBS (O.D.¢s0 of 0.1) was inoculated for 5 min. Then,
0.2 g/L Luria-Bertani (LB) broth solution, which is equal to total organic carbon (TOC)
concentration of 100 g-C/m’, was supplied at flow rate of 40 ml/hr. This solution had
already been aerated in a feed tank before entering the flow cell, which produced
completely aerobic condition in the cell. After 12 hr feeding of the solution, 1 mL of
1000-fold diluted BacLight solution was supplied through the bypass of the flow line for
3 min. Biofilm structure and stratification was observed by fluorescence microscopy
(Axio skop2 plus, Carl Zeiss, Oberkochen, Germany) immediately after immersion of the

stain.

Flow cell

Air
Bubble ti .
% ubble trapper
Patristic

=&

Microscopic
objective

Nutrient Y

Bacterial Staining dye

Flow cell

Figure 4.1 Experimental apparatus for biofilm formation; (a) picture of flow cell

apparatus, (b) magnified picture of (a), (c) schematic diagram of the system.
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4.2.6 Observation of biofilm by scanning electron microscopy

The PE, GMA (100), DEA (100) and SS (100) sheets, which were immersed in E. coli
cell suspensions for 72 h at 298 K, were collected carefully and washed with distilled
water. At the beginning of the experiment, Then, Luria-Bertani (LB) broth solution,
which is equal to total organic carbon (TOC) concentration of 100 g-C/m’, was supplied
to make the bacterium excrete EPSs. After 73 h each sample was immediately fixed,
carefully washed with sodium cacodylic acid solution, and dehydrated with ethanol. A
sample was observed by scanning electron microscope (SEM) (JSM-5600, JEOL, Japan)
after the sample was mounted on a stub and coated with gold using an ion coater

(JFC-1100E, JEOL, Japan).

4.3 Results and discussion
4.3.1 Characterization of membrane sheets prepared by RIGP
The characterization of the prepared sheets is summarized in Table 4.1. RIGP and the
subsequent epoxy-opening reaction changed dynamically -electrostatic conditions;
whereas they hardly changed surface roughness, indicating that the appropriate surfaces
could be prepared for the subsequent experiment. Since roughnesses of the GMA (100),
DEA (100) and SS (100) were almost same, the effect of surface roughness on initial

bacterial adhesion and biofilm formation can be neglected.

Table 4.1 Surface characteristics of the prepared sheets.

PE GMA (100)" DEA (100) SS (100)

Roughness [nm] 135 (%19.5)7 308 (*49.2) 334 (x37.0) 316 (£29.9)
Membrane potential [mV] -18.6 (*£1.99) -24.0(*1.07) 3.38(*1.41) -523(*1.70)

' Values in parentheses represent dg.

“2 Values in parentheses represent standard deviation.
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4.3.2 Evaluation of bacterial activity on the prepared surfaces

Time course of E. coli cell viability onto the prepared sheets is shown in Figure 4.2. All E.
coli cells did not aggregate in bulk liquid and any colonization on each sheet was not
observed during the experiment (data not shown). The viability of planktonic E. coli cells
kept approximately 90% after 8 h in the bulk liquid where each sheet was immersed. This
result implies that there is no dissolution of DEA- or SS-group from each polymer sheet
and that the possibility of the bulk liquid on the viability of E. coli cells is significantly
low. Similar tendencies between the PE and GMA (100) sheets were observed: 70-80%
cells of adhering E. coli cells on the PE and GMA sheets were viable and the viability
remained almost constant during the whole experimental period. On the other hand, the
trend of E. coli cell viability on the DEA (100) sheet was quite different from those on
the PE and GMA sheets. After the 8-h immersion of these three sheets in E. coli cell
suspension, the percentage viability decreased to 5%. The viability of E. coli cells on the
SS (100) was same as that of planktonic E. coli cells. Considering the result of membrane
potential of the respective cells, the electrostatic interaction clearly reflects the behaviors
of viability of E. coli cells: the material which kept E. coli cell’s viability high was in
order of decreasing viability, SS (100), GMA (100), PE, and DEA (100), which order

corresponds to that of increasing membrane potential.

planktonic

-PE

GMA (100)
—-DEA (100)
—WSS (100)

Viability [-]

Time [hr]
Figure 4.2 Time course of E. coli cell viability on the respective membrane sheets.
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4.3.3 Evaluation of biofilm formation

The representative images of epifluorescence microscope were shown in Figure 4.3. The
formation of E. coli biofilm onto the GMA (100) was not observed as shown in Figure
4.3 (a). This seems to be due to flow rate along the sheet surface, which generates high
shear stress, leading to the detachment of E. coli cells from the sheet. The same
tendencies were observed in cases of the PE and SS (100) sheets. On the other hand,
biofilm formation on the DEA (100) sheet was clearly observed (Figure 4.3 (b)).
Interestingly, the biofilm structure had the very unique structure where live and dead
cells were mixed on the sheet. Considering the result of the initial bacterial adhesion test
shown in Figure 4.2, dead cells seemed to mainly dominate on the sheet surface. It was
also observed that live cells forms on the dead cells adhering on the DEA (100) sheet.
Since detachment is dependent on strength of initial bacterial adhesion onto surfaces
(Busscher et al., 1995), the DEA (100) has a very strong interaction with E. coli cells.
Although this result disagrees with those by some researchers, which has concluded that
positively charged surfaces are very effective for prevention of biofilm formation
(Gottenbos et al., 1999, 2000, 2001; Kiigler et al., 2005), the result obtained in this study
yields the conclusion that the DEA (100) would be promising for enhancement of biofilm
formation. The possible reason why it does not support the results by these researchers
are considered to be that the DEA sheet is introduced into tertiary amino groups, which is
less strong anion-exchange potential compared to quandary amino group as a
representative of quaternary ammonium compounds (QACs) (Kiigler et al., 2005; Lee et
al., 2005). The discussion indicates that to kill E. coli cells takes more time, as shown in
Figure 4.2, than time for the growth, i.e., less than one hour. Kiigler et al. (2005) reported
that the electrostatic interaction between a QAC surface and bacteria is a significant

parameter for the control of bacterial growth. They clarified that E. coli cells are
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inactivated within less than 10 min, which is shorter than the doubling time of E. coli,
and thus there is no possibility for biofilm formation on the QAC surface. This time

difference seemingly provided the formation of E. coli cells.

Figure 4.3 Epifluorescence microscopy images of E. coli biofilms onto GMA (100)

(a) and DEA (100). Green and red indicate live and dead cells, respectively. Bars

represent 100um.

4.3.4 Observation of biofilm by SEM

Representative SEM images of E. coli biofilm onto the prepared sheets are shown in
Figure 4.4. There were no biofilm formation onto surfaces of PE, GMA (100) and SS
(100) (Figures 4.4 (a), (b) and (d)). This result might be due to the fact that the
dewatering procedure required for SEM. However, a definite difference between the
surfaces on the DEA (100) sheet and the other three sheets was observed in that some
particle-like things and E. coli cells were simultaneously observed on the DEA (100)
(Figure 4.4 (c)). These might be particles derived form bacterial lyses. Considering the
definition of EPS, Geesey (1982) defined EPS as ‘extracellular polymeric substances of
biological origin that participate in the formation of ‘microbial aggregates. Characklis

and Wilderer (1989) defined that EPSs are ‘organic polymers of microbial origin which
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in biofilm systems are frequently responsible for binding cells and other particulate
materials together (cohesion) and to the substratum (adhesion). Summarizing such
definitions, the particles derived from bacterial lyses should be defined as EPSs. Since
EPSs generally determines the mechanical stability of biofilm (Flemming and Wingender,
2003; Tsuneda et al., 2000; Wolfaardt et al., 1999), EPSs secreted or lysed from E. coli
should facilitate biofilm formation and maintain biofilm because of playing as a glue to
connect each bacterial cell. The illustration of biofilm formation mechanisms onto the
DEA sheet surface is shown in Figure 4.5. Although we have to clarify the amount and
species of EPSs, to chase biofilm formation in detail, to investigate the strength of
biofilm onto positively charged surfaces compared onto negatively charged, i.e., normal,
surfaces, at least it is concluded that the DEA sheet has a potential to enhance biofilm

formation.

Figure 4.4 SEM imageries after 3-day immersion of E. coli cell suspension: (a) PE; (b)
GMA (100); (c) DEA (100); (d) SS (100). Red circles show aggregates of extracellular

substances.
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Figure 4.5 Hypothesis of biofilm formation on the DEA sheet surfaces.
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4.4 Conclusion
In this chapter, the link between initial bacterial adhesion and subsequent biofilm
formation was investigated. The activity of E. coli cells significantly decreased on the
DEA (100) sheet with positively charged surface, whereas they remained almost constant
on the other sheets, PE, GMA (100) and SS (100) with negatively charged surfaces. The
lower the membrane potential of a surface has, the higher viability E. coli cells remain.
Notwithstanding, the enhancement of biofilm formation was observed on the DEA (100)
sheets; on the other hand, the biofilm was hardly formed on the PE, GMA (100) and SS
(100) sheets, leading to the supposition that the DEA (100) surface has a potential to
enhance E. coli biofilm. The SEM observation gives rise to the significance of EPSs,
which are secreted or lysed from the live or dead cells, on biofilm formation. This result
indicates that the EPSs would play an important role to retain biofilm structure. Although
there are some questions to be solved, e.g., how much strength does the biofilm on the
DEA sheets have?; how much or what kinds of EPSs do E. coli cells secrete?; how are
the biofilms formed under high hydrodynamic conditions?, essentially we should not
judge that the positively charged surface is effective for biofilm prevention; alternatively,

it would be very effective for biofilm formation.
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Enhancement of biofilm formation onto
surface-modified hollow-fiber
membranes and its application to

membrane-aerated biofilm reactor

Abstract
Surface-modified hollow-fiber membranes were prepared by radiation-induced grafting
of an epoxy-group-containing monomer, glycidylmethacrylate (GMA), onto a
polyethylene-based fiber (PE-fiber). The epoxy ring of GMA was opened by introduction
of diethylamine (DEA). The bacterial adhesivity to this material (DEA-fiber) was tested
by immersed into nitrifying bacterial suspension. The initial adhesion rates and the
amount of attached bacteria of the DEA-fiber were 6-10-fold and 3-fold greater than
those of the PE fiber, respectively. A membrane-aerated biofilm reactor (MABR)
composed of DEA fibers was developed for partial nitrification with nitrite accumulation.
Prior to the nitrification test, it was confirmed that the oxygen supply rate (OSR) was
proportional to air pressure up to 100 kPa, allowing easy control of oxygen supply. Stable

nitrite accumulation was observed in the partial nitrification test at a fixed oxygen supply
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throughout the operation period, indicating that oxygen was consumed by only ammonia
oxidizers. Furthermore, it was demonstrated that oxygen utilization efficiency (OUE) in

the ammonia oxidation process was nearly 100% after 300 h incubation.

