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Chapter I

Chapter |

GENERAL INTRODUCTION

Nitrogen Removal from Wastewater by Biofilm
Method and Research of Condition in a Biofilm

1.1 INTRODUCTION

Nitrogen pollutants discharged from domestic and industrial wastewaters cause the
eutrophication phenomena in ponds, lakes and inner bay. To obviate this problem, it is
necessary to remove nitrogen compounds with a high efficiency from these wastewaters.
Biological nitrogen removal is most frequently used as a low cost wastewater treatment
system. However, it needs two successive processes, i.e., nitrification in aerobic condition
and denitrification in anaerobic condition. Consequently, using two reactors, equipment
becomes large. Thus, the introduction of a single nitrogen removal system with compact size
and easy maintenance placed in small space has been strongly desired.

Here, I focus on the thick layer of cells referred to as a "biofilm" that microorganisms
formed by adhering to the solid surface. Nitrogen removal could be accomplished under
oxygen concentration gradients in the depth direction within the biofilm, which creats
aerobic and anaerobic conditions. To attain simultaneous nitrification and denitrification, it is
important to control distributions of oxygen concentration and microbial population within
the biofilm. Thus, it is useful to monitor oxygen concentration and microbial population by
utilizing a microelectrode, a very small needle-type sensor, and fluorescence in situ
hybridization (FISH) technique directly detecting specific bacteria such as
ammonia-oxidizing and nitrite-oxidizing bacteria in the biofilm without a culture operation.

In this study, taking advantage of precise control of oxygen concentration inside a biofilm,
a membrane aeration biofilm reactor (MABR) in which oxygen is supplied from the inside of
the porous membrane is developed. This reactor configuration could create counter diffusion
of ammonia and oxygen in a biofilm, resulting in coexistence of nitrifying and denitrifying
bacteria in the single biofilm. I would examine feasibility of this concept by experimental
and simulation analyses, and then demonstrate that nitrification and denitrification occurs
sequentially in the single reactor.
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1.2 BACKGROUNDS
1.2.1 Nitrogen Removal

Nitrogenous pollutants from domestic and industrial wastewaters are responsible for
promoting the eutrophication effect in ponds and lakes [1]. Thus, the removal of nitrogen
compounds from wastewater is of increasing importance. Biological nitrogen removal
involves two successive processes, i.e., nitrification and denitrification. Nitrification
transforms ammonia to a more oxidized nitrogen compound such as nitrite or nitrate which is
then converted to nitrogen gas in the subsequent denitrification process [2]. These two
processes are usually carried out in different reactors because nitrification occurs under an
aerobic condition while denitrification prevails in the absence of oxygen [3]. However, the
two processes are complementary in many ways, i.e., 1) nitrification produces nitrite or nitrate
which 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
[4]. Therefore, there exist obvious advantages to performing simultaneous nitrification and
denitrification in a single reactor.

Nitrification:

2NH;+30,—2N0O, +2H,0+4H" (1)

2NO, +0,—>2NO3" )
Denitrification:
2NO3+2H —2NO, +20H (3)

2NO, +4H =N, T +2H,0+20H 4)

1.2.2 Biofilm method

There are two advantages of biological wastewater treatment using a fluidized bed reactor
with a biofilm fixed on particles: 1) the reactor has active transfer phenomena accelerated
by fluidizing materials, and 2) the reactor retains 5-10 times higher biomass concentration
than conventional activated sludge reactors [5, 6]. This technique had been successfully
applied to the removal of nutrients and harmful compounds from domestic and industrial
wastewater [7-11]. In wastewater treatment using a biofilm, bacteria inside the biofilm
degrade substrates that have diffused into the biofilm. In this process, a shortage of oxygen
for biological oxidation is frequently observed because nominal oxygen is soluble in water.
Therefore, the spatial distribution of oxygen in biofilms is very important for the operation
of reactors.
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1.2.3 Analysis inside biofilm

Currently, new methods of evaluating the physical and microbial properties of a biofilm
are being developed, using a needle-type microelectrode with a tip diameter of 3-20
micrometers to measure the substrate concentration distribution in a biofilm [12]. Liquid
ion-selective (LIX) microelectrodes can be applied to measure pH and the concentrations of
ammonium, nitrite and nitrate ions [13]. Moreover, a fluorescent in situ hybridization
(FISH) method is highly effective for analyzing complex microbial communities in a
biofilm, because specific bacterial cells are detected wusing 16S-rRNA-targeted
oligonucleotide probes labeled with a fluorescent compound [14-16]. A hybrid analysis of
using with microelectrodes and the FISH method clarifies the microenvironment inside a
biofilm in a rotated-disk type reactor and a fluidized bed reactor, which is important in the
design of a biofilm reactor system [17, 18].

The internal physical features of biofilms and microbial distribution in biofilms have
been clarified [19, 20]. By physical analysis, the structures of biofilms and substrate
distributions in biofilms were measured using a confocal laser scanning microscope
(CLSM) and microelectrodes [21, 22]. By microbial analysis, bacterial species and their
distributions inside biofilms were determined using molecular biology techniques such as
fluorescent in situ hybridization (FISH) and polymerase chain reaction (PCR) analysis
followed by denaturing gradient gel electrophoresis (DGGE) [23, 24]. Moreover, biofilm
characteristics were mathematically modeled taking into account of complex phenomena
occurring in biofilms [25]. These extensive research studies clarified the microbial ecology
inside biofilms. In particular, biofilms have distinct microbial distributions of heterotrophic
bacteria and autotrophic nitrifying bacteria [26, 27]. These distributions are caused by the
competition between both bacterial populations for oxygen uptake [28]. Therefore, the
oxygen distribution in biofilms should be elucidated.

The internal features of biofilms differ greatly with age, thickness, density, porosity and
tortuousity. In particular, the substrate and microbial distributions in biofilms change with
biofilm thickness. These distributions are closely related to mass transfer phenomena [29].
In fact, the diffusion coefficient of biofilms, which is lower than that of water, is influenced
by their density, porosity, pore size, convection, type of extracellular polymeric substances
(EPSs) and minerals [30].

1.2.4 Biofilm modeling

Nutrient removal from wastewater is necessary to prevent eutrophication of the receiving
waters. Fluidized bed bioreactors have been found to remove nutrients and other pollutants
both from domestic and industrial wastewaters. Most of the previous works on biofilm
process assumed that the reaction follows Monod-type, first order or zero order equation.
Even though the simplest rate equation was employed, biofilm models are still relatively

3
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complex because the microbial conversion of substrate is coupled with the diffusive
transport of soluble substrates inside the biofilm. Thus, the substrate concentration varies
not only with time but also with location within the biofilm. Biomass balances in bulk
solution and inside the biofilm result in coupled simultaneous partial differential equations
that are mathematically complex even for steady state single-substrate
single- microorganism biofilm system. The difficulty is further augmented in dynamic
systems. Early biofilm modeling approaches simplified the process by assuming that the
process is at steady state, the biofilm thickness is constant and the microbial distribution
within the biofilm is predetermined [31-35]. Microbial species distribution both in time and
space was considered in the models of Kissel et al. [36] and Wanner and Gujer [37]. These
models made the prediction of microbial species distribution as a function of substrate flux
possible. The model of Rittmann and Manem [38] predicts species distribution within the
steady state multispecies biofilm. The heterogeneous structure of the biofilm was
considered in the researches of Lewandowski et al. [39], Zhang and Bishop [40], and
Bishop [41]. Quantitative analysis of biofilm heterogeneity was performed in the mixed
culture biofilm model of Wanner and Reichert [42]. Lewandowski et al. [43] defined
textural entropy, areal porosity, fractal dimension and maximum diffusion distance as the
quantitative parameters for describing the structure of a biofilm. With the current trend in
biofilm modeling, the model continuously becomes complex as attempts are made to make
it more realistic. However, as pointed by Holmberg and Ranta [44] modeling must be a
compromise between making the model extensive enough to be realistic and reducing the
number of parameters to a level at which they can be estimated from available data.

Methods to obtain the solution to these models were developed. The effectiveness factor
method of Fink et al. [45] was applied in biofilm model. The effectiveness factor corrects
for the effect of mass transport when the reaction rate at any point within the bioreactor is
defined by the intrinsic reaction rate expressed in terms of the bulk concentration.
Numerical values of this factor can be obtained from the plot of overall effectiveness factor
against modified Thiele modulus at various Biot numbers [46]. Saez and Rittmann [47]
developed the simplified pseudoanalytical solution for steady state biofilm. This solution is
based on the analysis of the numerical results of differential equations. It eliminates the
need for repetitiously solving a set of nonlinear differential equations. Using
pseudoanalytical approach to solve for the substrate flux associated with various bulk
substrate concentrations, Heath ef al. [48] introduced the normalized loading curve
approach to biofilm reactor analysis and design. In process identification, Rittmann et al.
[49] developed an in situ kinetic parameter determination using curve matching technique.

Another approach to solve the problem was using direct numerical integration of the
simultaneous partial differential equations. Software packages that can perform numerical
integration are currently available (e.g., MATLAB) [50]. Simulation programs specifically
for water systems had been developed such as AQUASIM [51]. Horn and Hempel used
direct numerical integration to simulate the long-term experiment on autotrophic biofilm
growth and auto-/heterotrophic biofilm system. With fast computers, direct simulation is

4
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easy if the kinetic parameters and other system constants were all known [52, 53]. However,
for process identification purposes, finding the kinetic parameters and system constants for
a system of nonlinear partial differential equations from sets of experimental data is still a
difficult and tedious task. Simplifying assumptions have to be employed so that process
identification is possible.

1.2.5 Step change analysis

The response of the system to step change in one of the input variables has been widely
used to study the transient behavior of the system as well as to determine the constant
parameters of the model that describes the system. The transient solution of the set of
differential equation governing the system provides dynamic information such as the order
of the step response, time constant, damping factor and process gains, which are essential to
the design of control devices of the bioreactor. The steady-state solution is also included in
the unsteady-state solution as its limit as time approaches infinity [54]. Step change
experiment is an effective way for process identification, that is the determination of the
form of the model equations as well as the constant parameters in those equations. Tang et
al. [55] in their study of the dynamics of draft tube three-phase fluidized bed bioreactor
stressed out the importance of the study of dynamic behavior of the fluidized bed bioreactor
because the bioreactor operation is always in the transient condition during start-up and
shutdown. Aside from that, it is also constantly exposed to disturbances such as diurnal
variations and shock loading in inlet concentration and flow rates. Using phenol as the
substrate, Tang’s model considered external mass transfer resistance, simultaneous diffusion
and reaction. As already discussed in [56], these models are theoretically thorough but also
mathematically so complex that accurate process identifiably seems to be impossible.
Modeling attempts of the transient state operation of the solid—liquid fluidized bed biofilm
reactors were done by several researchers [57-59]. Worden and Donaldson [60] studied the
dynamics of a fixed film fluidized bed bioreactor. Steady-state characteristics of the
three-phase fluidized bed reactors have been investigated by Hirata et al. [61] and the basic
design method for plug-flow type fluidized bed bioreactor has been proposed by Hirata and
Noguchi [62]. Nevertheless, the standardized kinetic model that could be applied to biofilm
processes in a practical use has not yet been established. In addition, it was reported that
biofilm also has an active reservoir site for dissolved organic compounds via ion exchange
and hydrophobic adsorption by extracellular polymer substances (EPSs) that are composed
of polysaccharides, proteins, nucleic acids, lipids and other biological macromolecules [63,
64]. Therefore, it is necessary to illuminate the oxygen concentration profile inside biofilm.

