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ABSTRACT

A 2.4-m® pilot plant MBR for wastewater treatment was designed and
constructed for membrane biofouling studies. Three categories of membrane fouling
study were carried out with this MBR pilot plant in order to obtain a better
understanding of MBR performance and fouling. Firstly, critical flux assessment
based on various defining concepts and influencing parameters was examined. The
results showed small variations of critical flux values obtained from different defining
concepts. Decline of critical flux as the step change of fouling air flow rate increased
was observed, while step length had no obvious effects on the critical flux. A positive
relationship between aeration rate and critical flux is observed, while higher sludge
concentration caused lower critical flux. Secondly, fouling mechanisms under
different sludge composition and different flux regimes were tested. Under supra-
critical flux operation, cake resistance accounted for the main fouling contribution,
while pore fouling was marginal in both supra-critical flux and sub-critical flux
regimes. EPS carbohydrate in soluble and bound forms has greater impact on both
pore fouling and cake fouling than protein. Finaly, optimization of the MBR pilot
plant was carried out. Based on equivalent permeate yield and equivalent energy
consumption for each experimental run, three operational variables showed significant
influence in membrane fouling rate increase. They were, in the order of importance,
filtration mode > scouring frequency > regular aeration intensity. The optimum
operating conditions determined by the proposed methodology were 11 L/m?.min air
intensity with continuous filtration and scouring 24 times per day for the pilot plant

MBR.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND AND THESIS AIM

Conventional activated sludge process (CASP), using microorganisms for
biological degradation of organic pollutions, can be used to treat both municipal and
industrial wastewater. However, the CASP requires a large operational area for
aeration and sedimentation unit and a big problem of this process is a solid-liquid
separation because of excess, bulking and foaming sludge. An advanced technology
for wastewater reclamation and reuse that has been widely used to separate pollutants
and suspended solids from liquid phase is a membrane bioreactor. Membrane
bioreactor (MBR) for wastewater treatment is defined as a combined process between
membrane filtration for biomass withholding and biological activated sludge
treatment. This membrane bioreactor, integrated bio-treatment and clarification step,
is employed in order to replace the clarifier and settlement unit in typical conventional
treatment. Organic matter from raw wastewater will be removed by microorganisms
and converted into simple products of nitrogen, carbon, hydrogen and oxygen
compounds depending on aerobic, anoxic or anaerobic biological process. Then, the
final effluent will be separated between suspended solids and clear liquid stream by
membrane process. Since late 20™ century, MBR technologies have mostly been used
in wastewater treatment due to a satisfaction of pathogen removal and permeate
clarification. A number of MBR focusing on wastewater research are highly

increased about two times from late 1990s to early 2000s (Yang, 2006). Compared



with CASP, submerged membrane technology has many advantages over CASP
including: less land requirement (by replacement of clarifier unit), capability to deal
with high sludge concentration, giving constant and excellent disinfected treatment.
However, MBR process still has a major disadvantage of membrane fouling which
affects on operational cost and energy cost for membrane replacement, membrane
fouling control and membrane cleaning. Therefore, further studies are required to
obtain better understanding of membrane fouling and optimization. Since the MBR
system includes living microorganisms, their properties and their relative
contributions on membrane fouling problem may also vary with experimental
conditions from one study to another. Also, in most previous MBR works, the
filtrations were carried out with lab scale and sometimes fed with synthetic sewage
which, in fact, has substantially different fouling phenomena compared to those of
pilot or full scale operating with real sewage. Based on these considerations, this
thesis has the following aims:
e to learn and understand design factors involving in MBR process and to
construct a pilot scale submerged MBR for the thesis experiments
e to examine the effect of various parameters such as step heights, step
lengths, aerations and sludge concentrations on assessment and variation
of critical flux
e to see an interaction among sludge compositions, flux stages of filtration
and membrane fouling mechanisms
e to investigate the contribution of controllable parameters including

aeration modes, imposed fluxes and scouring frequencies on the membrane



fouling behavior and to evaluate the optimum operational conditions

through the these different parameters

1.2 THESIS STRUCTURE

Chapter 2 provides a literature review of various topics related to the
submerged membrane bioreactor including background of crossflow filtration, the
effect of governing parameters, the filtration behavior, the critical flux concepts as

well as measure against membrane fouling.

Chapter 3 describes the details of design and construction of a pilot scale
submerged membrane bioreactor as well as details of wastewater treatment

performances occurring in the pilot scale submerged MBR.

Chapter 4 presents the determination of membrane critical fluxes using
different assessment parameters such as step heights, step lengths and judgment
concepts. The effect of aeration and sludge concentration on critical flux is also

examined.

Chapter 5 investigates the fouling performances affected by sludge
concentration and EPS components in different flux stage operations. The interaction
among these parameters and mechanisms of fouling namely pore blocking and cake

fouling are also observed.

Chapter 6 studies the possibility of incorporating various aeration modes, flux
modes and scouring modes as an alternative approach to improve the filtration

performance. The effect of these various operation modes are analyzed and optimized



using analysis of variance (ANOVA) and Sequential Elimination of Level (SEL)

technique, respectively.

Chapter 7 summarizes the main finding and provides general conclusion and

recommendation for future work.



CHAPTER 2

LITERATURE REVIEW

2.1 MEMBRANE FILTRATION: AN OVERVIEW

There is several membrane systems currently employed. The following sections
outline these system details including membrane process, membrane material and

categorization, and industrial applications of microfiltration membrane.
2.1.1 Membrane process

Membrane filtration systems have been developed for more than 150 years,
starting from preliminary research and development through to modern widespread
use (Negaresh 2007). By the 1960s, elements of modern membrane science had been
developed and used in laboratories. By the 1980s, the problem of slow permeation
rates and the issue of packaging a large membrane surface area into low cost modules
had been overcome. One of the principal limitations of membrane processes still

remains is selectivity (Baker 2004).

In general a membrane can be defined as a selective barrier between two fluid
phases. It has a lateral dimensions much greater than the thickness of the structure
through which mass transfer occurs. Membrane processes are driven by differences
in a driving force, such as the pressure, concentration, or voltage of the separated
phases across the membrane (Pinnua 2004). Membrane-based filtration is becoming a
mainstream separation process and competes with conventional processes for various
operations, such as separation, concentration and purification of chemical species

present in many mixtures. In many cases, membrane separation decreases costs and



offers superior performance, improving a broad range of water quality problems
(Stephenson et al. 2000). Moreover, membrane-based separation processes are

flexible and can be integrated with other techniques.

Membrane filtration can be operated in two configuration extremes: dead-end
and crossflow modes as shown in Fig. 2.1. In the dead-end filtration process, feed
and permeate streams are pumped in the same flow direction perpendicular to the
membrane surface. In contrast, for crossflow filtration mode, only the permeate flow
is in the normal direction, while the feed and retentate directions are parallel with the
membrane. Compared with the dead-end configuration, crossflow operation gives
less cake thickness and lowers fouling resistance due to the occurrence of tangential
shear on the membrane surface. Hence, crossflow filtration is more favorable in

industrial applications.
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Fig. 2.1 Modes of operation for membrane filtration (Cheryan 1998):

(a) Dead-end; (b) Crossflow



2.1.2 Membrane material and categorization

Proper selection of membrane material is important and can affect the
successful use of membrane processes. Ideally, a membrane should have a high
permeate flux, high contaminant rejection, durability, good chemical resistance and
low cost (Zhou and Smith 2001). Extensive research has been conducted to develop
new membrane materials, according to the review by Wiesner and Chellam (1999). A
membrane can be homogenous or heterogeneous, symmetric or asymmetric in its
structure, and it can consist of organic or inorganic materials. Thickness of
membranes can vary between less than 100 nm to more than 10 mm. Membranes can

be formed in different physical layouts such as plate and frame, hollow fibre, spiral

wound, and tubular modules. A comparison of membrane modules is shown in table

2.1. Two common modules used in MBR are plate and frame, and hollow fibred.

Table 2.1 Comparison of different membrane configurations (Wagner 2001)

: Tubular Hollow :
Properties Spiral i Plate and wide fibre Hollow fine Ceramic
P wound high low frame fibre
price  price system

Membrane density high Low average average very high low
Plant investment low high low high very high medium very high
Tendency to fouling average Low average Low very high medium
Cleanability good good good Low non good
Variable costs low high low average average low high
Change of membrane only* no yes no yes no no yes

. . mediu . . .
Flow demand medium | high m medium High low very high

<
. < 50 um _ =100 < jooym | < 5um .
Pre-filter ) sieve um ] extreme sieve
no fibres few fibres few fibres pretreatment




Note *: Most tubular and flat sheets are made in such a way that only the membrane is changed,
leaving the membrane cartridge unchanged.

One of the most important properties is that of pore size or molecular weight
cutoff (MWCO), which specifies the maximum molecular weight of solute to be
rejected. Based on membrane pore size, membrane processes can be classified into
four categories (see table 2.2): microfiltration (MF), ultrafiltration (UF), nanofiltration

(NF) and reverse osmosis (RO).