Published in: A. Terada, T. Yamamoto, K. Hibiya, S. Tsuneda, A. Hirata “Enhancement
of biofilm formation onto surface-modified hollow-fiber membranes and its application

to membrane-aerated biofilm reactor” Water Science and Technology, 49 (11-12),

263-268 (2004)

5. 1 Introduction
A membrane-aerated biofilm reactor (MABR) for the biodegradation of contaminated
compounds is of significant interest in applications where conventional wastewater
treatment systems are unsuitable (Casey et al., 1999). In an MABR, a hollow-fiber
membrane plays two roles: supplying oxygen and acting as the substratum for bacterial
immobilization. Supplied to the inner side of a hollow-fiber membrane, oxygen
penetrates through to the biofilm that has formed on the outer surface. Bacteria in the
biofilm subsequently utilize the oxygen to oxidize pollutants diffusing from the bulk
solution. In the latest research using the MABR, removal of chlorophenol (Wobus and
Roske, 2000), nitrification (Brindle ef al, 1998) and simultaneous nitrification and
denitrification (SND) (Suzuki et al., 2000; Hibiya et al., 2003; Semmens et al., 2003;
Satoh et al., 2004; Terada et al., 2003) were reported. Although control of bacterial
adhesion onto the membrane outer surface is important for effective oxygen supply, the
enhanced adhesion of bacterial cells, leading to rapid startup, stable operation of the

MABR and development of novel reaction sites, has not been investigated. In particular,
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it has been generally recognized that autotrophic bacteria such as nitrifying bacteria
hardly adhered on surfaces due to low production of extracellular polymeric substances.
If rigid nitrifying biofilm is formed and partial nitrification in that ammonia is not
converted into nitrate but into nitrite is achieved under controlled oxygen supply, a novel
SND process via not nitrate but nitrite, which is free of pH adjustment and applicable to
low TOC/N ratio wastewater may be possible.

To facilitate bacterial adhesion to the membrane surface, radiation-induced graft
polymerization (RIGP) was used in our previous work (Tsuneda et al., 1992). This
technique enables the modification of various polymeric backbones to open interfaces,
which support the “grafting” of functional groups. Our groups successfully promoted
bacterial adhesion via electrostatic interaction (Hibiya et al, 2000). This method is
expected to make the biofilm form swiftly and firmly, resulting in effective oxygen
supply to specific bacteria. The objective of this chapter is three-fold: (1) to confirm the
enhancement of biofilm formation owing to the introduction of tertiary amino groups
onto the interface of polyethylene (PE), (2) to determine the oxygen supply rate of the
surface-modified hollow fiber, and (3) to undertake a partial nitrification test with an

MABR composed of the surface-modified hollow fibers.

5.2 Materials and methods
5.2.1 Hollow-fiber membranes
We prepared the surface-modified hollow-fiber membranes as follows (Figure 5.1). First
of all, a polyethylene-based hollow-fiber membrane (Asahi Chemical, Japan) referred to
as a PE-fiber was used as a starting material for grafting. The inner and outer diameters

of the fiber were 0.8 and 1.26 mm, respectively, with a porosity of 70% and an average
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pore size of 0.20 mm. The PE fibers were irradiated with an electron beam in a nitrogen
atmosphere at room temperature. The total dose of the electron beam was set at 200 kGy.
The irradiated PE fibers were then immersed in a glass ampoule containing
glycidylmethacrylate (GMA; 5 vol/vol% in methanol), which had been previously
sparged by nitrogen gas, and were allowed to react at 40°C for a predetermined time.
GMA-grafted fibers, referred to as GMA fibers, were soaked in N.N-dimethylformamide
(DMF) followed by methanol to remove residual monomers and homopolymers, and then
dried under reduced pressure. The amount of GMA grafted onto the stem fiber is

represented by the degree of GMA grafting (dg) as follows:

dg:IOOX(%OWOJ [%] (5.1)

where W, and W, are the weights of PE fiber and GMA fiber, respectively. Then, GMA
fibers were reacted with diethylamine (DEA; 50 vol/vol% in water) at 30°C overnight.
The resultant DEA-containing fiber will be referred to as a DEA (X) fiber, where X in

parentheses designates the degree of GMA grafting (dg).

CH,=CCH,
200 kGy EOCHZC\I:,}: 5 NH(CHY,
Polyethylene _’_> Polyethylene _> Polyethylene
GMA DEA ‘ NG
: ’; OH 27572
Electron beam e _(')H_N(C’HS)’
N7 T—N(C;Hy),
~ OH
_|_N(C1Hs)z
OH
PE-fiber GMA-fiber DEA-fiber

Figure 5.1 Preparation scheme of diethylamino (DEA)-group-containing hollow fiber
(DEA-fibers).

5.2.2 Batch test for bacterial adhesion onto DEA fiber

Bacterial adhesion onto DEA-fiber was compared with that of virgin PE and alternative

surfaces. Nitrifying bacteria acclimated with inorganic synthetic wastewater were
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dispersed with a homogenizer and then centrifuged. This washing procedure was
repeated twice to eliminate residual substrates and extracellular polymers produced by
bacterial cells. Washed sludge was suspended in 0.02 M PBS. Nitrifying bacterial
suspension with a volume of 60 ml was infused into a 100 ml flask (MLSS 1000 g/m”).
PE, DEA (23, 38, 94, 131, 160 and 270), polyacrylonitrile (PAN) and polyvinylidene
fluoride (PVDF) fibers (Asahi Chemical, Japan) were immersed into the suspension,
followed by shaking the flasks at 130 rpm and 25°C. Fibers of 10 cm in length were cut
into 0.5 cm sections and subsequently sliced vertically in half (surface area: 2.28x107
mz). The time course of the O.D.gs0 of the bulk liquid was measured at intervals to
evaluate bacterial adhesion onto the fibers. After 7 days, the cells attached onto the fibers
were sonicated with a homogenizer at 100 pA for 15 min. Detached biomass was
analyzed using a TOC analyzer (TOC-5000A, Shimadzu, Japan). Bacterial adhesion to

membranes was confirmed by SEM (JSM-5600, JEOL, Japan) imagery.

5.2.3 Biofilm formation experiment

To evaluate the effectiveness of the surface modified fiber, i.e., DEA-fiber, the biofilm
formation experiments was performed. An illustration of experimental apparatus is
shown in Figure 5.2. The dg of DEA fiber was set to be 81%. The module of DEA fibers
were immersed in a nitrifying suspended solution which concentration and volume were
1000 g-SS/m’ and 1 L, respectively. This module was composed of the three DEA fibers
and made it possible to remove one of them with time for evaluation of biofilm thickness
and biofilm density. Three runs were operated at different air pressures of 0, 10 and 23
kPa, respectively. The influent medium consisted of 0.236 g of (NH4),SOy4, 0.282 g of
NH4HCOs, 0.02 g of MgSO47H,0, 0.02 g of Na,HPO,, 0.02 g of KH,PO4, 0.05 g of

KCl, 0.001 g of FeSO47H,0, and 0.84 g of NaHCO; per liter (pH 7.5+0.1). The
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operation was batch mode and (NH4),SO4 was added to set at NH, " -N concentration of
100 g-N/m® once NH;"-N was depleted in the bulk. On days of 7, 14 and 28, the fiber
was taken from the reactor for measurements of biofilm thickness and the amount of
biomass. A 20-mm-thick biofilm section was prepared from a frozen biofilm sample
embedded in OCT compound (Miles, Elkahrt, IN, USA) using a cryostat (CM 3050;
Leica, Bensheim, Germany) at —20°C. The section was mount on a slide glass and
biofilm thickness was measured using a digital optic microscope (Keyence, Tokyo,
Japan). The amount of biomass was measured following the protocol as described in

Section 5.2.2.

Volume (1L)

Nitrifying | sus
(MLSS [t g
\ |

embrane (dg 81%)

Stirrer bar
150 rpm

Lo

Figure 5.2 Illustration of the experimental apparatus for biofilm formation.

5.2.4 Reactor configuration

Figure 5.3 shows a schematic diagram of the laboratory-scale MABR constructed by 200
DEA (60) fibers. The working volume of the reactor vessel excluding the circulation line
was 1.15 L; the reactor length, inner diameter and total volume were 600 mm, 55 mm
and 1.29 L, respectively. This system had a dead-end configuration to achieve 100%
oxygen transfer through inner side of the hollow-fiber membrane. The specific
membrane surface area was 318 m%m’. Liquid in the MABR was circulated at a flow

rate of 2 cm/s to prevent the sedimentation of excess sludge. All experiments were
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performed under the condition of complete mixing.
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Figure 5.3 Schematic diagram of the membrane-aerated biofilm reactor (MABR)

5.2.5 Oxygen mass transfer test

The oxygen supply rate (OSR) was evaluated by calculating the oxygen transfer rate
from the membrane and gas-bulk interface to the bulk; this was accomplished by looking
at the time course of dissolved oxygen (DO) under different air pressure conditions at 25,
50, 75, 100 and 125 kPa. The 200 DEA (60) fiber was used to evaluate OSR. First,
distilled water was poured into the MABR. After nitrogen gas was sparged into the
reactor to decrease DO concentration to 0 g/m’, aeration through the hollow-fiber
membrane began. The OSR was obtained from the linear regions of the time course of
DO concentration. From the relationship between air pressure and the OSR, we judged

whether or not oxygen supply was controllable.