1.2.6 Membrane science

The modification of the surface by the grafting method improved the adhesivity of some
bacteria to the polyethylene membrane [65]. To facilitate bacterial adhesion to the

5
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membrane surface, radiation-induced graft polymerization (RIGP) was used in our previous
work [66]. 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 [69]. This method is expected to
make the biofilm form swiftly and firmly, resulting in effective oxygen supply to specific
bacteria.

1.2.7 Membrane aeration biofilm reactor

In biofilm processes, an oxygen concentration gradient is created acrossing the
aggregated microorganism, so that both aerobic and anaerobic conditions can be established
inside a single reactor [67]. A simultaneous nitrification and denitrification system in a
single reactor, using a membrane-aerated biofilm reactor (MABR), was proposed. The
MABR system can fix a biofilm onto the outside surface of a membrane, and can directly
supply oxygen from the inner side to the biofilm. Casey et al. described the mechanism of
this simultaneous nitrification and denitrification biofilm system [68]. This method
contained the advantages: 1) accumulation of bacteria was enhanced by chemical
modification of a membrane surface, 2) the amount of oxygen supplied was controlled by
the intra-membrane pressure. We have succeeded in promoting the adhesivity and biofilm
formation of nitrifying bacteria onto membranes modified with a grafted polymer chain [69].
In the newest research using the MABR, removal of xylene [70], phenol [71], chlorophenol
[72] and acetate [73], treatment of hypersaline wastewater [74], nitrification [75], and
simultaneous organic carbon removal and nitrification [76] were carried out. The
simultaneous nitrification and denitrification using the MABR was suggested [77]. However,
it is not directly verified whether the simultaneous nitrification and denitrification occurred
inside or outside the biofilm in the MABR.

Nitrifier Nitrirler MemlTane . Denitrifier Meml1rane

Sunpl Organic fn Suppl

NH. NH," upply Carbon UPPLY
Organic = 0.
0, ’_,.._Q*Ebon NH," \ g
NOy N/ 7T
Biofilm Particle -“_"/Bi fllml ..... Inner Hole N Biofilm | Inner Hole
Denitrifier Nitrifier

(a)Conventional Biofilm Structure (b)New Biofilm Structure Type A (c)New Biofilm Structure Type B
Fig.1.1 Biofilm Structure in Membrane Bioreactor
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1.3 OBJECTIVE OF THIS STUDY

The main purpose of this study is to clarify the distribution of substrate concentration
inside biofilm, especially the distribution of oxygen concentration in the wastewater
treatment processes and applied above information to the improvement of treatment activity
and development of new processes.
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DEVELOPMENT OF MICROELECTORDE

Measuring Distributions of Substrate Concentration
inside Biofilm by Ion-selective Microelectrodes and an
Oxygen Selective Microelectrode

2.1 INTRODUCTION

In this chapter, oxygen, ammonium-ion, and nitrate-ion concentrations and pH in the
biofilms of several kinds was measured using original fabricated microelectrodes. Two
different treatment systems run for organic carbon wastewater and inorganic carbon
wastewater. This microelectrode method is most important in this study. Furthermore,
microbial distribution inside biofilm was determined by fluorescence in situ hybridization
(FISH) method.

2.2 BIOFILM FROM ORGANIC TREATMENT SYSTEM

2.2.1 MATERIALS AND METHODS
2.2.1.1 Reactor system

A complete- mixing three-phase fluidized bed reactor was used for continuous nutrient
oxidation. The effective volume of the reactor was 3 L. The reactors were operated with a
hydraulic retention time (HRT) of 5 h. A cement ball (CB) fabricated from coal ash was
used as the carrier particle on which biofilms were formed. The particle had an average
diameter of 0.23 mm and a density of 1.92 g/cnt. The temperatures of the feed tank and
reactor were maintained at 5 and 20 °C, respectively, using a thermostat. Sufficient air was
supplied using an air pump to maintain a bulk oxygen concentration of about 34 g/nr.
Artificial wastewater composed of the chemicals shown in Table 2.1 was used.

The quality of this wastewater corresponds to a biochemical oxygen demand (BODs) of
600 g/m3, a total organic carbon (TOC) content of 400 g/m3, a total nitrogen (T-N) content
of 200 g/m?® and an ammonium-nitrogen (NH;*-N) content of 100 g/nt’. For water quality
analysis, TOC content was measured using a TOC meter (Shimadzu, TOC-5000),
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ammonium-ion content was measured using an ion chromatograph (DIONEX, DX120),
nitrite and nitrate contents were measured using a high-performance liquid chromatograph
(HPLC) equipped with an anion column (Tosoh, IC-Anion-PW) and an ultraviolet detector
(Tosoh, UV-8011), and dissolved oxygen content was measured using an oxygen-selective
electrode potentiometer (TOA, DO-11P). T-N was analyzed in accordance with the Standard
Methods for the Examination of Water and Wastewater [20]. All samples were filtered
through a glass filter (Whatman, GF/C) before analysis.

Table 2.1 Composition of artificial wastewater [g/L]

Dextrin 0.122
Meat extract 0.298
Yeast extract 0.262
Bacto peptone 0.262
Sodium chloride (NaCl) 0.026
Magnesium sulfate (MgSO4-7H,0) 0.034
Potassium dihydrogen phosphate (KH,POy4) 0.074
Potassium chloride (KCI) 0.054
Ammonium chloride (NH4Cl) 0.327
Sodium bicarbonate (NaHCO3) 0.766

2.2.1.2 Biofilms

Biofilms were grown in a continuously operated reactor. After one month of growth,
biofilms of 200-300 um thickness were obtained. Furthermore, biofilm thickness gradually
increased, exceeding 1 mm after 2 years of operation. The biofilms had a fast growth rate
because of the high loading rate and high amount of biodegradable substrate. Five
experimental runs started at different times were simultaneously conducted. From these runs,
biofilms of different thicknesses were obtained. Biofilm thickness was calculated from the
image obtained by optical microscopy (BH-2, Olympus Co.) [3].

The biofilms of different thicknesses were randomly sampled. The number, equivalent
diameter, wet volume and dry weight were measured for many biofilms. The overall biofilm
dry density was calculated using each biofilm thickness.

Recently, many researchers have reported that biofilms ae heterogeneous, and have
conducted mathematical modeling of heterogencous biofilms [21, 22]. Moreover, the
density and porosity of biofilms change in the depth direction [23]. Therefore, two types of
biofilm, of 120 and 1200 um thicknesses were sampled. The biofilm samples were
immediately fixed in freshly prepared 4% paraformaldehyde solution for 20 h. A
20-um-thick biofilm section was prepared using a cryostat (Leica, CM-3050) at -20 °C.
Each slice was observed using a reflection light microscope with high resolution (Keyence,

9



Chapter i

VH-7000). The internal physical structure of the biofilms was visualized.

2.2.1.3 Dissolved Oxygen Microelectrode

Oxygen concentration was measured with a Clark-type microelectrode. The
microelectrode was fabricated in our laboratory as described by Revsbech [24]. The tip of
the microelectrode was 5 ym in diameter and its time response of 90% (ty9) was about 10 s.
Linear calibration was carried out in an air-saturated medium and a medium containing 300
mM NaSO3 and a small amount of CoCk-6H,0O with nearly zero oxygen concentration.

The position of the biofilm surface was determined visually under a dissection
microscope. The biofilms were fixed on a glass plate filled with a solution obtained from
the reactor. All measurements were performed at 20 °C within several minutes. Then, the
oxygen microelectrode was inserted into the biofilms in 10 um steps using a

micromanipulator (Narishige, MMO-203) to measure the spatial distribution of oxygen in
the biofilms.

2.2.2 RESULTS AND DISCUSSION
2.2.2.1 Oxygen penetration depth

Using an oxygen microelectrode, the oxygen distribution in the biofilms was measured
while maintaining the bulk oxygen concentration at about 3 g/mr’. Examples of the
experimental profile and the curves fitted for the exponential equation in the case of
biofilms with 425 and 980 pm thicknesses are shown in Figure 2.3. As a result, we found
that oxygen was gradually eliminated by bacteria in the biofilm and the liquid film formed
in the bulk near the biofilm surface by the reaction. Oxygen penetration depth was
determined from the obtainable oxygen distribution in the biofilms. Oxygen penetration
ratio was calculated by dividing the oxygen penetration depth by the biofilm thickness.

The results of the oxygen penetration depth and ratio are shown in Figure 3.7. Oxygen
diffused completely into the bottom of the biofilm of less than 300 um thickness and
oxygen penetration depth increased with increasing biofilm thickness. Oxygen penetration
ratio gradually decreased with increasing biofilm thickness. Therefore, there is a large
anaerobic zone at the bottom of the thick biofilm, indicating the possibility of microbial
denitrification. Pochana et al. [29] considered the denitrification activity in the anaerobic
zone in a floc and simulated the distribution of oxygen in the floc. Dalsgaard et al. [30]
reported that denitrification activity in the anaerobic zone in a biofilm is computed from the
mass balance equation using microelectrode analysis and that the denitrification zone is
specified. However, the anaerobic zone is not necessary for oxidation processes such as
carbon oxidization and nitrification. The thin biofilm without an anaerobic zone is effective

for oxidation processes from the standpoint of obtaining a larger aerobic zone throughout
the entire biofilm.

10
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Table 2.2 Water quality in the runs using thin or thick biofilms

Thin biofilm Thick biofilm
(d =120 ym) (d = 1200 ym)

TOC, g/m’ 15.6 42.1

TN, g/m’ 156.2 73.4

NH4*-N, g/’ 44.0 344

NO, -N, g/m?® 97.2 143

NOs-N, g/m’ 6.4 35.3

DO, g/m’ 3.7 35

Biofilm packing ratio, % 20 20

Ratio of carbon removal, % 95.5 88.0

Ratio of nitrification, % 674 76.4

Ratio of nitrogen removal, % 32 54.5

2.2.2.2 Water quality

The water treatment experiment was continuously carried out using the two reactors with
the thin (representative biofilm thickness: 120 pm) and thick (representative biofilm
thickness: 1200 pm) biofilms. Table 2.2 summarizes the water quality data of the effluent of
each reactor in the steady state. The removal efficiency of TOC was high in the reactor with
the thin biofilm because oxygen completely diffused into the bottom of the biofilm, and thus
all biomass inside the biofilms contributed to the oxidation of organic compounds. In
contrast, the removal efficiency of TOC in the reactor with the thick biofilm was lower than
that with the thin biofilm, probably because the population of oxidizing bacteria was

relatively small due to the existence of the anaerobic zone inside the biofilm, as determined
based on the FISH results.

2.2.3 CONCLUSIONS

The oxygen distribution in biofilms was measured using an oxygen microelectrode that
we fabricated. Oxygen penetration depth and ratio were computed based on the oxygen
distribution. When the oxygen concentration in the bulk was 3 g/nT, oxygen penetrated
completely into the biofilms of less than 300 pm thicknesses. Oxygen penetration ratio
gradually decreased with increasing biofilm thickness.