Table 2.2 Membrane categories based on permeate size (adapted from Osmonics,

1996)

Permeate (um) 0.001 0.01 0.1 1 10 100 1000
Microfiltration Carbon Yeast cellsHuman hair _Granular

black activated carbon
Ultrafiltration Virus Bacteria| Flour Mist
Nanofiltration Salts | Sugars Protein _Palnt Red blood Pin point | Beach sand
pigment| cells
Reverse osmosis Metal Gelatin Tobacco
lons smoke

Microfiltration has a relatively large pore size (around 0.1-10 pm) and
commonly used to separate particles greater than 10 um from other components in a
solution or suspension. Minor driving force or a small pressure difference across the
membrane is adequate to sustain high flux, since the hydrodynamic flow of the
membrane is low. Ultrafiltration has pores in the range of 5 nm to about 50 nm. This
membrane resistance and applied pressure is higher than in microfiltration.
Nanofiltration has characteristics between UF and RO with a larger membrane pore

size than in RO to retain sugars and divalent salts. Reverse osmosis can be considered




as a dewatering technology using a very dense membrane without detectable pores.

The hydrodynamic resistance increases from MF, UF, NF to RO.

2.1.3 Industrial applications of microfiltration membranes

Microfiltration is a routinely used for a number of applications. The industrial
applications of microfiltration can be summarized as follows: bacteria
removal/extended shelf life of milk, clarification of fruit juices, wine and beer,
enzyme/cell separation and purification in the pharmaceutical industry, ultra-pure
water in the semiconductor industry, metal recovery (separation of colloidal oxides

and hydroxides), drinking water and wastewater treatment, etc (Wicaksana 2006).

2.2 DEVELOPMENT OF MBR TECHNOLOGY

The following sections outline the development of MBR technology in
wastewater treatment including general wastewater treatment, membrane bioreactors

and MBR process configuration.

2.2.1 General wastewater treatment

Wastewater treatment is grouped into primary, secondary, and advanced
treatment (Psoch 2005). Primary treatment comprises physical operations, such as
screening and sedimentation, to remove floatable and settle-able solids from the
water. Secondary treatment uses biological and chemical processes to reduce the load
of organic matter in the water. Advanced (tertiary) treatment further aims to remove
other constituents like nitrogen and phosphorous (Tchobanoglous and Burton 1991).
The conventional activated sludge process, commercialized in 1920 as a continuous

process, is the most common biological process able to handle secondary and
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advanced treatment (Kraume et al. 2004). Although well understood and extensively
modeled, the use of activated sludge process is constrained by several factors. Those
constraints are, namely, relatively large areas required for the process, large volumes
for the aeration and sedimentation tanks, further treatment of excess sludge, required
adaptation to fluctuations in loading rates, and frequent problems associated with

sludge separation due to bulking and foaming (Le Clech 2002).

2.2.2 Membrane bioreactors (MBR)

An interest in combining membranes with activated sludge processes for
wastewater treatment began over 30 years ago (Judd et al. 2000). The first time a
membrane was combined with biological wastewater treatment was reported by Smith
et al. (1967). The combination of these two technologies has since led to the
development of MBR process, which consists of the presence of a membrane
replacing the secondary settling tank in a conventional activated sludge process. A

comparison between activated sludge and membrane process is shown in Fig. 2.2.

By using membrane filtration, problems related to poor biomass settling can
be eliminated and higher quality of treated water can be achieved, since the biomass is
physically retained by the membrane (Muller et al. 1995). There are numerous
advantages of the MBR technology over conventional biological wastewater
treatment process: small footprint, low maintenance, complete solids removal from
effluent, easy to scale-up and scale-down by modular extension, and high disinfectant
production. For space-restricted areas, such as densely populated urban areas and on-
board ships, MBRs are a superior alternative due to its small footprint (Ng and

Hermanowics 2004). Because of the above mentioned merits, the application of MBR



11

has gained vast interest worldwide and over 500 commercial MBR processes in

operation worldwide were expected by 200 (Stephenson et al. 2000).

Traditional wastewater treatment
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Fig. 2.2 Conventional wastewater treatment and MBR (Lawrence et al. 2002; *Helan et al. 2006)
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2.2.3 MBR process configuration

2.2.3.1 Side-stream configuration

For wastewater treatment, the sidestream mode has been applied successfully
since the early 1970s. In this configuration (Fig. 2.6), the membrane is placed in a
recirculation loop external to the bioreactor. In such a system, the feed is pumped
into the membrane module, and part of the feed is withdrawn as permeate, while the
other part is forced to flow along the membrane surface. The advantage is a better
control of the cake layer build-up resulting in more constant flux. On the other hand,
this configuration is a more complex system with high energy consumption. The
comparative study performed by Gander et al. (2000) showed that the energy
consumption for side-stream systems is generally two orders of magnitude higher than

for submerged configurations.

2.2.3.2 Submerged configuration

The submerged configuration was introduced at an industrial scale in the mid-
1990s. For this configuration, the membrane is directly placed in the aeration tank
containing the mixed liquor (Fig. 2.6). The uplifting bubbles generate a scouring
effect at the membrane surface and provide oxygen to microorganisms. The
advantages of a submerged configuration are simple design, lower energy
consumption and high hydraulic efficiencies compared to the sidestream
configuration. The submerged configuration membranes are either hollow fibres
aligned vertically or horizontally, or flat plates aligned vertically (Fane 2002).
Hollow fibre geometry is commercially produced by Zenon and the flat plate is

produced by Kubota.
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Low flux operation is essential in submerged systems to reduce fouling on the
membrane surface. The lower flux involves a larger membrane area resulting in a
higher capital cost which is offset by the lower energy demand (Wicaksana et al.
2006). As a result, strategies to reduce energy further are important for submerged
MBR. For moderate to large scale municipal wastewater treatment, submerged
systems are preferable over side-stream configuration due to small footprint and
reactor requirement. Even though the submerged type is newer than other,
approximately 55% of MBR installations are the submerged type while the

remainders are in the side-stream type (Stephenson et al. 2000).

2.3 MEMBRANE FOULING

2.3.1 Characterization of membrane fouling

Particle separation and water permeation involve various mass transport steps
in the membrane filtration process. Mass transfer can lead to the attachment,
accumulation or adsorption of material onto the membrane surface and/or within
membrane pores causing an increase in hydraulic resistance over time. This
phenomenon is called membrane fouling (Zhou and Smith 2001). Fouling can be
classified as (Mulder 2000; Duranceau 2001).

e Crystalline fouling (scaling): deposition of mineral due to the excess of the
product being dissolved

e Organic fouling: deposition of dissolved humic acids, oil, grease and lipids

e Particle and colloidal fouling: deposition of clay, particulate humic substances,
debris and silica

e Biofouling: adhesion and accumulation of microorganism forming biofilms
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Fouling is the key problem in all membrane applications. Fouling changes the
pore size and pore size distribution either by deposition of a layer onto the membrane
surface or by blockage or partial blockage of the pores (Field et al. 1995). Three
fouling phenomena were introduced for membrane filtration in general that can be

applied to the MBR (Knyazkova and Maynarovich 1999):

e Pore narrowing: when the diameter of particles is smaller than the diameter of
pores, particles could enter the pores. As a result, some of the entered
particles pass the membrane and some are fouled or adsorbed onto the pore
walls and reduce the open cross-section area for flow.

e Pore plugging: for the case when diameters of particles are similar to those of
the pores, particles block the pores.

e Cake formation: when diameters of particles are bigger than diameter of pores,

particles deposition on the membrane surface and build a cake layer.

2.3.2 Mass transfer in crossflow filtration

Transport phenomena of crossflow filtration are shown in Fig. 2.3, which
shows a particle under a number of influences for a vertical plane membrane surface.
Particles flow toward the membrane surface by permeate-suction force, while the
crossflow forced particles back transport into the bulk by shear-induced migration and
diffusion mechanisms (to a lower concentration). If the suction force is higher than
other forces, fouling, either gelatinous form or cake form (layer B in Fig. 2.7), will
occur on the membrane surface. In the ideal case, only the clean membrane resistance
is involved, while, in the real condition, fouling caused by several factors such as

concentration polarization, external fouling on the membrane surface, and fouling
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inside membrane layer by narrowing and plugging of the pores. Bulk phase is a phase
of influent and considered to be less influenced from suction force. Concentration
Polarization (CP) is a layer of stagnant solution where the suspension concentration
remains higher than the bulk stream concentration due to balance between suction

forces and migration/diffusion forces back to the bulk solution.

Bulk phase CP B  MB+F,
A K_H‘L\/_/H
/ \
Axial drag O et
Q o 00 o=,
Shear induced . O
migration, — S:;rt(':gn O |
diffusion O 0 O Permeate
i ‘ > flux
O Sedimentation © 0 l

Shear velocity profile

Fig. 2.3 Schematic of submerged membrane filtration display effective force on
suspended microorganism particle and fouling phenomena on membrane surface,
where CP = concentration polarisation, B = membrane biofouling (gel or cake

formation), MB + Fi, = membrane layer and internal fouling

Fouling of the membrane can occur if concentration polarization progresses
too far, leading to irreversible fouling. Cake fouling or biofouling can occur on the
membrane surface and extend outward into the feed channel and inward into
membrane pores. Generally, the suspended particles in MBR system are small enough

to neglect inertial and gravitational forces. Only the shear migration force and suction
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force can be considered. As seen in Fig. 2.7, membrane filtration resistance can be

divided into three categories;

(1) The natural membrane resistance for pure water (Rn,), which depends on
pore size, pore density, pore depth, the material’s wet-ability, and the hydrodynamic
resistance of the device holding the membrane (Ahn et al. 1998; Evans and Miller

2002; Zhao et al. 2003).