5.2.6 Partial nitrification test

The influence of air pressure on nitrite accumulation was also studied in the MABR.
Inorganic artificial wastewater (NH;'-N 130 g-N/m’, alkalinity 1000 g-CaCOs/m’, pH
7.5 £ 0.1, temp. 25°C) was continuously fed to the MABR with an effective volume of

1.15 1. At startup, a seed sludge of nitrifying bacteria was inoculated. Continuous
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operation began when bacterial attachment was completed and the bulk liquid was free
from suspended solid. The air pressure was set at 50 kPa and the required flow rate to
achieve 100% partial nitrification, in that ammonia is not converted into nitrate but into
nitrite, was calculated from the results of the oxygen mass transfer test. The oxygen
utilization rate (OUR) and oxygen utilization efficiency (OUE) was calculated as follows

(Schroeder, 1985; Brindle et al., 1998):

OSR= Ty + To30m) [g-O./day] (5.2)

OUR=(Q(3.43xC,,, +4.57xC,,;) [g-O2/day] (5.3)

OUE= OUR x 100 [%] (5.4)
OSR

where 7o) and 7oxm) are the oxygen dissolution rates from the atmosphere and from the
inner side of the membrane, Q is the volumetric flow rate, and Cxoz and Cnos are NO;-N
and NOs™-N concentrations in the effluent, respectively. All samples were filtered through
a glass filter (GF/F; Whatman, UK) before water quality analysis. Ammonia-nitrogen
(NH;'-N) was measured using ion chromatography (DX-120; Dionex, Japan).
Nitrite-nitrogen (NO;-N) and nitrate-nitrogen (NO;-N) were measured using a
high-performance liquid chromatography (HPLC) (column: IC-Anion-PW; Tosoh, Japan).
The pH and the DO were measured using a pH meter (TPX-90i, Toko, Japan) and a DO

meter (TOX-901, Toko, Japan), respectively.

5.3 Results and discussion
5.3.1 Batch test for bacterial adhesion onto DEA fiber
PE, DEA (23, 38, 94, 131, 160 and 270), PAN and PVDF fibers were brought into

contact with the nitrifying suspension. Figure 5.4 shows the relationship between the
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ratio of initial adhesion rates of the DEA, PAN and PVDF fibers to that of the PE fiber.
The adhesion rates of nitrifying bacteria onto PE, PAN and PVDF were lower than those
of the DEA fibers, indicating that bacterial adhesion could be promoted by introduction
of the RIGP method (Figure 5.4). Although there is no clear difference in adhesion rates
among DEA fibers whose dg were more than 38%, the initial adhesion rates were
6-10-fold greater than that of the PE fiber. In addition, the amount of nitrifying bacteria
that adhered onto the DEA fiber was about 3-fold greater than that onto the PE fiber
(Figure 5.5). These results indicated that nitrifying bacteria exhibited a high degree of
adhesion onto the DEA fibers, suggesting that nitrifying biofilms might be easy to form
onto the DEA fibers

Figure 5.6 shows SEM images of the surface of PE and DEA (131) fibers before and
after contact with the nitrifier suspension for 7 days. With the application of the RIGP
method to the membrane surface, the rough and complex surface formed. Nitrifying
bacteria adhered onto the DEA (131) fiber, while they hardly adhered onto the PE fiber,
supporting the conclusion that the DEA-group-containing graft chains could provide a

favorable interface for adhesion of nitrifying bacteria.
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Figure 5.4 Relationship between the ratio of initial adhesion rates to the rate of the PE,

and degree of grafting of respective membranes
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Figure 5.5 Comparison of effect of degree of grafting on bacterial attachment (on
day 7)

1@, aea

Figure 5.6 SEM images of the interfaces of PE and DEA (131) fibers before adsorption

(a and b) and after exposure to nitrifying bacterial suspension for 7 days (c and d).

5.3.2 Estimation of biofilm formation

Uniform biofilm formation onto the DEA (81) was observed (Figure 5.7). Although it has
been generally documented that biofilm has a mushroom-like structure (Beyenal and
Lewandowski, 2002; Stoodley et al., 1994), the biofilm in this study was not because of
surface modification with RIGP: alternatively initial bacterial adhesion seems to be
significant on subsequent biofilm formation. Time course of biofilm thickness was shown
in Figure 5.8. The result clarified that the rate of biofilm formation is dependent on air

pressure, ie., oxygen flux through membrane. The amount of biomass on the fibers
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showed that biofilm density increased up to 61-83 kg/m’ in one month. This value was
comparable to those under high shear conditions by other researches (Staudt et al., 2004;
Zhang and Bishop, 1994.). Since, the experiment in this study was conducted under low
shear conditions compared to those were, leading to the conclusion that the biofilm onto
the DEA (81) was very compact and robust. This result supports that by Hibiya et al.
(2000), which clarifies that formation of nitrifying biofilm is facilitated with DEA sheets
prepared by RIGP, indicating that the application of surface-modified material for

enhancement of initial bacterial adhesion would be very promising.

Figure 5.7 Pictures of biofilm on the DEA fibers (81) on days 7, 14 and 29,
respectively. The air was supplied through the lumen of the fiber at 23 kPa. Bars

represent 50 pm.
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Figure 5.8 Time course of biofilm thickness on the DEA (81).
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5.3.3 Estimation of oxygen supply rate (OSR)

The relationships of air pressure with kra and OSR are shown in Figure 5.9. OSR
increased with an increase in air pressure applied to the system. An approximate
first-order relationship between OSR and air pressure was obtained up to 100 kPa,
indicating that the applied air pressure can be used to control OSR. However, bubbles
began to form on the membrane surface at air pressures higher than 100 kPa. This
phenomenon decreases oxygen mass transfer by reduction of the liquid-gas boundary
area; thus, the membrane used in this study was not effective when such high air

pressures were applied.
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Figure 5.9 Oxygen supply rate (OSR) and kpa as a function of air pressure

5.3.4 Partial nitrification test

A partial nitrification test was undertaken with the MABR module constructed by DEA
fibers. The time courses of water quality and nitrification rate are shown in Figure 5.10
(a). At startup, adhesion of nitrifying bacteria onto the membrane surface occurred
immediately. As the nitrifiers were acclimated, more stable ammonia removal efficiency

was observed. Furthermore, suspended solids were not detected, suggesting that the
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nitrifying biofilm formed on the membrane surface rigidly. Obviously, the possibility that
nitrification might occur in the bulk liquid was negligible since the bulk liquid was free
from DO and suspended solids (Figure 5.10 (b)). The nitrogenous compounds derived
from ammonia oxidation in the MABR were not nitrate but entirely nitrite throughout the
operational period. The free ammonia concentration calculated from the formula
advocated by Anthonisen et al. (1976) was less than the level in which the activity of
nitrite-oxidizing bacteria (NOB) was inhibited (data not shown). Therefore, these data
alone do not confirm partial nitrification; but at least support possibility.

The oxygen utilization efficiency (OUE) of the ammonia oxidizing bacteria (AOB) is
shown in Figure 5.11. OUE increased gradually and reached 100% after 336 h, indicating
that oxygen supplied from the inner side of the membrane was completely utilized by the
nitrifying biofilm. Taking it into account that nitrate was not detected in the effluent,
these results demonstrates that partial nitrification with an inactive state of NOB could be
achieved if the equivalent amount of oxygen utilized by AOB is supplied to MABR.
Furthermore, the MABR system would be expected to achieve SND via not nitrate but

nitrite when applied to low TOC/N wastewaters.
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Figure 5.10 Time course results of partial nitrification experiment with the MABR:
(a) Water quality and nitrification rate; (b) DO and suspended solid in the effluent
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Figure 5.11 Time course of oxygen utilization efficiency (OUE)

5.4 Conclusion
The electrostatic interaction between bacterial cells and PE hollow-fiber membrane
surface was successfully enhanced by the introduction of DEA-group-containing graft
chains using RIGP method, to allow for rapid biofilm formation in an MABR system.
Appropriate oxygen control allowed for partial nitrification with 100% OUE in the
MABR system. Hereafter SND via nitrite would be expected to become viable with this

system.
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Nitrogen removal characteristics and
biofilm analysis of a membrane-aerated
biofilm reactor applicable to
high-strength nitrogenous wastewater

treatment

Abstract
A membrane-aerated biofilm reactor (MABR) capable of simultaneous nitrification and
denitrification in a single reactor vessel was developed to investigate the characteristics
of nitrogen removal from high-strength nitrogenous wastewater, and biofilm analysis
using microelectrodes and the fluorescence in situ hybridization (FISH) technique was
performed. Mean removal percentages of total organic carbon (TOC) and nitrogen were
96% and 83% at removal rates of 5.76 g-C/m*/day and 4.48 g-N/m”/day, respectively. For
stable removal efficiency, constant washing of the biofilm was needed. Dissolved oxygen
microelectrode measurement revealed that the biofilm thickness was about 1600 um, and

that oxygen penetrated about 300 to 700 um from the outer surface of the membrane.
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Furthermore, FISH analysis revealed that ammonia-oxidizing bacteria (AOB) were
located near the outer surface of the membrane, whereas other bacteria were located from
the inner to the outer part of the biofilm. Combining these results demonstrated that
simultaneous nitrification and denitrification occurred in the biofilm of the MABR
system. In addition, stoichiometric analysis revealed that after 130 days the free ammonia
(FA) concentration ranged within the concentration causing inhibition of the growth of
nitrite oxidizing bacteria (NOB) and that AOB consumed 86% of the oxygen supplied
through the intra-membrane. These results indicate that nitrogen removal not via nitrate

but via nitrite was mainly achieved in the MABR system.

Published in: A. Terada, K. Hibiya, J. Nagai, S. Tsuneda, A. Hirata. “Nitrogen removal
characteristics and biofilm analysis of a membrane-aerated biofilm reactor applicable to

high-strength nitrogenous wastewater treatment” Journal of Bioscience and

Bioengineering, 95 (2), 170-178 (2003).

6. 1 Introduction
The discharge of nitrogen and phosphorus from domestic effluent and animal farms
causes eutrophication, algal blooms and groundwater pollution. Particularly, since animal
wastes contain high concentrations of nitrogen and phosphorus as well as organic carbon,
the removal of organic carbon and nutrients is very important for water environment
conservation. To treat animal wastes, activated sludge and modified activated sludge
systems (i.e., sequencing batch reactors (SBRs)) have been widely used because of the
high concentration of organic compounds (Bernet et al., 2000; Biscudo et al., 1995; Kim

et al., 1999; Osada et al., 1991; Ra et al., 2000). However, there is a major drawback: the
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presence of organic compounds results in competition for dissolved oxygen (DO)
between nitrifying bacteria which oxidize nitrogenous compounds and heterotrophic
bacteria which oxidize organic compounds under aerobic conditions. Even in
conventional biofilm processes that facilitate the immobilization of larger amounts of
bacteria in the reactor vessel than activated sludge processes, nitrifying bacteria are
usually outcompeted by heterotrophic bacteria due to lower growth rates and yields in the
competition for DO. The outcome of these interspecies competitions is usually
deterioration in nitrification efficiency (Okabe et al., 1996). Thus, when applying these
processes to high-strength nitrogenous wastewater treatment, a large amount of water is
needed for dilution. For that reason, the reactor volume would be too large to be set up in
small swine farms, particularly in Japan. Furthermore, in the case of conventional
activated sludge or biofilm reactor systems, complicated system operation, large space
requirement and pH adjustment in the respective vessels are unavoidable due to the
necessity of vessels for two respective reactions: nitrification and denitrification.
Therefore, the development of a compact and maintenance-free reactor system is
desirable.