11



Chapter Il

Liquid Ion-Exchanged Glass Tube
Membrang (LIX)

Electrolyte
100xm Ag/AgCl Wire

Figure 2.1 Liquid ionselective exchanged microelectrode and concept image of
microelectrode system
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i
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Figure 2.2 Fluidized-bed biofilm reactor system and image of biofilm slice sample
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Figure 2.3 Distribution of oxygen concentration inside biofilms of (a) 425 ym and (b)
980 pm thicknesses (open circles: experimental data from microelectrode analysis;

broken line: fitted curve for exponential equation; continuous line: simulated curve)
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2.3 BIOFILM FROM INORGANIC TREATMENT

2.3.1 MATERIALS AND METHODS
2.3.1.1 Reactor System

The above-described substrate (600 g-N/m’) was continuously fed at 1.0 L/day to a
fluidized bed bioreactor with an effective volume of 2 L. The unmodified and modified
membranes were used as supporting materials on which biofilms were immobilized. The
temperature was maintained at 30°C. Air was supplied to the reactor at a suitable rate to
fully disperse the biofilms and to provide excess dissolved oxygen. The pH of the solution
in the reactor was adjusted to 7.5-8.0 by the addition of 1 M NaOH 1-3 times a day.

Table 2.3 Composition of artificial wastewater (g/L)

(NH4).SO4 2.83
KH,PO4 0.5
K,>HPO4 1.0
FeSOq4 0.05
MgSO4'7H20 03
CaChL-H,O 0.002
MnCb-4H,O 0.2
NazMOO4'2H20 0.1

All culture samples were filtered through a 0.2-ym-pore-size membrane filter (Isopore®,
Millipore Co.) prior to water quality measurement. The amount of organic pollutants was
evaluated as total organic carbon (TOC) with an automatic TOC analyzer (TOC-500,
Shimadzu  Co.). Ammonium-nitrogen (NHs"-N) was determined using an
ammonia-selective electrode (F-203, Horiba Co., Japan). Nitrite-nitrogen (NO,-N) and
nitrate-nitrogen (NO3-N) were determined using an ionrchromatograph system
(IC-Anion-PW, UV-8011, Tosoh Co.). Biofilm thickness was calculated from the image
obtained by optical microscopy (BH-2, Olympus Co.). Bacterial adhesion to membranes
was confirmed from SEM (S-2500, Hitachi Co.) images.

2.3.1.2 Biofilms

Biofilms were grown in a continuously operated reactor. The thickness of biofilm on the
grafted membrane was approximately 20 ym at day 88 and approximately 100 pym at day
150. In contrast, no biofilm was formed on the unmodified membrane. From these runs,
biofilms of different thicknesses were obtained. Biofilm thickness was calculated from the
image obtained by optical microscopy (BH-2, Olympus Co.) .

The biofilms of different thicknesses were randomly sampled. The number, equivalent
diameter, wet volume and dry weight were measured for many biofilms. The overall biofilm
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dry density was calculated using each biofilm thickness.

Recently, many researchers have reported that biofilms are heterogeneous, and have
conducted mathematical modeling of heterogeneous biofilms. Moreover, the density and
porosity of biofilms change in the depth direction. Therefore, two types of biofilm, of 120
and 1200 ym thicknesses were sampled. The biofilm samples were immediately fixed in
freshly prepared 4% paraformaldehyde solution for 20 h. A 20- ym-thick biofilm section was
prepared using a cryostat (Leica, CM-3050) at -20 °C. Each slice was observed using a
reflection light microscope with high resolution (Keyence, VH-7000). The internal physical
structure of the biofilms was visualized.

2.3.1.3 Liquid Ion-Selective Membrane (LIX) Microelectrodes

Liquid ion-exchange membrane (LIX) microelectrodes for pH and NH,* were prepared
as described by de Beer et al. [7]. Using a micropipettpuller (MPT-1, Shimadzu Co.),
I-mm-diameter soda lime glass tubes (100 yL Micropipetts, Drummond Co.) were drawn
into microcapillaries. The tip diameter was about 5 ym for all LIX microelectrodes and the
tips of the electrodes were silanized with 20% (vol/vol) solution of trimethylchlorosilane in
carbon tetrachloride to obtain a hydrophobic surface for optimal adhesion of the LIX
membranes. After the tips of the microelectrodes were filled with the silanized-solution, the
electrodes were baked for at least 1 h at 130°C to remove traces of water. The liquid
membrane used was 10% (wt/wt) tridodecylamine and 1% (wt/wt) sodium
tetraphenylborate in 2-nitrophenyloctyl ether for pH microelectrode and 10% (wt/wt)
nonactine and 1% (wt/wt) sodium tetraphenylborate in 2-nitrophenyloctyl ether for NHy"
microelectrode. The filling electrolytes used were 0.04 M KH;PO4, 0.023 M NaOH and
0.015 M NaCl for pH microelectrode and 0.01 M NH4Cl for NH;* microelectrode. Finally,
Ag/AgCl wires were inserted into the capillaries and fixed using epoxy.

The pH microelectrode was calibrated in adjusting series of the substrate by 1 M NaOH
or | M HCIl. The NHs* microelectrode was calibrated in dilution series of NH4" in the
medium for the experiment.

Nitrifying biofilms were taken out from the bioreactor at day 150 for microelectrode
measurement. A biofilm was fixed on a glass plate that was filled with the solution obtained
from the bioreactor. Then, pH and NH;" microelectrodes were inserted into the biofilm at
10 um steps using a micromanipulator (MMO-203, Narishige Co.) to measure the spatial
distributions of pH and NH4" inside the biofilms. Microprofiles were determined five times
at different positions in the biofilms.

2.3.1.4 Fluorescence in situ hybridization (FISH) method
The biofilm sampls for FISH, which were taken out from the bioreactor at day 150,
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were immediately fixed with 4% paraformaldehyde. A biofilm section of 20 ym thickness
was prepared from the frozen biofilm sample embedded in OCT-compound using cryostat
(CM3050, Leica Co.) at -20°C, and placed in a hybridization well on a gelatin-coated
microscopic slide.

For hybridization of the biofilm sections on the slide, the standard hybridization protocol
described by Amann was used [8]. Two 16S rRNA targeted oligonucleotide probes were
used for in situ detection of ammonia-oxidizing and heterotrophic bacteria: (1) NSO190
(labeled with TRITC): specific for the region of the 16S rRNA of all ammonia-oxidizing
bacteria of the /[ -subclass of proteobacteria [9]; (2) EUB338 (labeled with Cy5): a probe
for targeting all bacteria [10]. After probing, slides were examined with a confocal
laser-scanning microscope (TCS NT, Leica Co.).

2.3.2 RESULTS AND DISCUSSION
2.3.2.1 Substrate profile inside biofilms

The pH and NH;*-N profiles of nitrifying biofilms on the membranes were measured
using microelectrodes. The results are shown in Figure 2.5 where the plots and error bars
correspond to averages and standard deviations, respectively. Since NH;*-N sufficiently
diffused into the deep zone of the biofilms, it was thought that the rate-limiting factors were
not only substrate diffusivity but also biological reaction. Therefore, both larger specific
biofilm surface area and thicker biofilm increase the nitrification rate. Because pH
decreased gradually with increasing depth of in the biofilm, this implied that nitrification
occurred at every part of the biofilm. In addition, the present biofilm was sufficiently thick
to remove nutrients from wastewater, because in the case of biofilms thicker than the

present one, nitrifying bacteria might lose their activity at low pH at the deep zone inside
the biofilms.

2.3.2.2 Identification of bacteria inside the biofilm by FISH method

The FISH image of the biofilm that was taken out from the bioreactor at day 150 is
shown in Figure 2.7. The biofilm was found consist of mostly autotrophic
ammonia-oxidizing bacteria. This result is consistent with the substrate's composition, i.e.,
large amount of ammonium-nitrogen without any organic carbon source. However, a
microorganism that differed from ammonia-oxidizing bacteria, supposedly a
nitrite- oxidizing bacterium, existed in small numbers in the biofilm.

2.3.2.3 Water quality

Membranes with nitrifying biofilm were introduced into a fluidized bed bioreactor where
NH," as a nutrient was continuously fed. The results of water quality analysis are shown in
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Figure 2.6. Biofilm thickness was observed every day by optical microscopy.
Representative images of biofilms on the membranes are shown in Figure 5.3.

The thickness of biofilm on the grafted membrane was approximately 20 ym at day 88
and approximately 100 pm at day 150. In contrast, no biofilm was formed on the
unmodified membrane. Therefore, a new supporting material suitable for biofilm formation
was successfully developed by modification of the surface by the grafting method.
Nitrification rate was very unstable until day 50 because of the small amount of attached
and suspended nitrifying bacteria. However, after day 50, a thick biofilm was retained, and
thus the NH,*-N removal rate reached as high as 0.3 kg-N/(m*-day) and became stable.

2.3.3 CONCLUSIONS

The profiles of pH and NH," inside the biofilms were successfully measured by using the
originally fabricated the microelectrodes. NH4*-N removal rate per unit area of biofilm was
calculated from the bulk concentration change and from the concentration profile inside the
biofilm. As a result, this biofilm exhibited a markedly higher NH;*-N removal rate than
other biofilms.
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Blank Original Grafted
MembraneMembrane
(a) At day 7: SEM analysis.

Transfer at day 14

Outlet
(¢
Reactor Volume: 2 L
Flow Rate: 1.0 L/day .
Air Supply

(b) Water quality and at day 150: microscope analysis.

Figure 2.4 Explain of batch and continuous experiment for bacterial attachment on
original and grafted membranes
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Figure 2.7 FISH image inside biofilm at day 150 &1000). Green yellow part shows
ammonia oxidizing bacteria and purple part shows other bacteria
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SIMULATION INSIDE BIOFILM

Simple Prediction of Oxygen Penetration Depth in
Biofilms for Wastewater Treatment

3.1 INTRODUCTION

In this chapter, oxygen concentration in the biofilms of several thicknesses was measured
using an oxygen microelectrode, and was statistically simulated by the finite difference
method at several biofilm thicknesses and bulk oxygen concentrations. The kinetic
parameters and effective diffusion coefficients of oxygen in the biofilm, and the oxygen
penetration depths were determined. As a result, the optimum thickness of the biofilms for
oxidizing processes such as simultaneous organic carbon removal and nitrification in a
fluidized bed reactor was determined.

3.2 MATERIALS AND METHODS

3.2.1 Simulation

The oxygen distribution in the biofilms was simulated with a Monod equation with regard
to oxygen consumption through biological reaction. The parameters were determined in
accordance with the method of Lewandowski [25]. The calculation method is as follows:
The mass balance equation for oxygen in the biofilms is

dC _, d°C_k-X-C
d  “d* K, +C’

(1)

where C is the oxygen concentration, ¢ the time, D, the effective diffusion coefficient of
oxygen in the biofilms, x the distance from the biofilm surface, k the reaction rate constant,
K, the Monod saturated constant, and X the dry density of the biofilms. When the
steady-state concentration profile of the inside of a biofilm is achieved, the consumption
rate is equal to diffusion rate. Then, taking the inverse of each part in Equation (1) yields the
function between the inverse of the second derivative and the inverse of oxygen
concentration as
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-1
dZC D(:‘ : Km 1 DC
( ) - @

> = —+ .

dx k-X C kX
The slope (D.-K/k-X) divided by the intercept (D./k-X) yields K,,. The second derivative is
calculated using the exponential equation (Equation (3)) that fits to the experimental profile

of oxygen distribution in the biofilms. The exponential equation was best fitted for the
experimental data.