(2) A resistance due to concentration polarization (Rcp) is caused by
convection through the membrane. The thickness of the CP layer depends upon the
solution velocity created by the difference between suction force and axial shear force
on the membrane surface. The higher the shear force compared with suction pressure,
the thinner the CP layer. If the fluid flows through the membrane faster than the
retained material can transport back into the bulk fluid, a dense particle layer forms in

front of the membrane surface and creates a secondary dynamic membrane.

(3) Resistance due to membrane fouling (Rf) composed of cake resistance (R :
shown as layer B in Fig. 2.3) and internal plugging resistance (R;: shown as layer Fi,
in Fig. 2.3). Many studies found that the filtration resistance due to the accumulated
cake on the membrane is dominant in the membrane process, compared to the
resistance due to the micropore plugging or surface adsorption (Ahn et al. 1998;
Kimura et al. 1998; Zhao et al. 2003). Most filtration resistance due to the micro pore
plugging or irreversible adherence to the membrane was caused by organic substances
(Kimura et al. 1998). Masciola et al. (2001) reported that the fouling layer resistance,
Ry, was 63% of the total filtration resistance; however, concentration polarization was

the predominant factor controlling resistance in the tubular UF system.
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2.3.3 External and internal fouling resistance

For simplicity and for practical reasons fouling is often separated into internal
and external fouling, or cake fouling and internal fouling. This is because it is almost
impossible to distinguish between the different types of fouling in practice (Psoch
2005). If the suspension has particulates with diameters larger than the membrane
pores, the surface mechanism of sieving occurs. A cake layer grows on the membrane
surface based on the retained particles. The cake provides an additional resistance to
filtration. For dead-end filtration the cake continuously grows but in the crossflow
operation the tangential shear stress may arrest the cake growth and extended
operation is possible (Psoch 2005). Under the assumption of an incompressible cake,
its porosity and resistance are independent of pressure. The specific cake resistance
per unit thickness can be estimated by a variation of the Carman-Kozeny Equation, if

further parameters, such as particle diameters, etc., are known (Belfort et al. 1994).

Contrary to cake fouling or cake resistance, internal, or actual, fouling
resistance (Ri,) is considered more severe. Cake resistance (Rc) can be more easily
removed by shear stress and/or chemicals than the internal fouling. The internal
fouling resistance normally happens below the surface level of the membrane,
including adsorption and partial pore blocking. It is comparably harder to eliminate
internal fouling because it is more difficult to reach micro pores with back-flushing or
even with a chemical cleaning agent. If some membrane pore areas cannot be
accessed by the cleaning agent, a loss of total membrane capacity, which is expressed
as decreasing initial flux, is the result. Thus, the treatment of internal fouling is

essential lengthen membrane life expectancy and should be appropriately carried out.
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2.4 MEMBRANE FOULING AND INFLUENCING FACTORS

2.4.1 Biofouling mechanism

Unwanted deposition and growth of biofilm are commonly embedded on a
membrane surface in a matrix of microbial origin, consisting of extra-cellular
polymeric substances (EPS) and microorganisms (Strathmann et al. 2002). The
formation of a biofilm in an agueous environment generally proceeds in the following
sequence (Fig. 2.4) (Escher and Characklis 1990; Gottenbos et al. 1999; Ahmed et al.
2000):

(1) When organic matter is presented, a conditioning film of adsorbed
components is formed on the membrane surface prior to the arrival of the first
microorganisms.

(2) Microorganisms are transported to the surface through diffusion,
convection, sedimentation or active movement. This step is the initial step of
membrane biofouling.

(3) Initial microbial adhesion occurs when EPS is synthesized to protect and
stabilize cell attachment from the outside environmental effects.

(4) Attachment of adhering microorganisms is strengthened through EPS
production and unfolding of cell surface structures.

(5) Growth and metabolism of the attached microorganisms and film develop,

and continue secretion of exo-polymers.



"

1. Conditioning film

6. Detachment

'

2. Transportation

19

=N

3. Initial Adhesion

A -
Newg

P °

substance (EPS) is

microbial matrix

Extra-cellular polymeric

- \
|- synthesized cover a \ 4. Attachment D

\

5. Growth

LRy
4 SIS I
B Ak s 3 S LX)

2reyy

€
(AN s

Pre e
S RPN N

Fig. 2.4 Sequential steps in biofilm formation. (adapted Gottenbos et al., 1999)

(6) Localized detachment of biofilm organisms caused by occasionally high

fluid shear or other detachment forces operative starts after initial adhesion, although

adhesion of individual microorganism is frequently considered irreversible (whether

justified or not), and increase with time as it is related to the number of

microorganisms present in the biofilm (Strathmann et al. 2002). Detachment of parts

of a biofilm can occur by cohesive failure inside the bulk of the biofilm involving

interfacial rupture.

Furthermore, as the number of biofilm organisms increases,

growth rates will decrease due to nutrient and oxygen limitations and accumulation of
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organic acids, eventually leading to a stationary biofilm thickness, where adhesion

and growth counterbalance detachment (Gottenbos et al. 1999).

Therefore the biofouling mechanism described above indicates that the
thickness of biofouling changes with time. The attachment and accumulation of
biofouling introduce to the maximum biofouling thickness which later sloughs off due
to the shortage of substrate and oxygen for the layer cells next to the membrane.
However, in crossflow membrane filtration, the density of the biofilm thickness
increases with time until reaching the steady state owing to the effect of continuous

shear migration force.

2.4.2 Stages of MBR fouling

For a better understanding of MBR fouling, leading to enhancement of
membrane performance in this challenging application, the MBR fouling profile is

provided as shown in Fig. 2.5.
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Fig. 2.5 Experimental determination of critical flux (Ognier et al. 2004)
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Also, Fig. 2.6 depicts a three stage history for membrane fouling in MBRs

(Zhang et al. 2006) with:

(1) Stage 1: an initial short term rise in trans-membrane pressure (TMP) due to

conditioning’

(2) Stage 2: long-term rise in TMP, either linear or weakly exponential

(3) Stage 3: a sudden rise in TMP with a sharp increase in dTMP/dt, also

known as the TMP jumps (Cho and Fane 2002).
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Fig. 2.6 The three stages of MBR fouling (Zhang et al. 2006)
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The stages 2 and 3 behavior are typified in the literature by the results of
previous studies (Cho and Fane 2002; Ognier et al. 2002) . When operating at fluxes
well below the apparent critical flux of the mixed liquor suspended solids, a slow
steady rise in TMP (stage 2) was observed which eventually changed to a rapid rise in
TMP (stage 3) (Zhang et al. 2006). For sustainable operation the aim would be to
limit the extent of stage 1, prolong stage 2 and avoid stage 3 since it could be difficult

to restore.

2.4.3 Factors affecting performance in submerged MBR

Zhang et al. (2006) described that the degree of fouling in an MBR will be
determined by three basic factors: (1) the nature of the feed; (2) the membrane

properties; (3) the hydrodynamic environment experienced by the membrane.
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Membrane Properties Membr;;l;f:]electmn
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Fig. 2.7 MBR fouling factor roadmap (Zhang et al. 2006)
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The interactions between these parameters are complex and, not surprisingly,
there are some contradictions in the literature that need to be resolved by further
analysis (Zhang et al. 2006). Fig. 2.7 (at the left-hand side) depicts the *fouling
factors’ and illustrates the complex nature of the feed and the features of the
hydrodynamic environment. On the right of Fig. 2.7 are the ‘operation and design

characteristics’ of the MBR that are believed to influence the fouling factors.

2.5 MBR FOULING AND SLUDGE COMPONENTS

Membrane fouling and activated sludge components can be outlined in the
following section including fouling caused by mixed liquor suspended solids (MLSS),
fouling caused by extra-polymeric substance (EPS), and fouling caused by fractions

of activated sludge.

2.5.1 Fouling caused by mixed liquor suspended solids (MLSS)

In the development of MBR technology, many studies have focused on the
effects of MLSS concentration on membrane fouling. However, the effects of MLSS
on membrane fouling are not yet fully understood and controversial reports about the
effects of this parameter have been presented. Magara and Itoh (1991) reported that
membrane fouling took place more rapidly at higher MLSS concentration similar to
the study of Sato and Ishii (1991). Chang et al. (2002) and Defrance and Jaffrin
(1999) also came to the same conclusion. On the other hand, some authors have
claimed that sludge concentration is not a main influencing factor or has little impact

on membrane fouling (Ross et al. 1990; Hong et al. 2002; Le Clech et al. 2003).
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Besides, Lee et al. (2003) suggested that higher MLSS concentration is
beneficial to fouling control. No significant effect of MLSS concentration higher than
30,000 mg/L on irreversible fouling was observed by Lubbecke et al. (1995). Also,
an exponential relationship between MLSS concentration and membrane fouling
resistance was reported in the study of Meng et al. (2006). Nevertheless, all these
experiments were carried out on different scales, different operational conditions and
different ranges of MLSS concentration. Cho et al. (2005) suggested that influence
and interaction of MLSS on membrane fouling should be simultaneously studied

together with the changing of operating condition and changing of EPS.