As a solution to these problems in small swine farms, the application of a
membrane-aerated biofilm reactor (MABR) to the wastewater treatment process is
proposed in this chapter. The MABR is composed of porous hollow-fiber membranes the
outer surface of which is covered with biofilm. In the MABR, a membrane plays two
roles: one is as a carrier to immobilize bacteria and the other is as an oxygen supplying
material. Oxygen penetrates through the membrane into the biofilm that forms on the
outer surface of the membrane. Bacteria in the biofilm subsequently consume the oxygen
to oxidize pollutants diffusing from the bulk solution (Timberlake et al., 1988). An

MABR has previously been applied to nitrification (Brindle et al., 1998; Hsieh et al.,
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2002), simultaneous organic carbon removal and nitrification (Suzuki et al., 1993, 2000;
Yamagiwa et al., 1994, 1998) and the treatment of high-strength food processing
wastewater (Brindle et al, 1999; Pankhania et al., 1994; Wilderer et al., 1985).
Furthermore, when applying an MABR to wastewater containing organic carbon and
ammonia, the aerobic zone close to the biofilm-membrane interface would support
nitrification; the anoxic zone close to the biofilm-liquid interface would allow
denitrification (Casey et al., 1999; Hibiya et al., 2002). Therefore, an MABR can be used
for simultaneous nitrification and denitrification in a single reactor vessel without pH
adjustment and is a compact reactor system. However, there is no report in which an
MABR is applied to the treatment of high-strength nitrogen-containing wastewater from
animal farms with the aim of simultaneous nitrification and denitrification, and in which
the biofilm structure in the MABR is analyzed in detail.

The biofilm structure in an MABR system used for simultaneous nitrification and
denitrification would be more complicated than a conventional biofilm structure because
two reactions occurring under different conditions are achieved in a single reactor vessel.
To elucidate the physical and microbial characteristics of the biofilm and to control the
microenvironment in the biofilm are of importance for optimum operation of MABRSs.
Particularly, a combination of microelectrodes with a tip diameter of 3-20 mm for the
measurement of substrate distribution in the biofilm (Lewandowski et al., 1989) and the
FISH method which is capable of detecting specific bacterial cells using 16S
rRNA-targeted oligonucleotide probes labeled with a fluorescent compound provides
direct information regarding microenvironments and distribution of substrates in MABRs,
as previously demonstrated for biofilm reactors (Okabe et al., 1999; Schramm et al.,
1997).

In this chapter, we developed an effective MABR system capable of simultaneous
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nitrification and denitrification for high-strength nitrogenous wastewater such as swine
wastewater and investigated the removal characteristics of nitrogen. Then, the DO
concentration that seemed to result in substrate limitation in most biofilms and the
microbial population in the biofilm were investigated using DO microelectrodes and the
FISH method, respectively. Furthermore, using the experimental data of the nitrogen
removal rate, oxygen supply rate, and biofilm structure, nitrogen removal characteristics

and stoichiometric analysis in terms of oxygen utilization are discussed.

6.2 Materials and methods

6.2.1 Hollow-fiber membranes

As mentioned in the Introduction, in an MABR the membrane plays two roles, i.e., as an
oxygen supplying material and a carrier for bacterial immobilization. To promote
bacterial attachment to the membrane, we used a surface-modified polyethylene
membrane. This material was prepared by the radiation-induced graft polymerization
(RIGP) method as described by Tsuneda et al (1995). A commercially available
polyethylene membrane (Asahi Kasei, Tokyo) was used as the base polymer for grafting.
A vinyl monomer, glycidylmethacrylate (GMA), was grafted onto the polyethylene
membrane by applying the RIGP method. The degree of GMA grafting (dg) defined by

Eq. 6.1, was set at 100%,

dg= {(W1-Wo)/ W} >x100 [70] (6.1)

where W, and W, are the weights of unmodified and GMA-grafted membranes,

respectively. Subsequently, the GMA-grafted membrane was reacted with 50 %
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diethylamine aqueous solution for the introduction of diethylamino (DEA) groups. Table
6.1 shows the characteristics of the DEA-grafted membrane. Nitrifying bacteria exhibited
a high degree of adhesion to this DEA-grafted membrane, which resulted in the
formation of nitrifying biofilms of sufficient thickness within a short time (Hibiya et al.,

2000).

Table 6.1 Characteristics of the DEA-grafted membrane

Material Polyethylene
Membrane outer diameter [mm] 3.0
Membrane thickness [mm] 0.15
Membrane length [mm] 240
Pore size [um] 0.2
DEA group density [mol/kg-resin] 3.1

6.2.2 Reactor system

A laboratory-scale MABR contained three DEA-grafted hollow-fiber membranes. Figure
6.1 shows a schematic diagram of the MABR used in this study. The working volume of
the reactor vessel except for the circulation line was 0.15 L, with a reactor length, inner
diameter and total volume of 280 mm, 26 mm and 0.2 L, respectively. This system
adopted a dead-end configuration whereby the fiber ends furthest from the oxygen source
were individually sealed. The specific membrane surface area was 50 m*/m’ and the dead
space was about 3% of the total volume of the reactor vessel. Liquid in the MABR was
circulated at a flow rate of 5 cm/s to prevent the sedimentation of excess sludge. All

experiments were performed under the condition of complete mixing.
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Figure 6.1 Schematic diagram of the membrane-aerated biofilm reactor (MABR).

6.2.3 Target wastewater

The target wastewater in this study was non-diluted swine liquid waste discharged from a

process separating excrement and urine. Excrement does not contain nitrogen to a large

extent but consists almost completely of suspended solid and organic compounds. The

artificial wastewater comprising basal medium (7.93 g of dextrin, 0.91 g of peptone, 1.85

g of meat extract, 0.1 g of urea, 0.688 g of (NH4),SOy4, 17.13 g of NH4HCO;3, 0.64 g of

KH,PO,, 1.483 g of KCl, 0.709 g of MgSO,-7H,0, 0.441 g of CaCl,-2H,0, 20 mg of

MnSO4-4H,0, 30 mg of FeSO4-7H,0, 1 mg of CuSO4-5H,0, and 1 mg of ZnSOy-

7TH,O per liter) was used as an inlet solution for the MABR. Table 6.2 shows the

characteristics of the artificial wastewater.

Table 6.2 Characteristics of the artificial high-strength nitrogenous wastewater

Parameter Mean value
TOC [g/m’] 4500
NH,'-N [g/m’] 3000
NO, " -N [g/m’] 0

NO; -N [g/m’] 0
Org-N [g/m’] 1000
T-N [g/m’] 4000
T-P [g/m’] 300

pH [-] 7.5
Salinity [%] 1.3
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6.2.4 Reactor operational conditions

First, a seed sludge of nitrifying bacteria acclimated in ammonia-rich inorganic
wastewater at a nitrogen volumetric loading rate of 1.5 kg-N/m’/day for a period of one
year was inoculated. After 3 weeks of operation, the attachment of nitrifying bacteria to
the DEA-grafted membrane was visually confirmed. Next, a seed sludge of heterotrophs
acclimated in artificial municipal wastewater at TOC and nitrogen volumetric loading
rates of 1.92 kg-C/m’/day and 1.20 kg-N/m’/day, respectively, over a period of three
years was inoculated and the artificial swine wastewater was fed. Considering the fact
that the actual swine wastewater was discharged once a day, the artificial swine
wastewater was fed intermittently in the same manner. The TOC and nitrogen volumetric
loading rate were set at 0.30 kg-C/m’/day and 0.27 kg-N/m’/day, respectively. The water
temperature was 254+3°C. The oxygen was supplied through the inner side of the
membrane at an air pressure of 20 kPa. The hydraulic retention time (HRT) throughout
the MABR system was 15 day. For cleaning out excess sludge in the bulk liquid and
biofilm during the reactor operation, washing at a flow rate of 18 cm-reactor/s was
performed for 1 min on days 98, 115, 165, 213, 235, 269 and 330. Then, the suspended
solids were separated by precipitation and the solid pellet was removed. Periodically, the
dead end configuration was changed into flow-through configuration just in case to

remove water in the membrane lumen by opening the valve on the top of the reactor.

6.2.5 Analytical method

Water for treatment was sampled just before substrate feeding. All samples were filtered
through a glass filter (GF/C; Whatman, Springfield Mill, UK) before water quality
analysis. Total organic carbon (TOC) was measured using a TOC analyzer (TOC-5000A;

Shimadzu, Kyoto). Ammonia-nitrogen (NH;-N) was measured using ion
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chromatography (DX-120; Dionex, Osaka). Nitrite-nitrogen (NO,-N) and
nitrate-nitrogen (NOs™-N) were measured using high performance liquid chromatography
(HPLC) (column: IC-Anion-PW; Tosoh, Tokyo). The analysis of total nitrogen (T-N) was
conducted according to standard methods (APHA et al., 1992). The pH was measured

using a pH meter (B-211; Horiba, Kyoto).

6.2.6 Preparation of microelectrodes

A Clark-type DO microelectrode with a 90% response time of less than 5 s was prepared
to measure the concentration profiles of the biofilm according to the preparation protocol
described by Revsbech (1989). The tip diameter of the microelectrode was made to be ca.
10 wm by utilizing micropipette tension (MPT-1, Shimadzu, Kyoto). A two-point
calibration of the microelectrodes was made with 100% oxygen-saturated water at 24°C

of 8.34 g/m’ and oxygen-free water of 0 g/m’ by the addition of 1 M sodium sulfite.

6.2.7 Measurement of oxygen concentration profiles in the biofilm

The membrane and bulk solution in the MABR were immediately transferred to a
column-type cell for microelectrode analysis (Hibiya et al., 2003). Air was supplied in
the same way as during MABR operation. The DO microelectrode was inserted into the
biofilm using a micromanipulator (MMO-223; Narishige, Tokyo) at depth steps of 20 to
100 um until the microelectrode was attached to the membrane outer surface the position
of which was defined as 0 pm in biofilm depth. In this study, since the wastewater was
fed once a day, the concentration profiles of DO within the biofilm at substrate feeding (0
h) and just before substrate feeding (24 h), were measured with a DO microelectrode.
The biofilm on day 332 was immediately transferred to the column-type cell, and then

the DO microelectrode was inserted into the biofilm without disrupting the biofilm.