C=aq +a2-exp(—x/a3) 3)
According to Frank-Kamerneski [26], the mass balance equation at the steady state can be
transformed to
d_C = 2k'_X C—Km-an’”_C , 4)
dx ; . K,

where subscript f indicates film and (dC/dx); is the gradient of oxygen concentration in the
biofilm. Using the sets of parameters k-X/D, and K,, which were computed using Equation
(2), the first derivative of oxygen concentration in the biofilm (dC/dx); can be obtained.
Substrate molecules, before reaching the biofilm surface, must travel across the diffusion
boundary layer. In idealized, perfectly stagnant water, the process would be entirely
dependent on molecular diffusion. Consequently, the profile of oxygen concentration would
be linear without convection. Therefore, the oxygen profile above the biofilm surface can be
adequately described by the empirical exponential function
C-C,

-c —1-expf-A-(x-x,)}, (5)

b

where subscript s represents the interface between the biofilm and the bulk, subscript b

represents the bulk and A is the experimental constant. The first derivative in the bulk
(dC/dx), is

e

E)w = 4(c,-¢), (©)

where subscript w represents water and (dC/dx),, is the gradient of oxygen concentration in
the bulk. By fitting Equation (5) to the experimental data obtained using the microelectrode,
the slope of A is calculated and the first derivative in the bulk (dC/dx),, can be obtained.

Moreover, oxygen flux through the biofilm-bulk interface (J5) and diffusion layer (/,,) are
respectively defined as

J, =D, -(fi—f)f , 7)
ac
J, =D, (3) )

Since oxygen flux at the biofilm-bulk interface is continuously preserved (;= J,), the
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internal diffusion coefficient in the biofilm is given as

[
D=D‘=D,-&. 9)

Using the diffusion coefficient of water at 21°C of 2.0x10° m’/s [27], (dC/dx); from
Equation (4) and (dC/dx),, from Equation (6), the internal diffusion coefficient of the
biofilm, D,, can be computed. Moreover, k& was computed from the calculated values of
k-X/D, and D,, and the experimental values of X. The average of all the values was
represented.

The oxygen distribution is simulated using the calculated kinetics parameters, the dry
density of the biofilm and diffusion coefficient of oxygen in the biofilm. The simulation was
conducted using Equation (1) by the finite difference method (dx = 10, dr = 107, saturation
=10, and max iterations = 10’). The oxygen distribution inside the biofilm was simulated
under the boundary conditions at the biofilm surface and at an infinite point from the
biofilm surface. Oxygen penetration depth was determined from the simulation curve of the
oxygen distribution in the biofilm.

3.3 RESULTS AND DISCUSSION
3.3.1 Density and porosity

Figure 3.1 shows the plots of dry density against biofilm thickness. Biofilm density
decreased with increasing biofilm thickness. The dry density of the biofilm in the fluidized
bed reactor was found to be 2-10 times higher than that (X = 8700 g/n?’) in the rotating disk
reactor [28]. The empirical equation that shows the relation between dry density (X) and
biofilm thickness (d) is

X = 2.5%x10%+1.5x10°-exp(-d/175). (10

Figure 3.2 shows the internal cross-sectional photographs of the biofilms of 120 and 1200
um thicknesses, obtained using a light microscope. The thin biofilm had a dense
homogenous structure. In contrast, the thick biofilm had a heterogeneous structure and large
pores. Therefore, the thinner biofilm was expected to exhibit a lower substrate penetration
depth because of the high-density structure which results in a small diffusion coefficient and
high reaction rate.
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3.3.2 Oxygen penetration depth

Using an oxygen microelectrode, the oxygen distribution in the biofilms was measured
while maintaining the bulk oxygen concentration at about 3 g/mr’. Examples of the
experimental profile and the curves fitted for the exponential equation in the case of
biofilms with 425 and 980 pm thicknesses are shown in Figure 3.6. As a result, we found
that oxygen was gradually eliminated by bacteria in the biofilm and the liquid film formed
in the bulk near the biofilm surface by the reaction. Oxygen penetration depth was
determined from the obtainable oxygen distribution in the biofilms. Oxygen penetration
ratio was calculated by dividing the oxygen penetration depth by the biofilm thickness. The
results of the oxygen penetration depth and ratio are shown in Figure 3.7. Oxygen diffused
completely into the bottom of the biofilm of less than 300 pm thickness and oxygen
penetration depth increased with increasing biofilm thickness. Oxygen penetration ratio
gradually decreased with increasing biofilm thickness. Therefore, there is a large anaerobic
zone at the bottom of the thick biofilm, indicating the possibility of microbial denitrification.
Pochana et al. [29] considered the denitrification activity in the anaerobic zone in a floc and
simulated the distribution of oxygen in the floc. Dalsgaard et al. [30] reported that
denitrification activity in the anaerobic zone in a biofilm is computed from the mass balance
equation using microelectrode analysis and that the denitrification zone is specified.
However, the anaerobic zone is not necessary for oxidation processes such as carbon
oxidization and nitrification. The thin biofilm without an anaerobic zone is effective for
oxidation processes from the standpoint of obtaining a larger aerobic zone throughout the
entire biofilm.

3.3.3 Determination of kinetic parameters and effective diffusion coefficient

Figure 3.3 shows the relationship between (&’ C/dx? )rand 1/C for evaluating K, in the case
of biofilms of 425 and 980 ym thicknesses. Then, K, could be calculated from the slope and
intercept of the linear fit to the relationship between (d*C/dx’ )rand 1/C. The linear fit for all
plots seemed to be impossible, as shown in Figure 4 (b). The linear line could be fitted only
for low 1/C values, if low oxygen concentrations (below 0.2 g/m’) are neglected. This
concept is reasonable because only high oxygen concentrations affect oxidation rate. Then,
the slope, k-X/D, K,,, and the intercept, k-X/D,, were obtained from the linear fitted curves
within the range of the low 1/C values. The average K, calculated from the slope and
intercept was 1.5 g/m’.

The flux at the biofilm surface was calculated using Equation (4). Then, the flux at the
diffusion boundary layer was calculated using Equation (5) with the empirical coefficient of
A. Figure 3.4 shows an example of the plot for the evaluation of A. Since the flux continuity
must be preserved at the biofilm-water interface (Jy=J,), the effective diffusion coefficients
were calculated for the distribution of oxygen in each biofilm. Figure 3.5 shows the
calculated effective diffusion coefficients plotted against biofilm thickness. The calculated
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diffusivity was 40 — 90% which is close to those reported by Stewart et al. [85]. The
density-diffusivity correlation was in good agreement with the correlation proposed by Fan
et al. [86]. From the result, the empirical equation showing the relationship between D, and
d was obtained.

D,=(35" +152.9°3 (11)

Moreover, k was computed from k-X/D, (calculated from Figure 3.1), D, and X
(determined from respective empirical equations). The representative k was 7.5 X 107 1/s.

3.3.4 Simulation of oxygen distribution in biofilms

The boundary condition is given by the following equation as the data for oxygen
concentration below 0.2 g/m’ were adopted.

Jx=xs; c=c,

1x=00; c=02 (12)

Figure 3.6 shows the plots of experimental data obtained using the microelectrode and the
simulated curves of oxygen distribution in the biofilms of 425 and 980 ym thicknesses. The
simulated curves successfully fit the experimental plots. Therefore, the oxygen distribution
inside the biofilm can be simulated in the runs where sufficient concentrations of the
substrates, that is, organic carbon and ammonia, were supplied, because in such cases, the
consumption rates of each substrate and oxygen completely depend on local oxygen
concentration. The good fittings indicate that the distribution of the substrate in the biofilm
can be sufficiently simulated using a simple model.

Next, oxygen distribution in the biofilms was simulated at several biofilm thicknesses and
oxygen concentrations in the bulk. Figure 3.7 shows the experimental plots of oxygen
penetration ratio against biofilm thickness and their simulated curves. Therefore, the aerobic
zone, which contributes to microbial oxidation, can be predicted at various biofilm
thicknesses and oxygen concentrations in the bulk.

3.3.5 Water quality

The water treatment experiment was continuously carried out using the two reactors with
the thin (representative biofilm thickness: 120 pm) and thick (representative biofilm
thickness: 1200 ym) biofilms. Table 2.2 summarizes the water quality data of the effluent of
each reactor in the steady state. The removal efficiency of TOC was high in the reactor with
the thin biofilm because oxygen completely diffused into the bottom of the biofilm, and thus
all biomass inside the biofilms contributed to the oxidation of organic compounds. In
contrast, the removal efficiency of TOC in the reactor with the thick biofilm was lower than
that with the thin biofilm, probably because the population of oxidizing bacteria was
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relatively small due to the existence of the anaerobic zone inside the biofilm, as determined
based on the FISH results (data not shown).

The thin biofilm exhibited a lower nitrification rate than the thick biofilm because there
was no space in the bottom zone of the biofilm where the nitrifying bacteria could exist. An
adequately thick biofilm is necessary for successful nitrification because of oxygen
competition and the distribution of microbial heterotrophs and nitrifiers inside the biofilm.
Thus, biofilms of 300 — 400 um thickness may be appropriate for simultaneous carbon
oxidation and nitrification in a fluidized bed reactor. Furthermore, the marked decrease in
T-N content indicates that the thick biofilm had denitrification activity in the bottom zone in
which oxygen concentration was nearly zero. In a fluidized bed reactor, we suggest that the
biofilm thickness should be suitably controlled for objective treatment by aeration which is
independent of operation conditions.

3.4 CONCLUSIONS

1. The kinetic parameters of a Monod reaction and the effective diffusion coefficient were
calculated based on the oxygen distribution in the biofilms. The effective internal

diffusion coefficient of the biofilms changed with biofilm density and biofilm thickness.
The effective diffusivity ranged from 40% to 90%.