2.5.2 Fouling caused by extra-polymeric substance (EPS)

Extra-cellular polymeric substances (EPS) are products of active secretion,
cell surface material shedding, cell lysis and sorption from the environment
(Wingender et al. 1999) and EPS has been identified as the main foulant in MBR
processes (Rosenberger and Kraume 2003; Janga et al. 2007). The EPS matrix is very
heterogeneous and can be characterized by its relative levels of polysaccharides,
proteins, and more rarely lipids and nucleic acids (Frolund et al. 1996; Nuengjamnong
et al. 2005). EPS is produced by most bacteria and participate in the formation of
microbial aggregates whether the bacteria grow in suspended culture or in biofilms

(Flemming and Wingender 2001).

EPS is mainly responsible for the structural and functional integrity of
biofilms, since it forms a protective layer for the cells against harmful external
environment such as biocides and sudden changes in pH; absorbing exogenous

nutrients and organic molecules; and aggregating bacterial cells in flocs (Fan 2005).
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Consequently, EPS plays an important role in the flocculation, settling and dewatering
of activated sludge (Liao 2000). Therefore, the EPS content of activated sludge was

suggested as one of the probable indexes for the membrane fouling in MBR system.

An equivalent reduction in the cake hydraulic resistance due to a 40%
reduction in EPS was reported in the study of Chang and Lee (1998). Nagaoka et al.
(1996; 1998) found that EPS was accumulated both in the mixed liquor and on the
membrane, which was observed as the reason for the increases of the viscosity and the
filtration resistance. Rosenberger and Kraume (2002) compared the concentration of
suspended EPS in the liquid phase of eight MBRs and found that the higher the
suspended EPS concentration, the lower the filtration index. On the contrary, some
research showed that the higher EPS caused a lower shear sensitivity and lower
dispersion degree, which led to the better filterability and lower filtration resistance

(Mikkelsen and Keiding 2002).

EPS can be classified as extracted EPS which are artificially produced from
the biological cell flocs and the soluble EPS which are present in the activated sludge
supernatant and are not associated with the cell (soluble microbial products or SMP)
(Le Clech et al. 2006). So far no standard method for EPS extraction exists, which

causes difficulty in making a comparison between research groups.

2.5.3 Fouling caused by fractions of activated sludge

Activated sludge generally contains a range of metabolites produced during
the biological reaction and the biomass itself in the form of flocs. Organic
compounds from the suspension phase are usually divided into three fractions (Levine

etal. 1991).
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e Biomass: bacterial flocs which contain bacteria, attached EPS and some

inorganic. Normally, the sizes of bacteria aggregates are bigger than 1 um.

e The colloidal fraction from 0.01 to 1 pm.

e The soluble fraction: such as biopolymer and soluble EPS.

A number of research have been focused on the contribution effects of

suspended solids, colloids and soluble fraction to the fouling of the MBR for activated

sludge (Wisniewski and Grasmick 1998; Defrance et al. 2000; Bouhabila et al. 2001;

Lee et al. 2003). In general, suspended solids (SS) can be separated from the mixed

liquor by settling or centrifugation with the supernatant containing colloids and

dissolved solids. Then, the dissolved solids are separated from the supernatant by

flocculation followed with settling or centrifugation or by filtration (0.05 um). The

MBR fouling affected by different fractions of activated sludge is shown in table 2.3.

Table 2.3 Fouling contribution of different activated sludge fractions (Ye 2005)

MLSS ) Suspended Operational
Resource Membrane Solutes | Colloids ) o
(g/L) solids conditions
o ) 0.1 um u=5m/s
Wisniewski et al.
(1998) tubular 10-15 52% 25% 23% TMP =100 kPa
di=6.5mm Back washing
0.1 pm u=3m/s
Defrance et al.
tubular 45 5% 30% 65% TMP =100 kPa
(2000) ]
di=6.5mm SRT 60 days
Bouhabila et al. 0.1 um Bubbling
] 20.7 26% 50% 24%
(2001) hollow fibre SRT 20 days
2.8 37% 63% SRT 20 days
Lee et al. 0.4 um
) 44 28% 72% SRT 40 days
(2003) hollow fibre
5.5 29% 71% SRT 60 days
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2.5.4 Fouling caused by sludge categories

Some studies reported that different types of sludge (such as normal sludge,
bulking sludge and de-flocculated sludge) could cause different degree of fouling.
Meng and Yang (2008) reported that the bulking sludge could cause severe cake
fouling due to the deposition of irregular shaped sludge flocs. Comparatively, the
normal sludge had a slight membrane fouling tendency. The bulking sludge had a
higher bound extracellular polymeric substances (EPS) concentration, however, the
deflocculated sludge had a higher free EPS concentration, and the increase of free
EPS concentration would do great harm to membrane bioreactor. Confocal laser
scanning microscopy (CLSM) analysis also showed that the bulking sludge and

deflocculated sludge could form a dense cake layer as compared with normal sludge.

2.6 CRITICAL FLUX

2.6.1 The concept of critical flux

In membrane processes, permeate flux is an important parameter determining
fouling rate (Zeman and Zydney 1996). It is generally considered that higher
productivity can be achieved by operating at a higher flux, which may initiate more
fouling profoundly. In order to prolong the membrane life and make a compromise
between high production rate and low fouling rate, the so-called critical flux is
applied. It has been reported that fouling is not observed when the flux was

maintained below the some certain flux (or critical flux) (Chang et al. 2002).

The concept of critical flux was introduced by Field and co-workers (1995).

The postulation of the critical flux was based on the following definition (Field et al.
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1995): “The critical flux hypothesis for microfiltration is that on the start-up there
exists a flux below which a decline of flux with time does not occur, above it fouling
is observed. This flux is the critical flux and its value depends on hydrodynamics and

probably other variables.”

™P 4 @

Jc Flux Jc Flux

Fig. 2.8 Schematic representations of (a) the strong form critical flux, and (b) the
weak form critical flux (Fradin and Field 1999)

There are two forms of critical flux: strong form and weak form. The strong
form states that the sub-critical flux and TMP relationship shows a straight line of the
same slope as that of pure water for the same operating pressure, while the weak form
shows a straight line, the slope of which differs from that of pure water. Any
deviation from the straight line for either form indicates above critical flux conditions.

Fig. 2.2 shows the strong and weak forms of the critical flux.

2.6.2 Critical flux determination

2.6.2.1 Material balance

Material balance technique was employed by Kwon et al. (2000) by measuring

the rate of particle deposition at the membrane surface and observing the variation of
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particle concentration in the feed entering and leaving the modules. The defined
critical flux was the maximum flux at which the feed concentration did not change.
Kwon et al. (2000) compared the critical flux for latex particles determined by mass
balance and by TMP monitoring. They found that the critical fluxes identified by
resistance assessment were significantly higher than those based on mass balance.
The difference between these two critical fluxes increased with the particle’s size.
This indicates that the assessment of filtration resistance cannot always determine the
flux at which particles start to deposit onto the membrane if the particles can form a

loose cake layer.

2.6.2.2 Direct observation through the membrane (DOTM)

Non-intrusive observation was experimented by Fane and teamwork (Li et al.
1998). They studied the critical flux of yeast and latex particles in crossflow
microfiltration using in situ observation of particle deposition on the membrane
surface through a microscope and video camera recording. The critical flux was
recognized as the highest flux where the particle deposition on the membrane surface
remained unobservable. The particle build-up became significant as the flux
exceeded the critical flux. Relying on light transmission through the system, this
method requires a transparent membrane and this viewing technique is restricted to
particles greater than 0.5 pum due to the magnification of the microscopic lens (Chen,
Li et al. 2004). This method was used to identify critical flux for filtration of yeast,

latex and bacterial particles (Li et al. 1998; Li et al. 2003).



30

2.6.2.3 Flux and TMP monitoring

In general, if the filtration is performed at a fixed permeate flux, the TMP
increases during filtration. An increase of TMP is due to the increase in filtration
resistance. In this case, the critical flux can be defined as the highest flux where the
filtration resistance remains constant (also constant TMP). This determination
method can be performed with long term filtration or conveniently with shorter
filtration duration using the flux stepping technique. The flux stepping technique has
been widely used by many MBR research (Wu et al. 1999; Madec et al. 2000; Cho
and Fane 2002; Le Clech et al. 2003). In this method, the fixed flux filtration is
carried out for a certain time and this procedure is repeated by incrementally
increasing the flux until a noticeably steady increase in trans-membrane pressure is

observed.

2.6.3 Factors affecting the critical flux

2.6.3.1 Feed properties

(1) Particle size: Several sizes of latex particles ranging from 0.1 to 11.9 pum
were tested in a crossflow micro-filtration system (Kwon et al. 2000). For small
particles from 0.1 to 0.46 um, the critical flux decreased as the particles size increased
due to the greater Brownian back diffusion force of the smaller particle size. The
reverse trend occurred in larger particles from 0.46 to 11.9 um, which might be due to
the cake formed by the large particles being too loose to create resistance compared
with the membrane resistance. This phenomenon can be explained using the

concentration polarization model which shows the sub-micron particles are likely to
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cause Brownian diffusivity while shear induced hydrodynamic seem to be dominant

for micron sized particles (Kwon et al. 2000).