137



Biofilm analysis of a membrane-aerated biofilm
for simultaneous nitrification and denitrification

6.2.8 Sample preparation for FISH analysis

Sample preparation for FISH analysis was performed according to the protocol described
by Aoi et al. (2000). Biofilm samples attached to the membrane were immediately fixed
in freshly prepared paraformaldehyde solution (4% paraformaldehyde in
phosphate-buffered saline (PBS), pH 7.2) at 4°C for 18 h and were subsequently washed
in PBS. A 20-pum-thick biofilm section was prepared from a frozen biofilm sample
embedded in OCT compound (Miles, Elkahrt, IN, USA) using a cryostat (CM 3050;
Leica, Bensheim, Germany) at —20°C. Each slice was placed in hybridization wells on a
gelatin-coated microscopic slide and immobilized by air drying and dehydrating in a

graded series of 50, 80 and 96% ethanol.

6.2.9 Oligonucleotide probes

Two 16S rRNA-targeted oligonucleotide probes were used for in situ detection of
ammonia-oxidizing bacteria (AOB) and other bacteria: first, NSO1225 (labeled with
Cy3) (Mobarry et al., 1996): a specific probe for a region of the 16S rRNA of AOB
belonging to the B-subclass of Proteobacteria; and second, EUB338 (labeled with FITC)
(Amann et al., 1990): a probe for targeting all bacteria except Archaea. In this study,
NSO1225 and EUB338 were used at formamide concentrations of 35% and 20%,

respectively.

6.2.10 In situ hybridization and microscopic observation

Hybridization of the biofilm sections on the slide was performed according to the
standard hybridization protocol described by Amann (1995). Subsequently, the slides
were examined by fluorescence microscopy (Axio skop2 plus; Carl Zeiss, Oberkochen,

Germany) to visualize the microbial population. The image combining, processing and
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analysis were performed using personal computer software packages.

6.3. Results

6.3.1 Organic carbon removal characteristics

Figure 6.2 shows the time courses of effluent TOC concentration and TOC removal
efficiency during a period of approximately one year. The average TOC removal
efficiency reached above 96% at a TOC loading rate of 0.30 kg-C/m’/day. From the
results of a TOC volumetric removal rate based on 50 m*/m” of the specific surface area
being available for the biofilm attachment and oxygenation, a TOC specific removal rate
per membrane surface area was estimated to be 5.76 g-C/m?/day. However, in some cases,
the TOC concentration in the effluent exceeded more than 100 g-C/m’, particularly after
150 day. Increasing biomass in the MABR with an increase in the biofilm thickness was
clearly observed. Therefore, it was assumed that an increase in biomass in the biofilm
brought about detachment and self-digestion of bacteria, and consequently the TOC
concentration in the effluent was raised.
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Figure 6.2 Time courses of TOC concentration in the effluent and TOC removal

efficiency.
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6.3.2 Nitrogen removal characteristics

Figure 6.3 shows the time courses of T-N, NH,"-N, NO,-N, and NO5-N concentrations
in the effluent. Additionally, Figure 6.4 shows the composition of residual nitrogen
compounds in the effluent and the nitrogen removal efficiency. As can be seen in Figs.
6.3 and 6.4, nitrite and nitrate were detected up to 70 days, indicating that denitrification
was limited. Thin biofilms growing at the early stage of biofilm development promoted
oxygen penetration to the bulk liquid, which inhibited denitrification in the bulk liquid
where the DO concentration ranged from 1 to 3 g/m’. Since a thick biofilm was observed
after 70 day, nitrite and nitrate were hardly detected and a nitrogen removal efficiency of
more than 85% was stably achieved. However, after 150 day, the nitrogen removal
efficiency was less than 80%. In this period, inhibition of nitrification was observed and
consequently ammonia in the effluent reached about 1000 mg/L and the pH reached 8.5.
As shown in Fig. 6.4, after the washing procedure, the deterioration in the removal
efficiency was not observed. Furthermore, since excess sludge was not observed in the
reactor vessel during the entire operation period, the contribution of excess sludge to
denitrification seemed to be negligible compared with that of the biofilm. In summary,
during the entire operation period, the mean percentage of nitrogen removal was 83%.
Furthermore, from this result, the nitrogen specific removal rate per membrane surface

area was estimated to be 4.48 g-N/m?/day.
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6.3.3 Measurement in the biofilm

Figure 6.5 shows the DO concentration profile in the biofilm. It was revealed that the
biofilm thickness was about 1600 um and the DO penetration depths at substrate feeding
(0 h) and just before substrate feeding (24 h) were approximately 300 pm and 700 pm,
respectively. From this result, it was suggested that the aerobic zone in the biofilm was
quite limited, whereas the anoxic and anaerobic zones were relatively wide. Moreover,
throughout each 24-h period, the DO in the bulk liquid was always 0 g/m’, where
denitrification by denitrifying bacteria could occur. As a result, 100% oxygen utilization
efficiency was achieved owing to the dead-end configuration and bubbleless mass

transfer through the membrane wall directly to the biofilm.

Membrane outer surface Biofilm-liquid interface

e e A e
—@— 0h (substrate supply)
-O— 24h

DO concentration [g/ m3]

Biofilm Thickness [ pm]

Figure 6.5 Dissolved oxygen concentration profile in a biofilm on day 334. Mean
biofilm thickness was 1600 um. Membrane outer surface was defined as having a
depth of 0 um.
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6.3.4 FISH analysis

On day 346, the membrane was collected for FISH analysis. Due to the inoculation of
nitrifying bacteria for 3 weeks, clusters of AOB could be detected with the Cy3-labeled
NSO1225 probe throughout the aerobic region ranging from 0 to 300 pm from the outer
surface of the membrane, as shown in Figures 6.6 a and b. In addition, other bacteria
could be also detected with the FITC-labeled EUB338 probe in the same region. In
contrast, only bacteria other than AOB were present at the interface of the biofilm and the
bulk liquid as shown in Figure 6.6 c. Since the biofilm prepared for FISH was separated
during the fixation procedure in the prepared paraformaldehyde solution, it was
impossible to draw a clear boundary line between the biofilm outer surface and the bulk
liquid in Fig. 6 c. Combining the results obtained with the DO microelectrodes with those
obtained using FISH analysis, AOB mainly inhabited the oxic zone (up to 300 um from
the membrane surface). These results indicated that the ecology of AOB was dependent
upon the DO concentration and that AOB converted ammonia into nitrite at the outer

surface of the membrane.
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Figure 6.6 FISH images of the membrane-biofilm interface (a) (b) and biofilm-bulk
liquid interface (c¢) with Cy3-labeled NSO1225 probe and FITC-labeled EUB338

probe. Eubacterial cells are green and ammonia-oxidizing cells are yellow.
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6.4 Discussion

6.4.1 Biofilm thickness

During the entire operation period, the mean percentage of nitrogen removal was 83%.
Furthermore, the nitrogen removal rate per membrane surface area reached 4.48
g-N/m*/day. Table 6.3 summarizes the specific ammonia or nitrogen removal rates per
unit membrane surface area that have been attained with biofilm reactors by other
research groups. Although an exact comparison of these results might be superficial, the
value obtained in this study demonstrated that the present MABR system had high
nitrogen removal potential in a single reactor vessel. This can be attributed to the start-up
procedure whereby nitrifying bacteria were inoculated by priority. Moreover, the RIGP
method is effective for the attachment of nitrifying bacteria to the membrane surface
evenly and rapidly as indicated by Hibiya et al. (2000). The start-up procedure and the
introduction of the RIGP method resulted in a long period of effective oxygen uptake by
nitrifying bacteria and a high ammonia removal rate. However, the biofilm thickness,
which was measured with a DO microelectrode in this study, was about 1600 um, also
implying that substrate diffusion into the entire biofilm might be limited. Casey et al.
(2000) reported that liquid flow velocity on the biofilm surface had an effect on mass
transfer by diffusion through the boundary layer, on the detachment rate, and on the
maximum biofilm thickness in the MABR system. Moreover, according to their report,
when the biofilm thickness was higher than 1000 pum, substrate diffusion limitation
occurred and the removal rate was reduced. On the other hand, Tsuneda et al. (2000)
showed that utilization of extracellular polymeric substances (EPS) excreted by
heterotrophic bacteria resulted in a thick biofilm that included large quantities of
Nitrobacter winogradskyi and a high nitrite-oxidation rate. Therefore, the biofilm formed

in this study was suitable for retaining large amounts of nitrifying bacteria as shown in
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Figures 6.6 a and b. In addition, the result that AOB were not detected near the bulk
liquid-biofilm interface as shown in Fig. 6.6 c, demonstrated that the biofilm structure in
this study had another advantage; preventing AOB detachment due to liquid flow at the
bulk liquid-biofilm interface. In future work, the concentration profiles of ammonia and
DO will be precisely determined with respective microelectrodes; and then the optimum
biofilm thickness must be determined and a thickness control technique established.
Moreover, in this study, the washing procedure of the biofilm was conducted irregularly;
however, periodical washing of the biofilm and withdrawal of the excess sludge in the
bulk liquid was necessary to keep the TOC and nitrogen removal efficiency high, as

described by Suzuki ef al. (1993), Pankhania ef al. (1994), and Brindle et al. (1999).

Table 6.3 Comparison of specific removal rate per unit membrane surface area.

NH,"-N removal rate
. Wastewater
References (Nitrogen removal rate) )
5 (Artificial)
[g-N/m“/day]
) Matsumura et al. (1997) 4.0%107 Inorganic
Biofilm reactor ) 2 .
Araki et al. (1999) 9.6 %10 Inorganic
High-strength

This study 4.48" g g

nitrogenous

Suzuki ef al. (1993) 4.0° Municipal
Membrane-aerated | Yamagiwa et al. (1994) 22 Municipal
biofilm reactor | Yamagiwa et al. (1998) 1.9 Municipal
Hibiya ez al. (2002) 3.0~° Municipal
Brindle et al. (1998) 5.4° Inorganic
Hsieh et al. (2002) 1.97 Inorganic

* Representing nitrogen removal value.
® Representing maximum value.
¢ Utilizing pure oxygen.