2. Using the results of biofilm dry density, kinetic parameters and effective diffusion
coefficient, the oxygen distribution in the biofilms were successfully simulated using a
one-dimensional model with a Monod reaction. It was demonstrated that oxygen
penetration ratio, which markedly influences biological oxidation activity, can be
determined using this simple simulation.
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Figure 3.1 Relationship between biofilm thickness and dry density for several biofilm
samples (open circles: experimental data; continuous line: smooth curve (X = 2.5x10* +
1.5x10°-exp (-d/175))

(@) (b)

Figure 3.2 Internal physical structure of (a) thin biofilm (thickness: 120 xm; scale bar
denotes 100 zm), and (b) thick biofilm (thickness: 1200 zm; scale bar denotes 500 zzm)
as observed by light microscopy
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Figure 3.3 Relationship between (dCldx’ )r and 1/C for evaluating K, in the case of
biofilm of (a) 425 ym and (b) 980 zm thicknesses (open circles: experimental data from
microelectrode analysis; continuous line: empirically linear)
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Figure 3.4 Relationship between LN {1-(C-C)/(Cp-Cy)} and distance from biofilm
surface, x-x,, at a diffusion layer in the case of biofilms of (a) 425 ym and (b) 980 yzm
thicknesses (open circles: experimental data from microelectrode analysis; continuous
line: empirically linear)
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Figure 3.5 Relationship between biofilm thickness and alculated effective diffusion
coefficient for several biofilm samples. The empirical equation, D, = (3.5 + 1.52.4)">,
is shown as a continuous line
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Figure 3.6 Distribution of oxygen concentration inside biofilms of (a) 425 ym and (b)
980 pm thicknesses (open circles: experimental data from microelectrode analysis;
broken line: fitted curve for exponential equation; continuous line: simulated curve)
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Figure 3.7 Plots of oxygen penetration ratio against biofilm thickness for experimental
data obtained at an oxygen concentration of 1.46 — 2.23 g/m?’ at the biofilm surface.
Simulated curves are drawn for oxygen concentrations of 0.5 (---), 1.0 (- ), 2.0 (- ), 3.0
-)and 7.0 () g/m3 at the biofilm surface

33



Chapter Il

3.5 NOMENCLATURE

a; experimental coefficient (-)

a; experimental coefficient (-)

a3 experimental coefficient (-)

A experimental coefficient (-)

C oxygen concentration (g/m’)

Cop oxygen concentration at carrier surface (g/m3)
C,0xygen concentration at biofilm surface (g/m’)
Cp, oxygen concentration at bulk (g/m3)

D, effective diffusion coefficient of oxygen (n/s)
Drdiffusion coefficient of oxygen inside biofilm (nt/s)
D,, diffusion coefficient of oxygen in water (ni*/s)
J oxygen Flux inside biofilm (g/(mz-s))

Jwoxygen Flux at bulk (g/(mz-s))

k reaction constant (1/s)

K., monod saturated constant (g/m3)

t time (s)

x distance from carrier surface (m)

x, distance at biofilm surface (m)

X biofilm density (g/m’)

d biofilm thickness (m)
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Chapter |V

STEP CHANGE ANALYSIS

Observation of substrate concentration profile inside
biofilm in step change analysis

4.1 INTRODUCTION

In this chapter, step change in inlet substrate concentration represented by substrate was
introduced into the completely mixed three-phase fluidized bed biofilm reactor. Substrates
are total organic carbon (TOC), ammonium-ion (NH;"-N), nitrite-ion (NO,™-N), nitrate-ion
(NOs3™-N) and dissolved oxygen (DO). Furthermore, oxygen concentrations inside biofilm at
each times were measured by original fabricated oxygen microelectrode. The purpose is to
study the conditions inside biofilm during dynamic response. The step changes of 2 times
and quarter times larger cases were conducted.

4.2 STEP UP CHANGE OF SUBSTRATE CONCENTRATION
4.2.1 MATERIALS AND METHODS

At start-up, the biofilm-attaching CB

Table 4.1 Step-up change in substrate
particles were washed to remove the excess

concentration g/m’

sludge. The inlet TOC concentration of all the TOC NH,*-N

3
reactors was about 400 g/mr’ at the flow rate of Before change 200 50

0.006 m3/I.1. This conc.entratlon was chosen After change 400 100
because this concentration and flow rate was

known to allow continuous concentration operation of reactors maintain a stable biofilm
structure but avoid excessive production of suspended sludge. Concentration of substrates
was measured until steady-state values were obtained. Once the steady state was attained,
twice step change in inlet concentration was introduced into the system. The concentrations
inside the reactor at the start of the step change analysis are summarized in Table 4.1. After
the step-up change of inlet concentration, the substrate concentration, which was considered

as the state variables, were measured until new steady-state level was attained.
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4.2.2 RESULTS AND DISCUSSION

The results of water quality analysis are
shown in Figure 4.1. When the inlet substrate
concentration suddenly doubled, the
concentration of the substrate inside the reactor

is

increases due to accumulation. TOC (Figure
4.1. (a)) was increased from O hour, was
attained to the peak at 25 hours. The
accumulated substrate is gradually consumed
until the rate of increase due to accumulation
equals substrate consumption by the biomass.
Thus, the peak is generated. After, the peak,
substrate consumption becomes greater than
the the
concentration inside the reactor goes down
until a new steady-state condition, the inflow

accumulation, and consequently

of substrate into the reactor is balanced by the
biomass substrate utilization and the outflow of
substrate with the effuent. The steady state of
TOC was approached after 25 hour. This
phenomenon was most popular in the step
change experiments.

Next, some biofilm samples were get from
the fluidized reactor at -2,0, 3, 6,9, 12, 20, 24,
29, 40, 51, 102 hours. The distribution of
oxygen concentration inside a biofilm was
measurement by microelectrode for each
The
distribution are shown in Figure 4.2. The
distribution of oxygen concentration inside the
biofilm (DOCB) was increased until 6 hour.
The DOCB wasn't changed from at 6 hours to
at 20 hours. This term was the condition of

biofilm sample. results of oxygen

most low oxygen concentration.

Time courses of the penetration depth of
oxygen concentration inside the biofilm
(PDOCB) and the oxygen concentration in the
bulk (ODB) are shown in Figure 4.3. The
PDOCB was like two peas in a pod with the
ODB.
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4.2.3 CONCLUSIONS
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Figure 4.3. Relationship between oxygen
penetration depth and DO concentraion
in bulk solution at step-up analysis

4.3 STEP DOWN CHANGE OF SUBSTRATE CONCENTRATION
4.3.1 MATERIALS AND METHODS

The experiments to down inlet substrate concentration were conducted using biofilm
sample which have no nitrifying activation by oxygen rate controlling. In this case, the
recovery of nitrifying activities could be monitored. The substrate concentration and
microprofile inside biofilm were determined. Two reactors were run, 1) RUNI: biofilm
thickness is 120 pum, package rate is 20 % and 2) RUN?2: biofilm thickness is 1200 um,
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package rate is 20%.
A complete- mixing three-phase fluidized bed reactor was used for continuous nutrient
oxidation. After the steady state was confirmed, the inlet substrate concentrations were

stepped down.

Table 4.2 Step-down change in substrate concentration g/m’

TOC NH,"-N
Before change 400 100
After change 40 10

4.3.2 RESULTS AND DISCUSSION

Figure 4.4 shows the time courses of water quality and Figure 4.5 shows the distribution
of oxygen concentration inside the biofilm. First, in the case of RUN1 (biofilm thickness =
120 um), the biofilm had a nitrifying activity after the step change. Therefore, they had
nothings before the step change. Because of the oxygen was penetrated inside the biofilm
after step change, the oxygen concentration was nearly zero before the step change. The
biofilms were released from oxygen rate controlling to decrease the substrate concentrations
in the bulk solution at the 2.5 hours after. Consequently, oxygen existed inside biofilm and
penetrated until 30 ym from biofilmbulk interface into the biofilm. At the time, we
suggested that the ammonia-oxidizing bacteria were existed in the region between O to 30
pm from the surface to the bottom of biofilm because nitrite-ion existed in the bulk. Figure
4.6 shows the image of FISH analysis. As a result, NSO190 probes (targeting an
ammonia-oxidizing bacteria) were mainly reacted in the area between O to 30 xm in the
biofilm. We found that ammonia-oxidizing bacteria inside biofilm can have activity, if very
small quantity of oxygen penetrates into the biofilm.

Oxygen completely penetrates until particle which is the bottom part of biofilm at 4 and 6
hours after. In this case, oxygen concentration inside the biofilm was low. Therefore, two
factors are suggested because nitrite-ion was not oxidized. First reason is the necessity of
higher oxygen concentration is for nitrite-oxidization bacteria, second reason is the delay of
responds for nitrite- oxidization bacteria forward an environmental change.

Furthermore, oxygen concentration was over 1 g/m’ in the bottom area of biofilm at 8
hour. A whole biofilm condition was completely aerobic and nitrification smoothly
proceeded.

Next, nitrification could not conducted by oxygen controlling before step change in the
case that the biofilm thickness is 1200 ym. The oxygen concentration in the bulk was nearly
zero. After step change, also oxygen was not penetrated into the biofilm at 4 hour.
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Figure 4.4 Time course of wastewater concentration in fluidized bed biofilm reactor at
step-down change analysis
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4.3.3 CONCLUSION

It could be successful that the distribution of oxygen concentration inside the biofilm by
oxygen microelectrodes in the step change analysis. As a result, the distribution of oxygen
concentration inside the biofilm was influenced by the oxygen concentration in the bulk.
Oxygen completely penetrates until particle which is the bottom part of biofilm.
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Chapter V

NEW NITROGEN REMOVAL SYSTEM

Simultaneous Nitrification and Denitrification by
Controlling Vertical and Horizontal
Microenvironment in a Membrane-Aerated Biofilm
Reactor

5.1 INTRODUCTION

In this chapter, we attempt the simultaneous nitrification and denitrification in a single
reactor using MABR. First, adhesivities and biofilm formation of nitrifying bacteria onto
the unmodified membrane and the membrane modified with grafted polymer chains were
compared by observation of images taken by microscopy. Second, oxygen transfer rate from
grafted membrane was measured. Third, the microbial and physical properties inside the
biofilm in MABR with a complex microbial population were monitor ed using
microelectrodes and the FISH method. In addition, the contribution of the change in the
microbial population in the vertical direction, as a result of plug flow (from the bottom to
the top of the reactor), to nitrification efficiency is verified by reaction rate constants which
are mathematically determined using the ammonium nitrogen profiles inside the biofilm.

52 EVALUATION OF BACTERIAL ATTACHMENT
5.2.1 MATERIAL AND METHODS

5.2.1.1 Surface modification of membrane

We used two types of membranes: one is an original polyethylene membrane, the other is
a surface-modified polyethylene membrane. The latter was prepared by the
radiation-induced graft polymerization (RIGP) method as described by Tsuneda et al. [66].
A commercially available polyethylene membrane (Asahi Chemical Industry Co.) was used
as the base polymer for grafting. A vinyl monomer, glycidyl methacrylate (GMA), was
grafted onto the polyethylene membrane by applying the RIGP method. The degree of
GMA grafting (dg), defined by Eq. (1), was set at 72%:

dg = {(Wi-Wo)/Wy}x100 [%] (1)
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where Wy and W, are the weights of unmodified and GMA -grafted membranes, respectively.
Next, the GMA-grafted membrane was reacted with diethylamine for the introduction of
diethylamino (DEA) groups. The amount of introduced DEA groups was evaluated to
measure the pn-exchange capacity by titration. The DEA-grafted membrane was used as
the surface-modified membrane.

The surface characteristics of these membranes were evaluated by measuring the
effective charge density. The effective charge density was obtained by fitting the
experimental results to the equation based on the Donnan equilibrium and the Nernst-Planck
equation using membrane potential. Membrane potential measurement was carried out
according to Higa er al. [86]. There were two cells divided by the membrane. The
membrane area was 9.4x10 n’. The concentration of KCI electrolyte solution on one side
was ten times higher than that on the other side. The potential was measured at 20°C using
glass electrodes, which we originally fabricated, with a salt bridge (3 M KCl).