(2) Feed concentration: Fradin and Field (1999) and Kwon et al. (2000)
reported the decrease of critical flux with the increase of particle concentration due to
the higher particle deposition on the membrane at the higher concentration. A similar
finding obtained from Aim and co-workers using bentonite concentration is reported.
On the other hand, the increase in MLSS concentration to 12 g/l could noticeably
reduce the fouling performance (Le-Clech et al., 2003b). In summmary, the effect of
MLSS concentration on the critical flux is not very obvious and difficult to compare

results from different research due to the sludge complexity.

(3) pH and ionic strength: Kwon and Vigneswaran (1998) observed that ionic
strength of particles has a significant effect on the critical flux. In this experiment, the
increase in ionic strength from 10°-10% M decreased the critical flux value, thereafter
the critical flux increased. Also, Li et al. (2000) suggested considering surface charge
of the particles as one of the influencing factors for particle back-transport
mechanisms. Chan and Chen (2001) studied the effects of pH on critical flux and

presented that the critical flux at pH 4.8 was found lower than at pH 3.0 and pH 9.0.

2.6.3.2 Membrane properties

(1) Membrane pore size: The effect of membrane pore size on the critical flux
using 50 kDa and 100 kDa membranes for 5% baker’s yeast filtration showed that the
larger membrane pore size tended to have lower critical flux due to the internal
fouling of cell debris and small components (Wu et al. 1999). Chen, (1998) reported

that the critical flux of 0.4% BSA solution was increased with tracked-etched
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membrane pore size (0.1, 0.2 and 0.4 pm). On the other hand, Kwon and co-workers
(2000) found that the critical flux was insensitive to the membrane pore sizes (0.1,
0.2, 0.45 and 0.65 um). This phenomenon can be explained in that the total drag
force for different membrane pore sizes was identical at the same flux and causing

similar deposit latex particles.

(2) Zeta potential: Huisman et al. (1999) found that neither the zeta potential
of the silica particles (0.53 pum) nor the membrane had an impact on the critical flux
similar to the investigation of Persson et al. (2001). In earlier works reported that the
specific resistance is strongly dependent on zeta potential of colloids. Lee et al.
(2002) found that the zeta potentials changed significantly after fouling by humate
reducing cationic functionality and adsorption of anions resulting in reduced zeta
potentials. Combe et al. (1999) reported that the modification of membrane surfaces
by oxidation increased the fouling and they suggested mitigating fouling by
decreasing of interaction between foulants and membrane zeta-potential.

(3) Hydrophilicity/nhydrophobicity: Madaeni et al. (1999) observed the effect
of hydrophilic and hydrophobic membranes on the critical flux and found that a larger
critical flux appeared for hydrophilic membrane. Chan et al. (2004) reported that
protein deposition above and below the apparent critical flux using a hydrophobic
membrane while the coverage was only found above critical flux when a hydrophilic

membrane was used.

2.6.3.3 Hydrodynamics

Some hydrodynamic factors such as crossflow velocity and air sparging have

been accounted to affect the critical flux. Most research showed the increase of
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critical flux with increase of crossflow velocity and air sparging (Li et al. 1998;
Madec et al. 2000) due to shear-induced diffusion and inertial lift. In addition, the
effect of the constant pressure operation and constant flux operation on the critical
flux was compared and presented by Defrance and Jaffrin (1999). The results showed
that the constant flux operation created less hydraulic resistance than constant
pressure operation due to different fouling histories and fouling initiation. Madec et
al. (2000) also described a linear relationship between air flow rate and critical flux in

the submerged hollow fibre membrane system.

2.7 MEASURES AGAINST FOULING IN SUBMERGED MBR

There are several strategies to control fouling in a submerged MBR system.
Most of the measures involved turbulence induction which manipulates the particle
back-transport from the membrane surface. Fluid movement and/or membrane
movement are performed to remove and reduce the hydraulic resistance from cake
and accumulated solutes. Providing unstable fluid flow in the MBR system is one of

the simplest methods to control the thinner and less concentration polarization.

2.7.1 Air scouring outside the membrane module

A number of researchers have found that the air scouring method could be
achieved to improve MBR performance. Ueda et al. (1997) discovered the effect of
aeration on cake removal and showed that the further increase of aeration is unable to
enhance the filtration effectiveness. Bouhabila et al. (1998) described the decline of
resistance ratio with the air flow rate increase until the optimum aeration at about 600

L/H. Likewise, Chang et al. (2002) confirmed the significant impact of aeration on
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fouling improvement. Wicaksana et al. (2006) also suggested increase of the aeration

intensity to limit the membrane fouling.

2.7.2 Air sparging inside the membrane module

A new idea of using air injection inside a membrane module was introduced to
be applied in a tubular and hollow fibre membrane. Mercier et al. (1997) found the
enhancement of flux by factor of 3 after using gas-liquid two phase flow in the tubular
ultra-filtration membrane. Similarly, Cui and Wright (1994) observed an increased
flux about 90% for bovine serum albumin (BSA) and about 60% for dextran due to
the injection of air into the feed stream. Cabassud et al. (1997) found the same
benefit of bubbling injection inside hollow fibre membrane for bentonite filtration
despite the difference hydrodynamics between tubular and hollow fibre membrane. It

showed enhancement of flux (about 60%) even at low gas velocity (0.1 m/s).

2.7.3 Aeration mode

Based on the energy cost minimization, a variation of the aeration modes is
interesting. Several studies have found that implementation of intermittent aeration
and fluctuation of the aeration intensity could offer better filtration performance than
that with continuous aeration. Li et al. (1997) found that a higher permeate flux can
be obtained by increasing the bubble frequency and the bubble size was controlled by
air flow rate variation. Guibert et al. (2002) evaluated fouling propensity using
interchangeable air injection between different locations and found that this could

generate adequate liquid turbulence to minimize the fouling formation. The results
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displayed a lower fouling rate at the intermittent aeration mode compared to the

continuous mode.

2.7.4 Sub-critical flux filtration

The sub-critical flux operation may be a desirable operational target for a
clean MBR plant due to low energy and low cleaning cost requirement. Because of
that, many works are focused upon developing its enhancement to avoid severe
fouling. By correctly selecting the initial flux or TMP, the rate of membrane fouling
can be greatly reduced. Psoch and Schiewer (2005) described that it was impossible
to maintain the initial flux which is above the critical flux. However, the critical
value of this flux (or TMP) is very much system specific (Field et al. 1995; Gander et

al. 2000).

2.7.5 Intermittent filtration

Yamamoto et al. (1999) has conducted experiments to determine the optimum
suction mode and found that the intermittent suction mode was better for long term
operation of the membrane system compared to continuous suction mode. Ahn and
Song (2000) studied the impact of membrane suction modes and confirmed their
optimal operational setting using intermittent filtration of 10 minute on and 2 minute
off permeate pumping. In addition, Hong et al. (2002) studied the effect of
operational mode on membrane fouling and the results clearly showed that membrane
performance was significantly improved with intermittent filtration. This finding was

explained by the enhanced foulant back transport under filtration relaxation.
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2.7.6 Backwashing

Backwashing or back flushing is a cyclic reversal of the gas or liquid (or some
cleaning agents) back into the feed path. This technique has been commonly
practiced in industry for many years and is a fairly simple effective way to fight
fouling (Psoch 2005). Unlike other methods, the backwashing technique is able to
dislodge both foulants inside membrane pores and on membrane surface. However,
the back flushing strategy is normally applied for submerged hollow fibre membrane
systems, not for the submerged flat sheet membrane process due to different back

pressure tolerances.

2.8 SUMMARY

Studies in the literatures have described that the submerged membrane
bioreactor (SMBR) has advantages in wastewater treatment over the conventional
activated sludge process. This SMBR based system has been widely used which,
later, triggers conduction of numerous research. However, the beneficial points of
this SMBR are countered by membrane fouling problem. Previous investigators have
suggested that some biological parameters (e.g. MLSS, EPS) and operational
parameters (e.g. air sparging, critical flux) played key roles on the fouling problem
and mitigation. To solve this fouling problem, operating SMBR system under sub-
critical flux and enhancement of aeration to scour membrane surface are ones of the
most well-liked suggestion written in many studies.

Although there are many studies of SMBR pointed out the importance and
usefulness of critical flux, a comparison of the critical flux among various researcheds

has never been observed and tested before. Some variables (such as step height, step
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length, flux stepping and flux cycling) have been reported in a few research to have
influence on critical flux values. Therefore, in this thesis, an update of critical flux
study will be carried out using all literacy critical flux methods variables.

The fouling mechanisms for a different group of activated sludge component
such as MLSS, EPS protein, colloid and EPS carbohydrate have been broadly studied
by analyzing the flux and TMP data and membrane fouling characterization.
However, none of research ever examined the effect of these parameters variation on
SMBR fouling under different flux stages before (e.g. sub-critical flux, supra-critical
flux). Accordingly, the overall pictures of actual fouling mechanisms are still not
very clear. For example, how difference of pore fouling mechanisms happen between
sub and supra critical flux conditions. Hence, in this thesis the fouling mechanisms of
MLSS, EPS protein, colloid and EPS carbohydrate will be investigated in under and
beyond critical flux conditions.