6.4.2 Ammonia accumulation

In this study, deterioration of nitrogen removal efficiency was mainly due to ammonia
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accumulation. A possible reason for deterioration of the nitrogen removal efficiency
would be an increase in free ammonia (FA) and free nitrous acid (FNA). FA is inhibitory
to both AOB and NOB, and FNA rather than NH4+ and NO2- is inhibitory to only NOB
(Anthonisen et al., 1976). Figure 3.7 shows the relationship between pH and FA or FNA
described by Anthonisen et al. (1976). When all the data of effluent NO,-N and NH;'-N
concentrations in our continuous experiment were plotted on this graph, it was found that
the FA concentration was as high as 150 g/m’ from day 180 to 240 (closed circles in Fig.
3.7). It was reported that a high FA concentration (Zone 1) in the bulk liquid inhibited not
only NOB such as Nitrobacter species, but also AOB such as Nitrosomonas species
(Anthonisen et al., 1976). One advantage of the MABR system is that there is no need
for pH adjustment because of the simultaneous nitrification (oxidation) and
denitrification (reduction) occurring in a single reactor vessel. However, when the FA
concentration reached as high as 150 g/m’, the activities of both AOB and NOB were
inhibited, resulting in deterioration of nitrification efficiency. In association with this
phenomenon, the pH was never lowered but was raised by ammonification and
denitrification. Therefore, monitoring and adjustment of pH were desirable when
high-strength nitrogenous wastewater such as that from livestock was treated.
Ammonium nitrogen did not exceed 1000 g-N/m’ probably because adaptation of AOB
to the high FA concentration occurred. Turk and Mavinic (1989) reported that NOB
appeared capable of tolerating ever-increasing levels of FA concentrations up to 40 g
NH;-N/m’. Thus, AOB as well as NOB might exhibit such the tolerance, resulting in the
occurrence of ammonia oxidation despite the high FA concentration. On the other hand,
after 70 day, the FA concentration, ranging from 10 to 150 g/m’, was sufficiently high to
inhibit NOB activity. Inhibition by FNA was negligible throughout the experimental run,

as indicated in Fig. 3.7 in which all plots (open triangles) were below FNA concentration

146



Chapter 6

of 2.8 g/m’.
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1000~ 710000 B
p— on
g E
z z
o 100 {1000 20
5 : <
£ 5
S o
Zz 10 fioo ~Z
1 :\l ] + <
o on
Z Z

i 510

pH []

Figure 6.7 Dependence of free ammonia (FA) and free nitrous acid (FNA) on pH in
the solution described by Anthonisen et al. (1976). Zone 1 shows FA inhibition of
Nitrobacter and Nitrosomonas, Zone 2 shows FA inhibition of only Nitrobacter, Zone
3 shows complete nitrification, and Zone 4 shows FNA inhibition of Nitrobacter.
Symbols: open circles, NH,"-N; double circles, NH4'-N from 0 to 70 d; closed circles,
NH,"-N from 180 to 240 day; open triangles, NO, -N; solid lines, FA of 0.1, 1, 10 and
150 g/m’, respectively; dotted lines, FNA of 0.2 and 2.8 g/m’.

6.4.3 Biofilm structure

Previous studies on MABRs focused only on the overall removal efficiencies without
paying any attention to what happened in the biofilm. In this study, however, the
combination of the in situ detection of specific bacteria in the membrane-attached biofilm
using the FISH method and determination of the DO microprofiles using a DO
microelectrode made it possible to confirm the microbial ecology in the biofilm; AOB
were located near the membrane and bacteria other than AOB near the biofilm-bulk
liquid interface. It was clearly proved that simultaneous nitrification and denitrification

occurred in the same biofilm of MABR system. However, we did not investigate either
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the activity of sulfate-reducing bacteria (SRB) in the biofilm or the competition for
organic carbon between denitrifying bacteria and SRB. As reported by Okabe et al.
(1998) and Santegoeds et al. (1998), it was possible that SRB were present extensively in
the biofilm of the MABR. In this study, the production of hydrogen sulfide was not
detected throughout the incubation period (data not shown), indicating that the oxygen
reduction potential (ORP) of the effluent was suitable not for sulfate reduction but for
denitrification. However, if the ORP decreases, the competition for organic carbon
between denitrifying bacteria and SRB might occur, leading to a lack of organic carbon
for denitrification and the deterioration of nitrogen removal efficiency. Therefore, future
research, i.e., on the production of hydrogen sulfide and the competition for organic
carbon between denitrifying bacteria and SRB, is needed to better understand biofilm

function and structure, and to promote overall removal efficiency of the MABR.

6.4.4 Oxygen utilization

One of the advantages of the MABR is that the amount of oxygen supplied through the
intra-membrane can be easily controlled. In our previous study, it was clarified that the
amount of transferred oxygen was proportional to air pressure (Hibiya et al, 2002),
which indicated the possibility of controlling the DO concentration in the MABR system
by adjusting air pressure. According to the relationship between air intrapressure and the
oxygen transfer rate obtained in our previous study (Hibiya et al., 2003), the oxygen
mass transfer rate in the present MABR system was calculated to be 1.17 x 107 g-O,/day.
The mean ammonia removal rate per membrane surface area from 130 day was 4.32
g-N/m?/day, when nitrate in the effluent was not detected and the DO concentration in the
bulk was 0 g/m’. The total amount of ammonia removed in the MABR was 3.18 x 107

g-N/day by calculating from the membrane surface area. The stoichiometric formula of
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microbial ammonia oxidation with AOB growth was previously defined as Eq. 6.2 (U.S.
Environmental Protection Agency, 1975).

55NH4" + 760, + 109HCO3 — CsH;NO, + 54NO;" + 57H,0 + 104H,CO;  (6.2)

By using this formula, the amount of oxygen utilized by AOB was estimated to be 1.00 X
10" g-O,/day. Since the oxygen mass transfer rate was 1.17 x 10™ g-O,/day as mentioned
above, considering the ammonia removal rate per membrane surface area and the oxygen
supplied through the intra-membrane it was revealed that 86% of supplied oxygen was
used by AOB and the remaining 14% by bacteria other than AOB. If the remaining 14%
of supplied oxygen, 1.70x 102 g-O,/day, was utilized by NOB, the stoichiometric
formula of microbial nitrite oxidation with NOB growth was previously defined as Eq.
6.3 (U.S. Environmental Protection Agency, 1975).

400NO, + NH," + 4H,CO; + HCO;5™ + 1950, — CsH7NO, + 3H,0 + 400NO;” (6.3)

By using this formula, the amount of nitrate produced was estimated to be 1.49 x 107
g-N/day by depletion of oxygen, whereas the nitrite produced would be 1.62 x 107
g-N/day. In other words, the NO3;-N/NOy -N ratio would be 0.48. In addition, taking into
account FA and FNA inhibition and the competition for DO between NOB and aerobic
heterotrophic bacteria in the biofilm, this ratio would be lower. Consequently, this
calculation revealed that more than the half of the nitrogen was removed not via nitrate
but via nitrite (NH;" — NO,” — N,). In previous research by Oh and Silverstein (1999),
when the TOC/NO;-N ratio was as low as 1.00, denitrification occurred insufficiently
due to TOC depletion, resulting in nitrite accumulation in the SBR. On the other hand,
Bernet and Moletta (1996) reported that denitrification was complete even when the
TOC/NO; -N ratio was 1.08 using volatile fatty acids in batch tests for denitrification. In
this study, although the TOC/N ratio was as low as 1.13, nitrogen removal was attained in

the MABR system where nitrogenous compounds were removed not only via nitrate
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denitrification but also via nitrite denitrification. This nitrogen removal path (NH;" —
NO;" — N2) could lead to denitrification at low TOC/N ratios as shown in the previous
study (Bernet and Moletta, 1996). Many researchers demonstrated that the short-cut
process (NH4+ — NO,; — N,) can save on tank volume, the oxygen requirement for
nitrification, and the organic carbon requirement for denitrification (Abeling and
Seyfried,1992; Eum and Choi, 2002; Turk and Mavnic, 1986). In particular, in the
treatment of swine wastewater, although the separation of excrement and urine results in
a decrease in the TOC/N ratio and leads to a lack of organic carbon that is necessary for
denitrification, elimination of excrement can prevent the biofilm from clogging.
Therefore, the short-cut process would be effective when treating low-TOC/N-ratio
wastewater such as swine wastewater in terms of stable removal efficiency as well as
cost performance. As mentioned above, use of the MABR facilitated the generation of
more detailed information regarding the biofilm, particularly bacterial activity with an
oxygen requirement. Therefore, use of an MABR would be effective in the treatment of
low-TOC/N-ratio wastewater, because oxygen could be supplied for specific bacterial
species populating the region close to the membrane surface. Nevertheless, direct
measurements with microelectrodes are necessary to clarify the nitrogen removal path in

the biofilm and prove the effectiveness of the short-cut process.

6.4.5 Improvement of removal rate

The MABR system in this study exhibited lower volumetric removal rates of TOC and
nitrogen because of the smaller specific surface of the membrane per reactor volume; 50
m”/m’ in comparison with the MABR system used in other research groups. For example,
Brindle et al. (1999) and Pankhania ef al. (1994) set a specific membrane surface per

reactor volume of 447 m?’m’ and 5100 m%*m’ and achieved removal rates of 27
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kg-COD/m’/day and 8.94 kg-COD/m’/day, respectively. Moreover, Brindle et al. (1998)
concluded that the volumetric nitrification rate was limited only by the specific
membrane surface area available for biofilm attachment under conditions whereby the
oxygen supply was sufficient for complete nitrification. Therefore, to attain a high
volumetric removal rate of nitrogen, it is necessary to use membrane modules that

increase the specific surface area per reactor volume.

6.5 Conclusion
The nitrogen removal characteristics of the MABR were investigated using artificial
swine wastewater as a representative high-strength nitrogenous wastewater. Although
there was concern regarding substrate diffusion limitation owing to the formation of a
thick biofilm on the membrane, a high nitrogen removal rate per membrane surface area,
4.48 g-N/m’/day, was achieved. A constant washing procedure is necessary for stable
removal efficiency. Combining the results obtained using the DO microelectrode and the
FISH method revealed that the DO was completely consumed in the biofilm and AOB
inhabited the membrane outer surface and not the biofilm-bulk liquid interface. Therefore,
heterotrophic bacteria such as denitrifiers located at the biofilm-bulk liquid interface
resulted in the immobilization of large amounts of AOB in the biofilm. From
stoichiometric analysis, 86% of the supplied oxygen was consumed by AOB and nitrite
but not the nitrate denitrification seemed to be the main path of nitrogen removal. The
MABR takes advantage of the easy control of oxygen mass transfer, and thus it is useful

when removing nitrogen from low-TOC/N-ratio wastewater.
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General conclusion and perspectives

7. 1 General conclusion
Essentially novel wastewater treatment system is required for removal of nitrogenous
compounds since they would cause eutrophication. The nitrogenous compounds, mainly
ammonia, are changed into nitrogen gas through two biological successive reactions, i.e.,
nitrification and denitrification. These two reactions take place under two different
conditions: aerobic and anoxic conditions, respectively, this means normally we have to
construct two reactors separately for complete nitrogen removal.