5.2.1.2 Wastewater treatment system

The above-described substrate (600 gN/m3)

Wa§ .continuousl.y fed at 1..0 L/day to. a Y, (I})rlgl?p Bacteria
fluidized bed bioreactor with an effective g

volume of 2 L. The unmodified and modified RIGP Iy
membranes were used as supporting materials \
on which biofilms were immobilized. The Pleflly et{)ly lene

temperature was maintained at 30°C. Air was crbrane §88888 Membrane
supplied to the reactor at a suitable rate to fully

disperse the biofilms and to provide excess
dissolved oxygen. The pH of the solution in Fig5.1
the reactor was adjusted to 7.5-8.0 by the Adhesion Between Bacteria and

addition of 1 M NaOH 1-3 times a day. Membrane

Schematics  Diagram  of

5.2.1.3 Method of water quality analysis

All culture samples were filtered through a 0.2-ym-pore-size membrane filter (Isopore®,
Millipore Co.) prior to water quality measurement. The amount of organic pollutants was
evaluated as total organic carbon (TOC) with an automatic TOC analyzer (TOC-500,
Shimadzu  Co.). Ammonium-nitrogen (NH;"-N) was determined using an
ammonia-selective electrode (F-203, Horiba Co., Japan). Nitrite-nitrogen (NO,™-N) and
nitrate-nitrogen (NO3-N) were determined using an ion-chromatograph system
(IC-Anion-PW, UV-8011, Tosoh Co.). Biofilm thickness was calculated from the image
obtained by optical microscopy (BH-2, Olympus Co.). Bacterial adhesion to membranes
was confirmed from SEM (S-2500, Hitachi Co.) images.
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5.2.2 RESULTS AND DISCUSSION

5.2.2.1 Surface properties of membrane

The difference in surface properties of the unmodified and modified membranes is
summarized in Table 5.1. The grafted membrane carried 26 times more positive charges
than the unmodified membrane because a large amount of diethylamino groups (3.5 mol/kg)
was successfully introduced to the membrane by the grafting method.

Table 5.1 Surface properties of original and grafted membrane

Original Grafted(dg=72%)
Ion-exchange capacity [mol/kg] - +3.5
Effective charge density [mol/m’] +23.5 +625
Table 5.2 Membrane Characteristics
Properties Plane Grafted

Thickness [mm] 0.15

Pore Size [pum] 0.2

Porosity [%] 70

DEA group Density [mol/kg T-P] 0 3.08

5.2.2.2 Adhesivity of nitrifying bacteria

The surfaces of the unmodified and modified membranes which had been fluidized in the
flask for 14 days were observed by SEM (Figure 5.2). It was found that the microorganisms
hardly attached to the unmodified membrane, whereas many rod-shaped microorganisms
such as nitrifying bacteria adhered to the grafted membrane in 14 days. From this result, the
bacterial adhesivity was proved to be strongly influenced by the positive charge and the
polymer brush which had been introduced by the radiation-induced grafting method.

5.2.2.3 Ammonium-nitrogen removal efficiency

Membranes with nitrifying biofilm were introduced into a fluidized bed bioreactor where
NH," as a nutrient was continuously fed. The results of water quality analysis are shown in
Figure 2.6. Biofilm thickness was observed every day by optical microscopy.
Representative images of biofilms on the membranes are shown in Figure 5.3.

The thickness of biofilm on the grafted membrane was approximately 20 ym at day 88
and approximately 100 pgm at day 150. In contrast, no biofilm was formed on the
unmodified membrane. Therefore, a new supporting material suitable for biofilm formation
was successfully developed by modification of the surface by the grafting method.
Nitrification rate was very unstable until day 50 because of the small amount of attached
and suspended nitrifying bacteria. However, after day 50, a thick biofilm was retained, and
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thus the NH,*-N removal rate reached as high as 0.3 kg-N/(m’-day) and became stable.

5.2.2.4 Ammonium-nitrogen removal rate

The NH;"-N removal rate of the biofilm on the grafted membrane was computed for
comparison with that of the biofilm on the cement ball (CB) in the bioreactor where
ammonia-rich inorganic wastewater was continuowly fed. We assumed that all biofilm
samples and reactor conditions were maintained at steady states, and computed the NH;*-N
removal rates on the basis of two different series of data: 1. bulk concentration change, 2.
concentration profile inside the biofilm.

5.2.24.1 Bulk concentration change

The NH;*-N removal rates per unit biofilm surface area were calculated from Eq. (2)
based on mass balance( of inlet and )outlet concentrations.

F CIN - COUT
Ri=—"% @)

Here, R4 is NH;*-N removal rate per unit biofilm surface area, F is flow rate, Cyy is NH;*-N
concentration at inlet and Coyr is NHs*-N concentration at outlet. The biofilm surface area
(Sp) on the membrane was calculated from the biofilm thickness determined by using light
microscope on the assumption that the biofilm uniformly adhered, and from the number of
membrane put into the reactor at start up. The shape of membrane with biofilm was
regarded as a rectangular parallelepiped. Similarly, the biofilm surface area on the CB was
calculated from the biofilm diameter and the number of CB inside the reactor. The shape of
CB with biofilm was regarded as a sphere. The calculated Sp values for the membrane and
for the CB were 0.26 and 90 nt’, respectively. Then, Ry was computed using the average of
all Cyy and Coyr data in the steady state.

5.2.2.4.2 Concentration profile inside the biofilms
The NH;-N removal rates per unit biofilm surface area were calculated from Eq. (3)

based on Fick's law of the profiles inside the biofilms.

aC
R,=D," GXA=_JA 3)

Here, C4 is NH;*-N concentration, D, is NH;* diffusion coefficient, X is distance from the

biofilm surface and J4 is flux. The NH;"-N profile inside the biofilm approximately
exhibited exponential function with respect to the distance from the interface between
biofilm and bulk. Thus, R4 was computed from the NH;*-N flux at biofilm surface. In this
calculation, NH;* diffusion coefficient in pure water at 20°C (DA=1.38><10'9 mz/day) was
used [87].

The computed results are summarized in Table 5.3. The NH;*-N removal rates obtained
from the concentration profile inside the biofilm were lower than those obtained from the
bulk concentration change. This is mainly because the latter inevitably include the
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contribution of suspended nitrifying bacteria. Consequently, the former, which had been
evaluated by the microelectrode method, were suitable for the estimation of the exact
nitrification rate of the biofilm. Okabe et al. (1999) reported that the NH;*-N removal rate
computed using the concentration profile inside the biofilms in a rotating disk reactor
(RDR) was 2.7x107 g-N/(m*-day) [18]. On the other hand, Araki ez al. (1999) and Sumino
et al. (1998) reported that the values computed using bulk concentration changes in
fluidized bed bioreactors with nitrifying bacteria entrapped by high- molecular-weight
polymers were 9.6x1072 and 4.0x1072 g—N/(rnz-day), respectively [88, 89]. Therefore, we
have obtained biofilms with highly efficient nitrification rates in this study.

Table 5.3 The NH4*-N removal rates unit biofilm surface area of the biofilms
NH,4*-N removal rates [¢-N/(m’-day)]

From bulk From conc. profile
conc. change inside the biofilms
. Membrane 23 1.0
This stud
S CB 7.0x10° 5.0x10°
Okabe et al. (1999) RDR - 1.7x107
Araki et al. (1999) entrapped 9.6x107? -
Matsumura ef al. (1998)  entrapped 401072 -
5.2.3. CONCLUSIONS

Nitrifying bacteria exhibited high adhesivities to the membrane whose surface had been
modified with positively charged graft polymer chains, and nitrifying biofilms with
sufficient thickness were obtained within a short time.

5.2.4. NOMENCLATURE
C : Concentration [g/m3]
D  : Diffusion coefficient [mz/day]

dg : Degree of GMA grafting [%]

F :Flow rate [m3/day]

J  :Flux [g/(m’-day)]

R :NH;"-N removal rate [g/(nm’-day)]
S : Surface area [mz]

W : Membrane weight [g]

X  :Distance from the biofilm surface [m]
Subscripts:

0  :Polyethylene membrane
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1 : GMA-grafted membrane
A : Ammonium-nitrogen
B

: Biofilm
IN : Inlet
OUT :Outlet

]
FX3.E8E  8.Bum

(b)
Figure 5.2 SEM picture of membrane surface at day 14 (x3000). (a) original

membrane, (b) grafted membrane

Membrane Membrane

(@) (b)
Figure 5.3 Microscopic picture of membrane with biofilm at day 150 &100) . (a)

original membrane, (b) grafted membrane
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5.3 OXYGEN TRANSFER RATE FROM THE MEMBRANE

5.3.1 MATERIALS AND METHODS
5.3.1.1 Membrane Properties

A hollow fiber membrane (Asahi Chemical
Industry) made of polyethylene was used for

biofilm- supporting material. The length was 20 DO
cm, the inside and outside diameters were 1.9 |~ Tube

and 3.0 mm, respectively, being the pore size Rubher Plue
was 0.3 um. The membrane has positive To Air
charges on the surface after the introduction of 1

diethylamino groups by radiation-induced graft @. DO Electrode
polymerization (RIGP) (Tsuneda et al., 1998). = Membrane

Our previous work (Hibiya et al., 1999) Reaker
confirmed that adhesion of nitrifying bacteria

to the membrane can be greatly enhanced by  Figure 5.4 Schematic of Measuring

Stirrer

this surface modification technique. System on Oxygen Transfer Rate

Table 5.4 Membrane Characteristic

Diameter [mm] 3
Thickness [mm] 0.15
Length [mm] 200
Pore Size [pm] 0.2
DEA group Density [mol/Kg T-P] 3.08

5.3.2 RESULTS AND DISCUSSION
5.3.2.1 Oxygen Transfer Rate

The relationship between intramembrane pressure and oxygen transfer rate to a bulk
solution was measured, as the amount of intramembrane-supplied oxygen is most important
in the design of the MABR. The DO electrode and the hollow- fiber membrane, which was
connected to a pure air cylinder, were inserted into an airtight beaker. After pure water with
a low concentration of DO was injected into the beaker, the DO concentration in the bulk
was measured for a certain time, maintaining a constant pressure. Figure 5.5 shows that the
amount of oxygen transferred is proportional to air pressure, which indicates that it is
possible to control the DO concentration in the MABR equipment by adjusting the air
pressure. Moreover, when the domestic modified wastewater used in this experiment was
completely oxidized under an aerobic condition though the reactions of C + O, = CO, and
NH;" + 20, = NO;” + HbO + 2H". The relation presented the oxygen transfer rate of 0.06
g/day was required. Thus, the air pressure in the following experiments with the MABR was
determined to be set at 10 kPa according to Figure 5.5.
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Figure 5.5 Relationship between Air Pressure and Oxygen Transfer Rate

5.3.3 CONCLUSION

The air pressure in the following experiments with the MABR was determined to be set
at 10 kPa from the experimental result, as The relation presented the oxygen transfer rate of
0.06 g/day was required.

5.4 Development of membrane aeration biofilm reactor
5.4.1 MATERIAL AND METHODS

5.4.1.1 Bioreactor Configuration

The MABR system is schematically depicted in Figure 5.7. The cylindrical reactor made
of polycarbonate has an effective volume of 100 cir’. Three surface- modified hollow-fiber
membranes were inserted to create a specific surface area of 57 m’/m’. The domestic
modified wastewater to be supplied (TOC: 100 g/n?, NH,*-N: 25 g/n?’) consisted of
glucose (250 g/m’'), KH,PO4 (8.0 g/n?), KoHPO, (16 g/m’), (NH4).SO4 (118 g/nt),
MnCh-4H,0 (200 g/m’), MgSO,-7H,0 (300 g/nr’), CaCh-2H,0 (2.0 g/nr’), NaMoO4-2H,0
(100 g/m’) and Fe(III)-EDTA (10 g/n?’). This wastewater was supplied to the bottom of the
reactor by a peristaltic pump at a flow rate of 4X 10" m*/day. Pure air was supplied to one
end of the hollow-fiber membrane from a gas cylinder under the intra membrane pressure of
10 kPa. The other end of the hollow-fiber membrane was sealed with a stopper. The
temperature was kept at 30 0.5 °C. The seed sludge was obtained from a reactor which had
been run with the domestic modified wastewater for a one month. Initially, the reactor was
filled with the feed solution and the seed sludge without continuous feeding. Then,
continuous feeding started after the organic carbon concentration in the reactor fell below
25 g/nr’.