Since the filtration and aeration are attributed to the majority of energy
consumption cost, numerous studies attempted to minimize these by modifying the
aeration and filtration modes. Previous studies showed that intermittent operations of
aeration and filtration gave better performance of SMBR with less fouling. However,
among these research, none of them ever considered the changing of filtration yield to
a variation of aeration. Most studies reported less fouling under intermittent filtration
mode which means less yield of filtration as well. Thus, based on the assessment of
literatures, this thesis will try to fill up some lack points of SMBR studies based on
the effect of aeration and filtration modes. An optimum operating condition of these

parameters will also be explored.
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CHAPTER 3

DESIGN, CONSTRUCTION AND TREATMENT
PERFORMANCE OF APILOT SCALE
SUBMERGED MEMBRANE BIOREACTOR

3.1 INTRODUCTION

For most submerged membrane bioreactor (SMBR) systems, a major
obstacle is the rapid decline of the permeate flux as a result of membrane fouling.
Membrane fouling is known to be influenced by several physical-chemical and
biological properties of sludge: floc size, mixed liquor suspended solids (MLSS)
concentration, dispersed bacteria concentration, sludge hydro-phobicity, surface
charge, soluble and bound exo-polymeric substances, etc. (Rosenberger and Kraume
2002; Ng and Hermanowics 2004; Ng and Hermanowicz 2005). Determination of the
relative significance of these parameters in relation to bioreactor and membrane
operating conditions (trans-membrane flux, hydrodynamic conditions and chemical

cleanings) constitutes a major effort of current SMBR research.

Since SMBR system involve living microorganisms, their properties and their
relative contributions on membrane fouling may vary with experimental conditions
from one study to another. Moreover, most SMR research have been carried out with
bench or small scales, under conditions far from those prevailing at full scales. In
many cases, many research have used synthetic sewage which has substantially

different fouling characteristics to those of real sewage. On the other hand, it is too
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costly to conduct a variety of SMBR studies based on the full process. Hence, pilot
scale fed with real sewage is a reasonable option to represent fouling behavior
happening in the actual SMR process. In order to reach in a successful SMR process
based on high treatment efficiency and low biofouling, the pilot SMR is also needed

to be aware since a design, construction and commissioning.

The objectives of this chapter are therefore three fold: (1) to assess the
influence of operational parameters on the SMR design using both simulation and
simple calculation (2) to give details of construction and commissioning of the pilot
scale SMBR consisting of flow analysis, trans-membrane pressure analysis,
consideration of program-logic control and sludge seeding; (3) to investigate the
treatment performance happening in the pilot scale SMBR after the starting —up

period.

3.2 MBR MODELLING BASED DESIGN

3.2.1 MBR configuration and simulation models

Due to high levels of ammonium and phosphate in Townsville municipal
wastewater (Fig. 3.1), a pilot scale SMBR unit is designed based on combining a
nitrogen and phosphorous biological removal process including anaerobic, anoxic and
aerobic retrofitted membrane units. Details of a pilot scale SMBR configuration are
shown in Fig. 3.1 and Table 3.1. From Fig. 3.1, the raw wastewater passing through
a bar screen (3 mm) is pumped continuously to an anaerobic unit, which can release
more phosphorous for the next anoxic and aerobic stages. Aeration is supplied in a
membrane unit in order to give oxygen for nutrient degradation of aerobic micro-

organisms and create shear scouring to remove fouling on the membrane surface. By
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returning the activated sludge to the anaerobic stage, nitrate concentration will be
eliminated and phosphorous will again be released more. The internal recycle (QIR)
provides for increased organic utilization in the anoxic stage. A size of aerobic
membrane unit is also necessarily fixed at 1.35 m*® owing to the dimensional

limitation of membrane filtration operation.

Table 3.1 Characteristics of raw municipal wastewater at the Mt St John treatment

plant, October - November 2005 (data from Townsville CitiWater)

Raw wastewater characteristics (mg/L) Membrane characteristics
Parameters | Std. deviation Average Type (Kubota, LF10) Flat sheet
pH 0.148 7.34 Material Polyethylene
SS 70.62 233.37 Pore size 0.4 micron
BOD 109.47 263.44 Membrane panel dimension 0.8 mx 0.5 m
COD 226.75 426.41 Membrane effective area 8 m2 10 panels
NHjzas N 12.51 38.63 Minimum clean water flux 7 L/min
TKN 8.64 50.48 Suggested flux in sludge 150 L/h
Ortho-PO4 1.33 6.18 Space apart between MB 0.8cm
Total -P 1.88 9.36 Filtration pressure < 20 kPa

BODs/N/Pratio =28.14:54:1 Aerobic membrane unit 1.35m®

Permeate flux

i Bar screen i
i =) ..’. i
i Raw : - |
| wastowater Anoxic Aerobic stage '
: Inlet — stage & |
i chamber MB retrofitting |
i Recycle | Recycle 11 !
| » Sludge
| removal !

Fig. 3.1 Schematic diagram of submerged MBR pilot plant
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research shows that TUDP model is capable to describe full-scale conditions of
wastewater treatment, without significant adjustment (Van Veldhuizen et al., 1999;
Brdjanovic et al., 2000). The TUDP model used in this study follows the last updated
version of TUDP model (Meijer, 2004) by neglecting the effect of substrate
competition. The MLSS concentration from TUDP model is linked with the EPS
generation model from Nagaoka’s work. The accumulation and consolidation of EPS
on membrane surface coupling with a shear detachment follow the concept of
Nagaoka and co-workers (Nagaoka et al., 1998). A shear stress term using in
Nagaoka’s model is calculated by a shear Equation referred in the study of Merlo and
co-workers (Merlo et al., 2004). Relationship between dissolved oxygen (DO)
concentration and aeration supply is also followed the film theory of oxygen transfer
model. The AQUASIM 2.0 software is used for simulation of the pilot scale SMBR.

More details of all models and Equations are shown in appendix A.1.

3.3 SOME IMPORTANT SMBR DESIGN CONSIDERATIONS

3.3.1 Design considerations based on biological treatment factors

3.3.1.1 Sludge production and nutrient requirements

Sludge production indicates the transformation between BOD (and/or COD)
up-taken and the amount of particulate biomass increase in the system

(Tchobanoglous et al. 2003). Sludge production can be calculated by the following:

Sludge production: P, = Yobs (Qin)(So —9) 31
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To determine the nutrient requirement as shown in Equations 3.2 — 3.5 below
(Benefield and Randall 1980), biomass production and loading of nitrogen and

phosphorous are needed .

Nitrogen (N) requirement = 0.122 x Py 3.2
Nitrogen - loading = Qin x influent TKN 3.3
Phosphorous (P) requirement = 0.023 x Py 3.4
Phosphorous - loading = 8.34 x Qj,, x influent P 3.5

If the loading is higher than the requirement, the loading consideration is
satisfied. Otherwise, more nutrients should to be supplied. From calculation details
shown in appendix A, there is sufficient nutrient in the Townville municipal

wastewater supplied to the SMBR pilot plant.

3.3.1.2 Oxygen requirement

Aeration introduces air into liquid phase, which not only supplies required
oxygen, but also provides mixing and circulation to the system so that the micro-
organisms can contact organic materials. Without sufficient dissolved oxygen,

aerobic bacteria cannot survive and the aerobic treatment stage cannot occur.

Oxyagen requirement for carbonaceous organic matter

Oxygen required to oxidize a unit of biomass can be written as (Benefield and Randall

1980):
C5H7N02 + 502 —> 5C02 + 2 Hzo + NH3
113 1 cell (5x32)

=1.42 where 5 x32/113 = 1.42 mass units O,/mass unit hiomass oxidized
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Oxygen requirement for nitrification (Tchobanoglous et al. 2003):

Nitrosomonas

Stepl:  2NH, +30, _ 2NO, +2H,0+4H"

where O required 3.43 g/g-N oxidized

alkalinity 7.14 g CaCOs/g N-oxidized

Nitrobacter

Stepll: 2NO, +O, — 2NO;

where O required = 1.14 g/ g N-oxidized
Thus, O, requirement for step | and Il is (3.43+1.14) = 4.57 g O,/g N-oxidized

Total oxygen requirement for both carbonaceous and nitrogen removal can be

calculated using Equation 3.6 below:

_____________________________________________________________________________________

Based on Equation 3.6 and more calculation details shown in appendix A.2, total

oxygen requirement is 1.66 kg/d.

3.3.1.3 Air flow rate requirement

Aeration can be estimated using Equation below (Tchobanoglous et al. 2003):

TR kg/h
Air flow rate (m3/min) = (50 g/h) 3.7

[(E)(60min/h)(kg O» /m3air)]

Based on Equation 3.7 and calculation shown in appendix A.2, necessary air

flow rate is 22.56 I/min. Therefore, the blower used in the pilot SMBR has to cover at
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least 22.56 I/min of aeration due to limitation of oxygen requirement for aerobic

microbial growth.

3.3.2 Design considerations based on hydrodynamics
Design considerations based on hydrodynamics are shown in the following

sections including fluid flow, head loss and trans-membrane pressure analysis.
3.3.2.1 Fluid flow and head loss

Minimum fluid flow velocity and pipe selection should be carefully designed
to prevent solid sedimentation in the system. From Fig. 3.2, head loss in each flow
line can be calculated using the modified Bernoulli Equation (3.8), shown below. A

summary of head loss calculation is presented in appendix A.2.