Meanwhile, most natural biofilms exhibit redox stratification and the presence of strong
concentration gradients of both electron donors and acceptors. If we can control such
stratification in the biofilm, simultaneous nitrification and denitrification can be achieved
in a single biofilm, leading to the development with low operational costs and extreme
small footprint. The engineering challenges for that are the -elucidation of
physicochemical property of a substratum, which has an advantage to form biofilm, and
the development of a novel biofilm reactor.

In this dissertation, the author considered that the relationship between the
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physicochemical properties of a substratum and initial bacterial adhesion is essential for
rapid biofilm formation and construction of robust biofilm; therefore, the surfaces with
various physicochemical properties were designed and evaluated for initial bacterial
adhesion. Radiation-induced graft polymerization (RIGP) method was employed for such
design and evaluation since this method can facilitate to modify surface roughness and
electrostatic condition of a substratum. In addition, the link between initial bacterial
adhesion and the subsequent biofilm formation, i.e., a series of biofilm formation
mechanism, was investigated. Finally, a novel biofilm reactor, a membrane-aerated
biofilm reactor (MABR), was designed and developed with the use of surface modified
hollow-fiber membrane. Since membranes are used both as an oxygen-supplying material
and a bacterial carrier in this system, oxygen can be supplied through membrane apart
from supply of other substrates, which is expected to create redox stratification in a
biofilm easily over conventional biofilms. Simultaneous nitrification and denitrification
was demonstrated with the MABR from the considerations of both macro- and
micro-scale analyses of the biofilms.

This dissertation is composed of seven chapters.

In Chapter 1, the author summarizes basics of biological nitrogen removal, the
mechanism of bacterial adhesion and biofilm formation, surface modification techniques
and novel biofilm reactors applicable simultaneous carbon and nitrogen removal in a

single reactor. Furthermore, the objective of this dissertation is mentioned.

In Chapter 2, surface-modified polyethylene (PE) membrane sheets were prepared by
RIGP of an epoxy-group-containing monomer, glycidyl methacrylate (GMA). The epoxy

ring of GMA was opened by introducing diethylamine (DEA) or sodium sulfite (SS). The
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obtained results indicate that RIGP enables the control of the physicochemical properties
of such a sheet surface by adjusting the degree of grafting (dg) and the subsequent
conversion of functional groups. A batch test on bacterial adhesion onto the sheets
clarified that the DEA-containing sheet (DEA sheet) exhibited an adhesion rate constant, &,
significantly greater than those of other types of sheet. Clearly, the adhesion rate constant
of the DEA sheet increased with dg, indicating that electrostatic interaction is the most
decisive factor for bacterial adhesion when it works as an attractive force. Furthermore,
the densities of bacteria adhering onto the GMA-containing sheet (GMA sheet) and the
SS-containing sheet (SS sheet) were almost the same as that onto a PE sheet, whereas that
onto a DEA sheet significantly increased. Thus, the introduction of the GMA- and
SS-containing graft chain did not have much influence on bacterial adhesion onto the
surfaces, supporting the conclusion that the promotion of bacterial adhesion onto the

GMA and SS sheets was due to an increase in surface area resulting from RIGP.

In Chapter 3, Primary, secondary and tertiary amino groups were introduced into
polymer chains grafted onto a PE flat-sheet membrane to evaluate the effect of surface
properties on the adhesion and viability of Escherichia coli cells. The characterization of
the surfaces containing amino groups, i.e., ammonia (AM), ethylamino (EA) and
diethylamino (DEA), revealed that a high bacterial adhesion rate constant £ was observed
at a high membrane potential, which indicates that membrane potential could be an
indicator for evaluating bacterial adhesion onto the EA and DEA sheets. The maximum E.
coli cell adhesion rate constants of the EA- and DEA-containing sheets were 3.5-fold that
of the PE sheet. The E. coli cell viability experiment revealed that approximately 70% of
the cells adhering onto these sheets were inactivated after a contact time of 8 h, and that

such viability was dependent on membrane potential. Furthermore, E. coli cell viability

159



General conclusions and perspectives

significantly decreased at a membrane potential higher than —8 mV. Future perspectives
regarding the application of these sheets to the enhancement of biofilm formation or

prevention are discussed.

In Chapter 4, the relationship between initial bacterial adhesion and the subsequent
biofilm formation was investigated with a flow cell and observation of epifluorescence
microscopy and scanning electron microscopy (SEM). Surface-modified PE sheets were
prepared by RIGP for grafting GMA on the PE. The epoxy ring of GMA was opened by
introducing DEA or SS. The activity of E. coli cells onto the DEA sheets decreased
significantly. The experiment with a flow cell revealed that biofilm formation was
facilitated on the DEA sheet although the viability of E. coli cell was the lowest among
all the prepared sheets. In addition, unique biofilm structure was observed on the DEA
sheets: almost all of the E. coli cells were inactive on the base of the biofilm and active
cells deposited on the inactive cells. The SEM observation clarified that extracellular
polymeric substance (EPS) adhered on the DEA sheet, indicating that the EPSs could be
enhance biofilm formation onto the DEA sheet. From the above-mentioned experiments,
the DEA (100) has a potential to enhance not only initial bacterial adhesion but also

biofilm formation.

In Chapter 5, surface-modified hollow-fiber membranes were prepared by
radiation-induced grafting of GMA onto a PE-based fiber (PE-fiber). The epoxy ring of
GMA was opened by introduction of DEA. The bacterial adhesivity to this material
(DEA-fiber) was tested by immersed into nitrifying bacterial suspension. The initial
adhesion rates and the amount of attached bacteria of the DEA-fiber were 6-10-fold and

3-fold greater than those of the PE fiber, respectively. Biofilm formation was also
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facilitated through a biofilm formation experiment, yielding that the DEA-fiber is
superior for rapid startup and stable biofilm formation to PE-fiber. A membrane-aerated
biofilm reactor (MABR) composed of DEA fibers was developed for partial nitrification
with nitrite accumulation. Prior to the nitrification test, it was confirmed that the oxygen
supply rate (OSR) was proportional to air pressure up to 100 kPa, allowing easy control
of oxygen supply. Stable nitrite accumulation was observed in the partial nitrification test
at a fixed oxygen supply throughout the operation period, indicating that oxygen was
consumed by only ammonia oxidizers. Furthermore, it was demonstrated that oxygen
utilization efficiency (OUE) in the ammonia oxidation process was nearly 100% after

300 h incubation.

In Chapter 6, an MABR capable of simultaneous nitrification and denitrification in a
single reactor was developed to investigate the characteristics of nitrogen removal from
high-strength nitrogenous wastewater, and biofilm analysis using microelectrodes and the
fluorescence in situ hybridization (FISH) technique was performed. Mean removal
percentages of total organic carbon (TOC) and nitrogen were 96% and 83% at removal
rates of 5.76 g-C/m*/day and 4.48 g-N/m’/day, respectively. Dissolved oxygen
microelectrode measurement revealed that the biofilm thickness was about 1600 um, and
that oxygen penetrated about 300 to 700 um from the outer surface of the membrane.
Furthermore, FISH analysis revealed that ammonia-oxidizing bacteria (AOB) were
located near the outer surface of the membrane, whereas other bacteria were located from
the inner to the outer part of the biofilm. These results demonstrated that simultaneous
nitrification and denitrification occurred in the biofilm of the MABR system. In addition,
stoichiometric analysis revealed AOB consumed 86% of the oxygen supplied through the

lumen of the membrane. The result supports the main nitrogen removal pathway not via
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nitrate but via nitrite in the MABR system.

7.2 Future perspectives

7.2.1 Effect of hydrophobicity on bacterial adhesion

Radiation-induced graft polymerization is a powerful tool since surface physicochemical
property, e.g., surface roughness and membrane potential. Hydrophobicity can also be
changed if DEA membrane can be hydrophilized by ethanolamine to obtain coexisting
hydroxyl groups. One of the factors to determine initial bacterial adhesion is
hydrophobicity. Since the effect of hydrophobicity was not conducted in the dissertation
in detail (actually its effect was evaluated a little in chapter 3), its significance on initial

bacterial adhesion should be clarified.

7.2.2 Biofilm formation experiment

The biofilm formation with a flow cell was monitored with epifluorescence microscopy.
The microscopy was very easy to operate; hence it would be useful to chase initial
bacterial adhesion onto surfaces. However, there is a limitation when it comes to mature
biofilm formation with some thickness. A confocal laser scanning microscopy (CLSM)
can overcome such limitation, which will provide with more clear information, i.e.,
three-dimensional biofilm structure on surface modified sheets. The accumulation of
biofilm structure with CLSM will help us to have significant information, which leads to

optimum design for biointerface of biofilm formation or prevention.

7.2.3 Introduction of mathematical modeling

To corroborate the MABR technology and allow maximum extensibility of this process to
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other reactor configurations and microbial transformations, a mechanistic biofilm model
should be constructed by employing the simulation program of AQUASIM. This program
provides one-dimensional multisubstrate and multispecies biofilm model, which is suited
best to model situations where competition between the microbial fractions of the biofilm
matrix is significant. Since a uniform and robust biofilm structure can be created by
applying RIGP on the PE sheet, such structure can be assumed to be one-dimensional
biofilm, which facilitates to model explicitly. From engineering field, one-dimensional
modeling enables us to reduce time for calculation. Essentially, the applicability of the
MABR, e.g., extensibility of C/N ratio, possibility of shortcut nitrogen removal and
elucidation of optimum biofilm thickness for the highest nitrogen removal efficiency,
should be clarified with the AQUASIM. In particular, membrane aerated biofilm has a
unique biofilm structure: the region, where nitrifying bacteria is active, exists near the
base of biofilm, which is opposite of conventional biofilm geometry. Ammonia, which is
the substrate for nitrifying bacteria, has to pass the anaerobic and anoxic regions. Such
regions play as a diffusive barrier. Too thick biofilm plays as a diffusive resistance of
ammonia in the membrane-aerated biofilm, leading to deterioration of nitrogen removal
efficiency. On the other hand, too thin biofilm does not produce the anoxic region for
denitrification, which yields a decrease of nitrogen removal efficiency also. Therefore, the
clarification of optimum biofilm thickness with use of mathematical modeling is

definitely required.