5.4.1.2 Analytical Method
All culture samples were filtered through a 0.2- ym-pore-size membrane filter (Isopore®,
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Millipore) prior to water quality measurement. The amount of organic pollutants was
evaluated as the amount of total organic carbon (TOC), using an automatic TOC analyzer
(TOC-500, Shimadzu). The ammonium-nitrogen (NH;"-N) concentration was determined
using an ammonia-selective electrode (F-203, Horiba). The nitrite-nitrogen (NO,-N) and
nitrate-nitrogen (NO3z-N) concentrations were determined using an ion-chromatograph
system (IC-AnionrPW, UV-8011, Tosoh). The dissolved oxygen (DO) concentration was
determined using a diaphragmal electrode (DOL-10, DKK) and pH was measured using a
glass electrode (TPX-90, Toko Chemical Laboratries). The biofilm thickness was calculated
from an image obtaining using an optical microscope (BH-2, Olympus).

Temperature: 30+0.5 °C From Air Cylinder

Pressure Gage
Pressure: 10 kPa

Outlet £ - Polycarbonate Pipe
Effective Volume: 100 cm®
From Feed Tank
J/ L+—Membrane
()
; U™ Rubber Plug
ot Inlet
Pump Specific Surface Area: 57 m>/m’

Flow Rate: 4% 10™* m’/day

Figure 5.7 Schematic diagram of the MABR used in this study

5.4.1.3 Microelectrode

Microelectrodes for pH, NH;" and NO3™ were prepared as described by de Beer ef al.
(1997). Soda lime glass tubes with 1-mm-diameter (100 L Micropipetts, Drummond) were
drawn into microcapillaries using a micropipette puller (MPT-1, Shimadzu). The tip
diameter was about 5-7 um for all LIX microelectrodes and the tips of the electrodes were
silanized with 20% (v/v) solution of trimethylchlorosilane in carbon tetrachloride to obtain a
hydrophobic surface for optimal adhesion of the LIX membranes. After the tips of the
microelectrodes were filled with the silanized solution, the electrodes were baked for at
least 1 h at 130°C to remove traces of water. The liquid membrane used was 10% (wt/wt)
tridodecylamine and 1% (wt/wt) sodium tetraphenylborate in 2-nitrophenyloctyl ether for
pH microelectrode and 10% (wt/wt) nonactine and 1% (wt/wt) sodium tetraphenylborate in
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2-nitrophenyloctyl ether for the NH;" microelectrode. The electrolytes used were 0.04 M
KH,POy4, 0.023 M NaOH and 0.015 M NaCl for the pH microelectrode and 0.01 M NH4Cl
for the NH;™ microelectrode. To measure the spatial distributions inside the biofilms, pH,
NH," and NO3™ microelectrodes were inserted into the biofilm samples at 10 ym intervals
using a micromanipulator (MMO-203, Narishige). The biofilm were fixed on a glass plate
that was filled with a solution obtained from the reactor. The measurements were
immediately conducted without air supply from membrane.

5.4.1.4 Fluorescence In Situ Hybridization (FISH)

All Biofilm and suspended sludge samples for FISH analysis were immediately fixed
with 4% paraformaldehyde. The biofilm sample was dispersed to individual cells by
ultrasonication, and placed in a hybridization well on a gelatin-coated microscopic slide.
For hybridization of the biofilm and sludge samples on the slide, the standard hybridization
protocol described by Amann (1995) was used. Two 16S rRNA-targeted oligonucleotide
probes were used for in situ detection of ammonia-oxidizing and heterotrophic bacteria: 1)
NSO190 (labeled with TRITC, indicated as red in figures): specific for the region of the 16S
rRNA of all ammonia-oxidizing bacteria of the /5 -subclass of proteobacteria (Mobarry et
al., 1996); 2) EUB338 (labeled with Cy35, indicated as blue in figures): a probe for targeting
all eubacteria (Amann et al., 1990b). After hybridization, the biofilm samples on slides
were examined with a confocal laser-scanning microscope (TCS NT, Leica).

5.4.2 RESULTS AND DISCUSSION
5.4.2.1 Water Quality

Time courses of water quality (TOC, NHs"-N, NO,-N and NOs-N) are shown in Figure
5.8. The effluent TOC concentration in the initial stage (days 0-30) fluctuated from 5 to 25
g/m’. Removal proceeded further at day 30; the average value was about 1 g/n?. In contrast,
nitrogen compounds were rapidly removed in the initial stage at day 0-5. Here, it is worth
noting that nitrification occurred even though the DO concentration in the bulk was lower
than 0.5 g/nt. This result indicates that sufficient oxygen was supplied to the biofilm
through the hollow-fiber membrane. Moreover, removal efficiencies of TOC and T-N are
shown in Figure 5.9. It is confirmed that 90% removal of TOC and T-N from the domestic
modified wastewater (carbon load: 042 kg-C/(n’-day) and nitrogen load: 0.16
kg-N/(m’-day)) could be attained consistently by using the MABR for 150 days. The less
dense biofilm with 50-300 pm thickness was formed over the entire surface of the
hollow-fiber membane.

5.4.2.2 Microprofile inside Biofilm

The microprofiles were obtained from three different positions in the vertical direction: a
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low point, a central point and an upper point of the reactor. In order to minimize the error,
the measurements were performed three times at each point. The average results are shown
in Figure 5.10. NH,*-N was almost completely removed from the lower part to the central
part of the reactor. Negligible NO3-N was detectable throughout the whole reactor. This
phenomenon can be explained as follows: 1) NO3™ reduction occurred immediately after
NOs;™ was produced by nitrification, 2) NO, was directly reduced to N, gas without
changing to NOs".

On the other hand, the existence of nitrifying bacteria was directly observed using the
FISH method. The biofilm and the suspended sludge in the lower part of the reactor were
taken as samples. The in situ observation of the biofilm sample could not be accomplished
because the biofilm density was too low to retain its original formation throughout the
pretreatment process of FISH analysis. Therefore, the biofilm sample was observed after
dispersion to individual cells by ultrasonication. Figure 5.11 (a) shows that the microbial
species inside the biofilm of the lower part were mostly ammonia-oxidizing bacteria.
Nitrite-oxidizing bacteria was not detected by FISH method using the probes of NIT3
(Nitrobacter) and NSR1156 (Nitrospira) (data not shown). This might be due to the
following two reasons. 1) Nirite-oxidizing bacteria have a higher oxidation rate unit a cell
compared with ammonia-oxidizing bacteria (Nitrosomonas: 0.9-20 fmol/cell/h, Nitrobacter:
5.1-42 fmol/cell/h (Prosser et al., 1989)). 2) Main reaction is a shortcut reaction without
passing through a nitrate-ion. Suzuki et al. (2000) evaluated the activities of nitrification
and denitrification inside the biofilm for the MABR by means of a batch test after extracting
a biofilm sample. They reported that the profiles of the microbial species in the inner and
the outer sides of the biofilm were clearly separated and the denitrifying bacteria mainly
existed in outer side of the biofilm. However, in this study, although the FISH method could
not be applied for the samples of the inner and outer sides of the biofilm separately, the ratio
of ammonia-oxidizing existing bacteria inside the biofilm was significantly high. It is
generally thought that since both of the batch experiment and the MPN method are not in
situ measurements, the existence ratios of different types of bacteria can not be evaluated
accurately by those methods. In particular, in the case of bacteria with a fast growth rate,
such as denitrifying bacteria, their population might be overestimated.

When the FISH method was applied to the suspended sludge, ammonia-oxidizing
bacteria were scarcely observed, as shown in Figure 5.11 (b). This result indicates a high
possibility that the bacteria existing in the suspended sludge were species of denitrifying
bacteria because the DO concentration was very low and organic carbon sources existed in
the bulk. The exists of denitrifying bacteria in the sludge were confirmed by a batch
experiment crosschecked. Furthermore, when the FISH method was also applied to the
biofilm samples of the central and upper parts of the reactor, the same results as for the
lower part were obtained (data not shown).
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5.4.2.3 Evaluation of Nitrification Rate

The spatial distributions inside the biofilm determined using microelectrodes were
theoretically analyzed and the kinetic parameters were calculated. The modeling method
was adopted under the following three assumptions: 1) steady state inside the biofilm, 2)
first-order kinetics of the biological reaction, 3) validity of the dimensions of the cylinder
(because the length of the hollow-fiber membrane was much longer than the biofilm
thickness). The mass balance equation inside the biofilm can be expressed as follows.

D,

dC
1 d( .

e =k -C Eq. 1
rodr dr) b .

This equation was solved under the following boundary condition (Eq. 2). Here, Iy and K
are the Bessel functions.

r=r,,C,=C
b a b Eq.2
r=rm’CA=Cm
k k
C,=AI,| = r|+B K| |—r Eq.3
D, D,
where
C, Ko[ ﬁ"”m]_Cm'Ko[ k_l rb)
D D,
A= - Eq.4
1, k_lrh K, ﬁ’311_10 ﬁrm K, ﬁrb
A D, D, D,
’k
Ch_Al.IO( D—l'rb)
A
B = Eq.5

The empirical ammonium- nitrogen profiles inside the biofilm were fitted using Eq. 3 that
is to the solution of the mass balance equation inside the biofilm. The calculated values of
k;/D4 are summarized in Table 5.5. In these cases, the diffusion coefficient in the biofilm,
Dy, was unknown. Thus, D4 was calculated using the ammonium-nitrogen flux to the
biofilm. The mass balance of the bulk solution in the reactor can be expressed by Eq. 6.

1y =2(c,-C) Eq. 6
Sb
When the average values of ammonium-nitrogen inlet and outlet concentrations at days
50-150, the biofilm surface area and the flow rate were substituted into Eq. 6, the
nitrification rate of the biofilm surface area, J4, was obtained as 0.77 g-N/ (mz-day).
On the other hand, Fick's first law can be defined as Eq. 7.
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J,=D, Eq.7

B
The slope of ammonium-nitrogen concentration at the outside surface of the biofilm was
obtained by the curve empirically fitted to the microelectrode data. The relationship
between the slope at the biofilm surface and the vertical position in the reactor is shown
Figure 5.12. The exponential equation was empirically fitted for the relation between the
slope at the biofilm surface and the distance from the bottom of the reactor. Integrating the
exponentially fitted curve from the bottom to the top of the reactor, the representative value
of the slope of ammonium-nitrogen concentration at the biofilm surface was calculated as
dCyu/dr = 32x10% g—N/m4. The diffusion coefficient, Dy, inside the biofilm was obtained as
24x10” m’/day by substituting two representative values, J4 = 0.77 g-N/(m’-day) and
dCy4/dr = 32x10* g—N/m4, into Eq. 7. Finally, the rate constants for the first-order reaction,
k1, at each point of the reactor were calculated, as summarized at the bottom of Table 5.5.