. _ PV P, VJ;
Energy Equation for fluid flow: Z; + —+— = Z;, +—=+—=+h_ 3.8
P9 29 P9 29

From calculation data shown in appendix A.2, a two inch diameter pipe was
chosen for the overflow lines to avoid flow limitation and prevent the liquid level
increasing up in the anaerobic and anoxic unit. A half inch and one inch diameter
pipe were selected for the returning flow from the aerobic-membrane unit to the
anaerobic unit and from the aerobic-membrane unit to the anoxic unit, respectively, in

order to prevent sedimentation of a low flow rate.
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Fig. 3.2 Schematic diagram of fluid flow in the pilot scale MBR
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3.3.2.2 Trans-membrane pressure (TMP) analysis

Trans-membrane pressure (TMP) is a very important parameter to indicate
how the membrane and fouling perform. Therefore, evaluation of TMP in a
membrane process needs to be well planned and detected. In this study, the aerobic-
membrane unit is constructed with two level scaffolding due to a convenience of

lifting up the membranes for cleaning and sampling purposes. In Fig. 3.3 below,

liquid at position P, is pumped through the membrane layer (P3) and flows upward

passing a vacuum gage (position P4) to become permeate. TMP based on pressure

drop across membrane in Fig. 3.4 can be evaluated as Equations below.

OF

ha

&
Ik

Fig. 3.3 Schematic diagram for TMP evaluation

From Fig. 3.3, TMP

pressure drop across membrane

TMP P, P, 3.9

where P, Pi+ pghy

On the other hand, energy balances of fluid flow from position P3 to P4 is
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2 2
P, V
ﬁ—h2+vi = 4 _ 24 _h; at position 3, V3 =0
Jolt 29 P9 29
P, V7
P3 = —+—+hy—h_ |xpg
{pg 29
v/} L V]
Ps = P4+('074J+(h2pg)_£f5’074J
P3 = P4+pﬁ(l— ij-l-(thg)
2 D
From Equation 3.9, TMP = (PL+pghy)—Pg
V7 L
TMP = (Pl-l-pghl)— P4+,07 1—fB +(h2pg)
_ 23 L
ThUS, TMP = Pl—P4—,Og(hl —hz)—pT 1- fB 3.10

Atmospheric pressure, vacuum pressure and liquid level (position 1 and 4) are
continuously measured and recorded via pressure transmitters. The TMP value based
on the Equations above will be automatically calculated, displayed and recorded

through the program logic control (PLC) device.

3.3.3 Design consideration based on program logic control
3.3.3.1 Liquid level control

The pilot-scale MBR is controlled by a program logic control (PLC) device
which can be programmed to perform complex functions based on an integrated
manipulation. PLC can be calibrated between reading pressure (from pressure

transmitter: PT) and the liquid level. A minimum liquid level is fixed at about 1.5 m
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(30 cm above membrane cartridge) by setting up of a floating switch to stop permeate
pump if the level go below the minimum. A maximum liquid level in the aerobic-
membrane unit (1.85 m) can also be specified and controlled through the PLC in order
to stop the inlet pump if the level goes beyond this point. However, the minimum and
maximum liquid levels should normally not be reached because the PLC will control

the liquid level to be stable at the set point between these two values.

Pressure

PLC
:" """""""""" [ D transmitter
:Closed valve, stop inlet flow NoO
|
1 Level > Max.
|
| n i
. | Water .| water Liquid
v Anaerobic| fio, | ANOXIC| fiow  /ievel in the Yes Outlet
Inle unit > | unit >/ MEBR unit Min .< Level < Max, >— g 2 u'e
|
Digital \
control valve No ] !
Level < Min. \ |
f 1 Stop
. N |
IOpened valve, allow inlet flow Floating | permeate pump
: switch X '
|
g PLC ¢ - - === == .: _______ A4 :
x ’ :
mmmm e oo | A »

Fig. 3.4 Schematic diagram for level control in the MBR system

For the whole system level control (see Fig. 3.4), when the liquid level in the
aerobic-membrane tank higher than the set point, the PLC will send signal to close the
inlet valve temporarily and allow only the permeate pump releases the liquid from the
system. In contrast, when the level lower than the set point, the PLC will send signal
to stop the permeate pump for the short term and in the mean while it will send signal
to open the inlet valve allow the liquid level rise up to the set point. Using the control

logic described above, liquid level in all units of the SMBR system including
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anaerobic, anoxic and aerobic-membrane unit can be controlled at the desired level

due to the system mass balance.

3.3.3.2 Aeration and air scouring control

For aeration control (Fig. 3.5), an air rota meter was used to fine tune the air
flow rate coming to the SMBR tank. Instead of using only one large capacity blower,
two medium size blowers were chosen for safety reason to prevent a severe fouling if
one blower was broken. The air beyond requirement will be released through the
digital breaching valve which is normally under opening stage. When the air scouring
mode is scheduled, the digital valve will be closed and pushing more air supply to
clean the membranes in the aerobic-membrane unit. On the other hand, if no air
pressure can be detected due to trouble of the blowers, the PLC will realize this crisis
through the PT reading value and will also send signal to stop the filtration process.
With this aeration design and control, membranes in the aerobic unit are barely

serious fouled.
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mode setin |——» >

PLC device PLC

Fig. 3.5 Schematic diagram for air scouring in the membrane unit
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TMP value is always automatically checked and the PLC will stop the permeate
pump and the inlet valve if the TMP reaches 20 kPa which is the tolerant limitation of
the membrane. Emergency override mode is also programmed and set on the control
panel to stop the system immediately in emergency case. Data from electronic
sources such as TMP, permeate flow, air pressure etc can be logged directly to a PLC

memory card.

3.4 CONSTRUCTION AND COMMISSIONING

3.4.1 Construction of the SMBR system
3.4.1.1 Anaerobic unit

A 150 liter closed anaerobic tank diameter 0.35 m tall 1.6 m made of fibre
plastic is used to store the anaerobic sludge (Fig. 3.6). Two inlet channels, 1 and Y2
inch diameter at the bottom of the tank, are for receiving influent and returning flow
from inlet source and aerobic unit, respectively. The overflow outlet is at a top
portion of the tank with 2 inch diameter. To prevent sedimentation, a centrifugal

pump for recirculation is provided.

3.4.1.2 Anoxic unit

A plastic tank height 1.3 m, diameter 1.06 m, volume 900 liters, is used to
contain anoxic sludge with two inlet streams coming through 1 inch diameter pipes
from the anaerobic and aerobic-meane unit at the bottom and middle channels of the
tank, respectively (Fig. 3.6). Anoxic outlet will overflow gravitationally to the next
aerobic-membrane unit through the top 2 inch diameter channel. A recirculation pump

to prevent sedimentation is also externally set up.
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3.4.1.3 Aerobic unit

An aerobic-membrane unit (Fig. 3.6) was made of fiber plastic tank diameter
1.06 m height 2.0 m filled with activated sludge volume around 1,400 liters. Ten flat-
sheet Kubota membranes, pore size 0.4 micron, placed in the filtration case were
submerged directly in the centre of the aerobic tank. A circulation pump is not

necessary due to aeration supply in this unit.

< - - | - -p 1180 mm

350 mm

1450 mm CD——— N

Anaerobic unit Anoxic unit

2040 npm
GO ‘T‘
800 mm
100 muf rw: Ll} 100

Aerobic unit

Fig. 3.6 Schematic diagram of each unit construction in the MBR system
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3.4.1.4 Setting of the membrane rig in the aerobic unit

Position of the submerged membrane in the aerobic tank should also be
aware about mixing zone and sedimentation. Spaces between membrane case and
tank wall are suggested at 300 mm (Kubota-Corporation 2004) and more
calculation details of the membrane rig setting in the aerobic unit are shown

below. Details of the membrane rig set in the aerobic unit from front view and top

view are shown in Fig. 3.7.

Top
view

Fig. 3.7 Front view and top view of the membrane case in the aerobic unit

Height = (Yi¥Yo+Y3) = (30+80+50) = 1.6m.

n [(Xo+2X1)/2]° = = (1.06/2)> ~ 0.883 m?

Tank cross-section area:
Mixing area = Tank area — membrane case area
= 0.883 - (Z, XZ3) = 0.883-(0.2x0.5) =0.748 m?

Mixing volume around membrane cartridge = 0.748 x 1.6 ~ 1.197 m®
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3.4.2 Commissioning of the pilot scale SMBR

Fig. 3.8 — Fig. 3.12 shows the experimental set up of the pilot plant MBR
system. At first, the SMBR system was designed, constructed (with re-assembled
materials) and preliminary tested in School of Engineering, James Cook University.
Then, the whole SMBR system was moved to be re-established at Mt. St. John
purification plant (Townsville city, north Queensland, Australia), which can supply a

large volume of raw municipal wastewater.

Fig. 3.8 Pilot scale SMBR

Before commissioning with real sludge, membrane permeability and clean
membrane resistance were determined using clean tap water. Later, municipal
wastewater at Mt St John treatment plant was pumped through the anaerobic unit at a

flow rate 150 L/h and passing through anoxic unit and aerobic-membrane unit,
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respectively. MLSS concentration in the anaerobic, anoxic and aerobic-membrane
units is initially seeded at around 3,600 mg/L. The solid retention time (SRT) can be
arranged manually by daily volumetric discharged sludge. However, there was no
sludge waste from the system in the beginning due to low sludge concentration. The
coarse bubble aeration was supplied to the membrane tank in order to prevent

membrane clogging as well as to provide oxygen for microbial growth.