7.2.4 Biofilm thickness control
In this research (especially in Chapter 6), the author indicated the significance of biofilm
thickness control for stable nitrogen removal in the MABR. There are some operations to

detach excess biofilm on the membrane, e.g., high liquid flow rate and direct aeration to
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the biofilm on the membrane; however, it would be difficult to control biofilm thickness
precisely with those operations. Future study will address the elucidation of appropriate
method to control biofilm thickness for maintenance of removal efficiency. The finding of
the appropriate method to control the thickness will lead to validation of mechanistic
model and construction of more controllable process in water environmental field, and
additionally some clues to detach harmful biofilm observed in industrial and medical

fields.

7.2.5 Selection of suitable membrane material

In this thesis, PE-based membrane was used as a base material through the entire
experiments; however, gas-permeable membranes with higher oxygen permeability
compared to PE should have been used; for instance, polypropylene (PP)- or
silicone-membrane would be an alternative to the PE membrane. Especially, PP
membrane should be employed because of its similar physicochemical characteristics to
PE. The PP may be feasible to modify its surface by RIGP. Therefore, we should take the
use of PP alternative to PE into account in the future.

Classification of the membranes falls into two types: microporous membranes such as
PE and PP or dense membranes such as polydimethylsiloxane (silicone). There is the
difference of mass transfer between microporous and dense membranes. Mass transfer
through porous membranes is facilitated by the diffusion through the gas-filled pores
where the mass transfer coefficient is directly proportional to the porosity. With thin
large-pore microporous membranes, the mass transfer resistance is usually negligible.
However, a drawback is that if liquid penetrates into the pores, a phenomenon dependent
on the liquid side pressure and the pore diameter, a severe reduction in the mass transfer

coefficient is observed. Moreover, it has also been suggested that deposition of proteins
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and cell lyses would cause the pore walls to become hydrophilic and fill with liquid,
leading to microporous membranes unsuitable for long-term operation. An additional
drawback of this type of membrane is their low bubble point, a feature that limits the
maximum intramembrane pressure if bubble formation is to be prevented. On the other
hand, the mechanism for the oxygen transport through dense membranes is that of
solution diffusion. High permeability lies in the fact that oxygen is four to five times more
soluble in silicone than in water. Unlike microporous membranes, pore clogging and the
possibility of catastrophic liquid entry into pores is not a problem. Although silicone
membranes have advantage of allowing very high intramembrane oxygen pressures to be
applied, the wall thickness, which affects oxygen mass transfer critically, should be
thinner and thinner for the achievement of high oxygen permeability, which would be
costly. Furthermore, its surface is very smooth and hence unsuitable for biofilm formation
on that. To overcome the problems that both the membranes have, a composite membrane
has been developed. The composite membrane puts a 1 pum polymer coating without pores,
e.g., polyurethane, into microporous membranes (pore size 0.04-1.0 um) to achieve
bubbleless aeration at pressures of approximately 700 kPa. Composite membranes have
the advantages of microporous and dense membranes.

Summarizing these issues, the use of such composite membrane would be effective for
the application to a membrane-aerated biofilm reactor. Preferably, the composite
membrane made of PP should be modified for enhancement of biofilm formation by RIGP.
Therefore, parallel to the development of novel membrane-aerated biofilm process and the
construction of mechanistic biofilm model, suitable membranes, which enables high
oxygen permeability and capacity for rapid bacterial immobilization, should be developed

in the future.
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7.2.6 Applicability of membrane aerated biofilm to enhanced biological phosphorus
removal

The introduction of denitrifying polyphosphate-accumulating organisms (DNPAOs) into
biological nitrogen removal processes has recently increased. The capacity of DNPAOs to
utilize either oxygen or nitrate as the terminal electron acceptor allows for the
simultaneous nitrogen and phosphorus removal from wastewater, reducing TOC and
aeration demand. Additionally, the utilization of nitrate rather than oxygen leads to a
lower cell yield, resulting in a lower sludge production. If oxygen can be selectively
supplied only to nitrifying bacteria in a reactor, such a novel BNR process, i.e.,
simultaneous nitrogen and phosphorus removal in a single reactor, could be realized
without the need for an additional control parameter.

The best means to satisfy this constraint is the application of a membrane-aerated
biofilm to the SBR. If nitrifying bacteria are immobilized onto the membrane surface,
they can be supplied directly with oxygen, facilitating effective nitrification, which results
in permeation of nitrite and nitrate that is electron acceptor for DNPAOs in the bulk.
Therefore, oxygen is never utilized by DNPAOs theoretically, it means that this system
does not require excess organic carbon; in other words, this system is very effective even
in case of low C/N ratio wastewater. Currently, this study is under way and soon or later
will validate the concept from both experiment and mathematical modeling. Such an
application of membrane-aerated biofilm to conventional wastewater treatment system
would be promising and quite useful because this biofilm can facilitate a potential of the

treatment plant when removal performance is deteriorating.

7.2.7 Concluding remarks on the future perspective

Through this thesis, the author demonstrated the significance of surface physicochemical
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properties on initial bacterial adhesion, subsequent biofilm formation and process
performance with the biofilm reactor. The achievements lead to the development of a
novel biofilm reactor with hollow-fibers applicable to simultaneous nitrification and
denitrification in a single reactor vessel. [llustration on the future perspectives is shown in
Figure 7.1. In the future, more practical consideration should be conducted for robust
membrane biofilm reactor technology. In order to conduct the future study, mathematical
modeling will be definitely helpful to support the experimental data. The combination of
experimental results obtained from micro-, meso- and macro-scale investigations and
modeling results would be powerful to pave the way for development of novel biofilm
reactors and the proposition of strategy to control biofilm regarding physicochemical
properties and microbial population, which will result in new paradigm regarding
advanced and robust biofilm reactor technology.

Furthermore, the results from Chapters 2-4 provided with some clues how we can
enhance or suppress biofilm formation. The combination of the experimental results with
those of mathematical modeling will yield the generalization of initial bacterial adhesion
and subsequent biofilm formation. Such generalization will pave the way for new
interdisciplinary field, e.g., biofilm prevention in the industrial and medical fields with

use of surface modified materials.
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Development of a membrane biofilm reactor

| MACROSCALE I | MESOSCALE I | MICROSCALE I

@ Optimization of operational @ Construction of reaction site @ Elucidation of dominant
parameter (control of biofilm @ Mass transfer analysis effect on bacterial adhesion
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Figure 7.1 Illustration of the achievements in this research, ‘development of a
membrane reactor’, and future perspectives.
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NIEE OFEIG M 2 MG S, FFIZIRENM 3-8 mV LA EIZ72 5 R Rmizf 35 LT
W5 E. coli DEBERPEBT D Z EAA LT, ZoBEOFIR CRAEYMI & B
MOMAFERPRESET L2 /LT,

%4 BT, MBEREOEENOBDDANA Z7 v LOPHIRRIERIZE O L D g
52500 EME LT, PEIE, GMA %, DEA 35 X OV SS A 7 o —k /L NIcR&E L, E
coli A LT, O, HEREEZEEMCHAIE —EWRETOL & TEMR LIz A F
T ANV DR L, AORBAMEE T B L, ZOfSR, DEA BICIIARE X EE S E R
DE D L IICHEBEIRIETAA AT 4 VARTER S TWA Z & &8 L7-, — i C, PE i,
GMA 35 KON SS IEDM EFRAIZIZ NSA A7 4 L LD & A SRR ENT, 77 RIZ
H#HHE LTV 2 DEA [ROMENE M & E. coli OMRZZ I OFENIMR EMERIZ X 0 R 72281 4
TANDLPEREND ZEEZRALNI LT, D EORKRENS, REEMN 77 AZHE LT
MR, AR O B REE D272 B3 NA 47 4V AOERAEEIZF 5 LT
AHAREMED R ST,

BSETE, YxFAT I EEGAL R RIEONRIRN M LME & E ek L, Fhze
SIS & O R HE BRI T 2 (R E DM 21T 272, Y2FAT I KEFT 2K
KA~ LBE O FEE T PEOZ N &R LR 10582 RSNk, 72
M2 AN HIER LG L TS A7 ¢ AV LIERGERR ABlF L7z & 2 4, PEIZIIANA A
TANVEPFEEA TR I om0k L, YT I EEEAN LB A
T30 um DA 7 4V ARTERL ST, RIEMEMIC L2 34 47 1 Vv ATEAREN R 2] &
ME IR ol BT v = T HEK 268 & LT MABR DO FRSE LG & Hil4H U C il iEls L 72 fs
R, 81 AMEMBRILEMZ T o E=TBbOLERI T LIS L, F, F0
EEOBEFIRDNFIL 100%IZFEL, MFEMRT =T E2ER L2 Ehh, MR
AR 2 BRI 2 2 & Tl LA T 2l WE S X T 5 OWEE~O VI REN: & R
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MABR O Yy « BHREBREEN, BLOAA L7 (L AOBBRE S, BAEDEE %
TR L, /A AT IV LANOEIMIENTE L OERRERBOBRL1To7, K1 FER OB
VEERIC 1 0 REFEY 720 OFHEREEERE 448 g-N/(m*day) % IER L, @AIRLERKRE
MREA AT 5 Z L AURB ST, MUNEME IV CRIE Lo A 7 4 L AN OEAF IR R
FEO3AT 2 BT L7246 5, #9 1500 pm DR B E /T 554 4 7 ¢ )V AP THZEREO PR
& G SN TEER 235K 300-700 pm TTERICTHE S 4L, AR BEEE R AL OAFTED RS
7=, E£7-, Fluorescence in situ hybridization 512 J D IRAEM A BEMBT OFRER LV, HREAL
W7 =T A EMRRICEBIE T D 7 T = T RRCHIE A, ERERERALI IS 2 ST
FOMOMENFEL TNWDL I EEFMERA LI, ZNODOEFENL, BADEERMF TR
HRHEBE S VD 20D RIEEH—OMABRAIZEBW TR ZE5 Z L&A LT, 512,
BRRERBEOBRICL Y 7 o= T HRGHE TGRSR O 86% 2R L TW\W2D Z & %
AUz, Z ORI ERE L2 s — My b7 a2 Tk RERREUL T
NTWEAREMEZ R T L2 L O Th o7z,

FITETH, KmLOBBEBLIURBRELFIR LT,

LB, AP THMAEMMER LONA 47 0 )V ATERIRE O 72 DI R & R fshn L,
AWl & O EER B L OBAEWEEOFMEZT o7, £ LT, NA T 7 1 /L LTERURLE
D7D OMEBAFE DR FHEE 2 S22 L, T2 (k- B2 R BUS 23 AT RE 72 HERR AT /X o
AT 4N DT I E—~OREIECDT T, T b ORI ERRE 7 0k A0%hR
EDHI 6T, BEHMTHRES KOS A A 4 —7 = f ABFITRELERTE 2 b0 L
Mtrans,
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