The k; value obtained for the upper point was significantly smaller than those at the other
points. This result indicated that the ammonia-oxidizing bacteria species existing at the
upper point was different from those at other points. Moreover, substituting the calculated
diffusion coefficient into Eq.7, the nitrification rates at each point were determined. As a
result, the nitrification rates at the lower, central and upper points were 3.0, 0.41 and
2.3%107? g-N/(m*-day), respectively. The nitrification rate at the lower point was 7 and 125
times larger than those at the central and upper points, respectively, which confirmed that
the microbial population gradient in the vertical direction was successfully created by a plug
flow configuration.

Table 5.5 Summary of mathematically analyzed values for first-order reaction

Atlower point  Atcentral point At upper point  Representation

k /Dy [1/n?] 1.0x10° 9.1x10’ 2.0x10’
J, from Eq.6 [g-N/(m*-day)] 0.77
dCa/dx [g-N/mi') 1.2x10° 1.7x10* 9.6x10° 3.2x10*
D, [m*/day] 24x107
k; [1/day] 2.5%x10° 2.2%x10° 5.0x107
J4 from Eq.7 [g-N/(m*-day)] 30 041 23x10

5.4.3. CONCLUSION

1. The simultaneous nitrification and denitrification of domestic modified wastewater
(carbon load: 0.42 kg—C/(m3-day) and nitrogen load: 0.16 kg—N/(m3-day)) was
successfully carried out by controlling the oxygen supply condition.

2. The pH, NH;" and NOs concentration distributions inside the biofilm were measured
using microelectrodes. Ammonium ions are transferred from the lower part to the
central part of the reactor, and negligible nitrate was detected throughout the reactor.
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3. The FISH method was applied to the biofilm and the suspended sludge in the MABR.

sludge.
4.
g-N/(m*-day), respectively.
5.4.4 NOMENCLATURE
A Integral coefficient [-]
B Integral coefficient [-]
C Concentration [g/m3]
D Diffusion coefficient [n12/day]
1 Bessel function [-]
J Flux [g/(m’-day)]
k Reaction rate constant [1/day]
K Bessel function [-]
0 Flow rate [m3/day]
r Radius distance [m]
S Surface area [mz]
subscript
0 Zero order
1 First order
A Ammonium-nitrogen
b Outside surface of biofilm
in Inlet
out Outlet
m Outside surface of membrane

Habitat segregation between ammonia-oxidizing bacteria and other bacteria was verified.
The ammonia-oxidizing bacteria were mainly distributed inside the biofilm, and other
bacteria, including denitrifying bacteria, were mainly distributed over the suspended

The ammonium-nitrogen distributions inside the biofilm, which were measured using
microelectrodes, were theoretically analyzed and the kinetic parameters were calculated.
Consequently, the experimental data were found to be fitted by a first-order reaction,
and nitrification rates at lower, central and upper points were 3.0, 041 and 2.3x107
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Figure 5.11 Microbial habitations of the ammonia-oxidizing bacteria and the other
bacteria inside the reactor monitored by FISH analysis in (a) a biofilm and (b) a

suspended sludge. The Ammonia-oxidizing bacteria shows pink (NSO190) and the
other bacteria shows blue (EUB338)
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Chapter VI

CONCLUSION AND PERSPECTIVE

6.1 CONCLUSION

6.1.1 Determination and simulation of oxygen distribution inside biofilm

The distribution of oxygen in a biofilm is very important in oxidation processes such as
simultaneous carbon oxidization and nitrification using a fluidized bed biofilm reactor. In
this study, attention was paid to biofilm thickness and biofilm density which significantly
affect the oxygen distribution in biofilms. Using an oxygen microelectrode that we
fabricated, the oxygen distribution in biofilms of different thicknesses was measured, and
subsequently oxygen penetration depth and ratio were determined. As a result, oxygen
penetration ratio decreased gradually with increasing biofilm thickness. Moreover, the
kinetic parameters of a Monod-type reaction and the effective diffusion coefficient were
computed based on the oxygen distribution in the biofilms. Using the obtained biofilm dry
density, kinetic parameters and effective diffusion coefficient, the oxygen distribution in
biofilms was successfully fitted to the results of a microelectrode analysis. The oxygen
distribution was simulated by the finite difference method using the kinetic parameters and
effective diffusion coefficient. Therefore, oxygen penetration ratio can be predicted at
various biofilm thicknesses and oxygen concentrations in a bulk solution.

6.1.2 Simultaneous nitrification and denitrification in single reactor

Nitrogen and carbon components in domestic modified wastewater were completely
removed by simultaneous nitrification and denitrification using a membrane-aerated biofilm
reactor (MABR) where biofilm was fixed on a hollow fiber membrane. To measure the
spatial distribution of pH, ammonium and nitrate ions and to observe microbes inside the
biofilm formed on the membrane, microelectrodes and a fluorescent in situ hybridization
(FISH) method were applied. Due to plug flow in vertical direction (from the bottom to the
top of the reactor), ammonium nitrogen was gradually removed, and negligible nitrate
nitrogen was detected throughout the reactor. The FISH revealed that ammonia-oxidizing
bacteria were mainly distributed inside the biofilm and other bacteria which included
denitrifying bacteria were mainly distributed outside the biofilm and over the suspended
sludge. In order to characterize bacterial activity in the vertical direction, the nitrification
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rates at lower, central and upper points were calculated using microelectrode data. The
nitrification rate at the lower point was 7 and 125 times higher than those at central and
upper points, respectively. These results show that the removal of carbon and nitrogen
compounds was accomplished efficiently by using various kinds of bacteria distributed
vertically and horizontally in a single reactor.

6.2 PERSPECTIVE

The information in various kinds of biofilms, which has been regarded as a 'black-box’',
would be elucidated by use of microelectrode and FISH methods, allowing the development
of a new microbial reaction system with controlled environment in the biofilm. Consequently,
a new MABR will be introduced to the wastewater treatment system that requires removal of
nitrogen compounds with a high efficiency.
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AP NBOEREMHTRIE, EFRIEKCPEEFKICEEN 2 EFRLAEYIRA
T2720IEI %, COMBEZRRICROIE, s ofbkthd o 2R UE
Ve @RI E T 208D H 5, WEMIC L 2 ERREE, Ka X b RPEAKL
MEME L TR EIIHVENT VS, L2LEDS, MERIS EBERIG E W)
BIUERG DR BLR 2 200RIEZ NI ZITUI R 6wz, W, EHRORIG
MOBETH B, iU LT, B EZEIOE AN /N THEFFE RO R 5 7
H—fEREERES AT L2OHBEPECEETN TV S,

AWFFEClE, YRR BT LUK T 2 )2 0flifao ke (BB & n
Bnz) IERL, EYRNOEI T ROBEEE A2l 2 2 & ci-—fEH
THOEXRREZFBTE 2L AT LORFICID AL, FFEE2TH LT, LYE
WNORERIEE ALY LRI M EZHOPICT 2 EIFEETHY, ZOFEE
L CHUNERIEE & O AV AN TFIEZ G L 72, SUNERIZ B BRI f8uh
it vyTthh, HolmzEEYRIHE AT 5 2 & TEYRADRE DA EE
ERmEHET 22 ENTES, $h, A TEYPNFEDO-DOTH % FISH

(Fluorescence in situ hybridization) %% M\ 2% Z & ¢, WERIELZITI 2 {4t
MIEN OB 2B TE 5, AR TIE, INS50TECL->TRLN
TAEVIENOYEREIE X AV EEANAREZE» L, ZEA VY7L VYDA
M SoMELMBT ALY T LYy 7L —2a BN A 74 VLTI Y2 ER
L7z, 2L T, B—MNTHELXIE EBERIGAERNICHEZ 5 2 £ 2 EEL 7,

AR 6 EEL DI IN TV 5, UTICHEEOMIELMR S,

51T, BMERD AT, TR X5 RN 0L
WICB g 2 BHEDTR 23 L, F7:, AIROERTSH 2 EWIK 2 v 7o SRR
WRoEmEE LB, Z2HUCLY, KEXoEs, ANz iRy:.

H2TTIE, K, 7T, WM pHEY—7 v b & L7vNERDOIERE
FOzZz o 2 HOIAEMIERNO ZEEIREMOME 27> 7. WEFZNE g
RIS BB ' AU MK F 72 13 A BB KSR A T 5 58 iR A TR E)
MNP S EYIIRZID L, SEERESAZENL 72, ¥4, fonEEHRE
DD OGN X =8 2RI L, MAEVRICHEEZMSE L 72, BUNEMRELEY)
TRNORFEDREERIES A ZHET2DIHEL 72V — L TH 3 I LRI NI,

W3 TETIE, BUNERBA I THE U 7 M N OB 5 & (N2 DR
EGTHEIL 255 2 — 5 2 M, SESEREMPEL, EYERES X
UL BRI 51) 2 AV ORI i% Y S 2L —F LA, v 3al
— > oa v, BAEVIRISIA E LT Monod 1% Vs, HIRIERMC X b FEMIRIGR
B L CH o7, ZOMPICKD L, VS HST 2 Lic k5T, AV
DHLER (S 7 90 53R CEIBED DA IREE, b L R IEREIRIED I
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MBI SN B L BbhroT, £, TNoDEMITIE, BILETH BIEI
R E T3 2 EKERED. S bHEI SN, Jhick ), EVBIEAPRE
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DFFIAIC B O 7, AMAINI 2SR AIKREE LR LIF2 A5y 77 v 7HEEER
xR TR AT Y 7Y vEERTo7, ZOMR, EVIRANDOBRIEELSHIZZ
DR DNV 7 DIERBETHRICKESKFET 2 &b ot, £z, 1TEAL
DAL X IR FE L, Z ORLESEE X BN DR IR LIS K E L
WIET 22 EDbhot, Y EORREYS, EYFEMNISEYNCM M 25 E L,
EPIEANIESE % IS T IUS LRG3 A & — ZISEfT L, S S IEYFENIC
WE R L DRI DSFELE TUE Z 2 CHEE RGOSR RINICHL Z 2 Z E R I
7o, —H, N7 OBERBEEIMRIREE, S D AYIRANBENTEA LI N
ZVIREETIE, LRGSR ET, ML L 220 BRREETERI RS S
EHFERFISIRE N,

W5 BT, ZAEHEORZRIRA VL v R REMEE LT, Z04MilC
GHREY bR 2MNE3¢, Al oEritiids “2v 7Ly 7L
—>a v F 7 40577 % (Membrane Aeration Biofilm Reactor; MABR)”
ZEELL, EEERE ORI ZTo7, RIS, FTAV T LI
I LMEZ NS S 2 L2077, —RIChYE pH Bl ik wiiian #£
ML FACHFEL TV I 2T Z, AFETIR, 797 PEAIEICLD X
YTV VERILICIFAT I/ EPEALTT 7 AICHEISL, ZO/E, 2 v
7L R I 2 IR TR AN EI® 5 2 L TRBIC o7z, OF
2, 7797 FEASMUE AT R ERIRA Y 7L U2V T MABR 2E8 L, AT
TKRDUMMEE 1T 72, ZDREE, FEKWEABL 50 Hi#IZ 95%LL =Rk~
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