Fig. 3.9 Membrane unit in clean water Fig. 3.10 PLC monitor of the system

Fig. 3.11 New membrane sheet Figg. 3.12 Lifting up system of membranes
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3.5 SMBR MODELING BASED DESIGN AND PERFORMANCE

3.5.1 Simulation results

3.5.1.1 Effect of anaerobic HRT and anoxic HRT

A size of anaerobic unit is determined in this study by simulation the
efficiency of phosphate-phosphorous removal happening in this sequential treatment
based on the steady state liquid flow (Qin = Qout) at fixed membrane flux 0.15 m*/h.
From Fig. 3.13, when the same sizes of anoxic (0.2 m®) and aerobic membrane units
(1.35 m®) are applied in the simulation, the anaerobic unit shows different trends of
phosphate removal at different HRT and SRT. The anaerobic unit does not present
the effective removal of phosphate at the SRT 5 days as well as SRT 10 days
removing phosphate less than 70 %. For SRT above 30 days, the efficiency of
phosphate removal is similar and more than 90% for HRT 3 and 4 hrs, whereas the
phosphate removal efficiency at HRT 1 and 2 hrs are about 70-80 %. Thus, HRT 1
hrs of anaerobic unit is selected as the satisfied HRT value for biological phosphate
removal of this pilot SMBR. Few hours of anaerobic HRT which was sufficient for
phosphate removal was informed in a study of Kargi and Uygur (Kargi and Uygur,

2002).

From Fig. 3.14, when the size of anaerobic and aerobic are fixed at 0.15 m®
and 1.35 m°, the removal efficiency of COD, NH,-N and PO,-P reach 70% and above
for every anoxic HRT. MLSS concentration gradually declines as the expansion of
HRT in anoxic stage. From EPS generation model (Nagaoka et al. 1998), the higher

MLSS caused more EPS concentration that leads to the higher membrane fouling rate.



56

Therefore, the anoxic HRT 6 hrs is chosen as the operated HRT of the SMBR because

of the lower number of MLSS increase.
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3.5.1.2 Effect of activated sludge ratio and internal recycle ratio

As shown in Fig. 3.15, some of the activated sludge waste is returned back
to the anaerobic stage called return activated sludge while part of the outlet from
aerobic unit is also went back to the anoxic stage called internal recycle.
Tchobanoglous and Burton (2003) suggested typical design values of QRS 20%-50%

influent and QIR 100%-300% influent for a combined nutrient removal system.

100
80 +
60 +
40 ~

20 -~

, 7. 7

QIR 100% QIR 200% QIR 300%

Percentage of MLSS increase (%)

Internal recycle ratio

O QRS 20% B QRS 40% F1 QRS 60%

Fig. 3.15 Effect of return activated sludge and internal recycle

Ratio of QRS and QIR based on the inlet flow are simulated to see the effect
of these two parameters on the treatment characteristics of the SMBR. Only the
trends of MLSS concentration at different QRS and QIR are plot in Fig. 3.15 because
the variation of QRS and QIR does not represent the significant differences of COD,
NH4-N and PO,4-P removal when the reactor volume of this sequential treatment are

fixed. The suitable operational value of QIR and QRS can be justified at 300% and
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20% respectively due to the reason of lower MLSS and membrane fouling as previous

mentioned.

3.5.1.3 Optimum SRT

The percentages of relative membrane fouling are shown in Fig. 3.16. The
higher SRT provides more time for microbial activities including cells and EPS
synthesis which is the important substance to foul on membrane. Clearly, the
membrane fouling trends caused by SRT are similar among SRT 30, 50 and 100 days,
while the less membrane fouling happens at SRT 5 and 10 days. When the SRT is
less than 10 days, the MLSS concentration reduce from the initial concentration down
to some very low values because of higher wash-out rate than the growth rate of
microbial. Therefore, the SRT 30 days is considered as the optimum SRT in this
study because of no wash-out phenomena and less fouling trend. Similar results of

fouling, MLSS increase and SRT were reported by Lee et al. 2002.
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Fig. 3.16 Effect of return activated sludge and internal recycle
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3.5.1.4 Summary of simulation results

Some design parameters of the pilot scale SMBR were evaluated by

AQUASIM 2.0 process simulation program and can be summarized as follows:

- HRT 1 hour and 6 hours are recommended for operation of anaerobic and

anoxic stages due to the high treatment efficiency and less sludge production.

- Return activated sludge 20% and internal recycle 300% influent are capable

to maintain the high efficiency of nutrient removal at the less MLSS concentration.

- SRT 30 days is considered as the optimum SRT value which give the

excellent treatment performance, less sludge production and slow fouling rate.

Samples were collected from the SMBR system once a week at the following 5
different positions: inlet and exit point of the system, within anaerobic, anoxic and
aerobic-membrane unit. Determination of mixed liquor suspended solid (MLSS)
concentrations were followed the standard methods for the examination of water and
wastewater (APHA 2005). Dissolved oxygen (DO) and pH were measured using DO
electrode (model ED1 (Aqua-D) version 1) and a pH meter (model 1J44 (Aqua-pH))
respectively, both from TPS company, Australia. Determination of Chemical oxygen
demand (COD), ammonia, nitrate and phosphate were determined by Hach analyzer
(Hach company, USA). The results of the SMBR treatment performance are shown

in the following sections.
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3.5.2 Sludge physical properties

Sludge physical properties of the SMBR system are detected including pH,
oxidation-reduction potential (ORP), temperature, total dissolved solid (TDS). From
Fig. 3.17, the inlet wastewater showed slightly higher average pH values than the
other units due to a high ammonia loading in this incoming stream. However, it can
be concluded that the average pH in all units of the SMBR system are fluctuating in
the neutral range (6.4-7.6). On the other hand, a negative ORP value occurred at a
very high TDS concentration in the inlet sample (Fig. 3.18 and Fig. 3.21). The higher
oxidizing agent in water, the higher ORP will be obtained. A high enough ORP
(650+ mV) can Kill most bacteria, which is suitable for drinking water purification
(Holmes-Farley 2002). As shown in Fig. 3.18, ORP profile visualized a reflect image

to pH profile.

5.0 T T T T T T T T T 1
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—e—Inlet —®— Anaerobic —4A—Anoxic —%—MBR —¥—Permeate

Fig. 3.17 Variation of pH values in the SMBR wastewater treatment
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The SMBR system was kept in the climatic conditions with average
temperatures between 23 and 31 °C. From Fig. 3.20, the inlet stream (from
underground chamber) has a little lower average temperature than other outdoor units.
Compared to the anaerobic and anoxic units, aeration in the aerobic-membrane unit
also helps to reduce temperature 1-2 degree in membrane tank and permeate stream.
From Fig. 3.21, the highest total dissolved solid (TDS) concentrations from the inlet
stream sharply decreased in the anaerobic, anoxic and permeate, respectively. A
slight increase of TDS occurred in the SMBR unit probably due to soluble microbial
products produced in the aerobic system and also some dead cells decayed to become
a readily biodegradable substance.
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Fig. 3.18 Variation of ORP values in the SMBR wastewater treatment
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Fig. 3.21 Variation of TDS values in the SMBR wastewater treatment

3.5.3 DO and MLSS concentration

Fig. 3.22 and Fig. 3.23 showed the DO and MLSS concentrations of the
SMBR system. From Fig. 3.22, the MLSS increased gradually from 3600 mg/L to
8,600 mg/L in the SMBR system. Coarse bubble aeration was provided in the aerobic
unit, therefore, DO concentration (Fig. 3.22) in the membrane tank and permeate are
higher than other units. As seen, the DO concentration in all units of the SMBR
system is always greater than 1.5 mg/L which means the real anaerobic stage can not
be happen properly as expected. A broken recirculation pump of the anoxic unit
happened on the day 14™ caused a sudden increase MLSS and particle sedimentation
in anoxic unit following with a decrease MLSS concentration in the SMBR and
anaerobic section (Fig. 3.23). Accordingly, on the day 14", DO concentration (Fig.
3.22) is lower in the anoxic unit because of the greater oxygen consumption. Later,

the broken pump was fixed and the regular trends of MLSS and DO continued.
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Fig. 3.22 Variation of DO values in the SMBR wastewater treatment

9,000 -~
8,000
7,000
6,000
5,000
4,000
3,000
2,000
1,000

0 T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200

MLSS (mgll)

Operation time (day)

—e— Influent MLSS —m— Anaerobic —A— Anoxic —%—MBR MLSS

Fig. 3.23 Variation of MLSS values in the SMBR wastewater treatment
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3.5.4 Nutrient removal in the SMBR system

From Fig. 3.24, the SMBR system displayed an excellent and stable removal
of ammonia with nearly 100% removal efficiency since the 4™ day by degrading all
ammonia that presented in the raw wastewater. In theoretically, only the anoxic stage

is sufficient to convert most the ammonia (NHz) to nitrate (NOj3") through nitrification

process.
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Fig. 3.24 NH3-N removal in the SMBR wastewater treatment

From Fig 3.25, there was no nitrate concentration presented in the inlet
stream of anaerobic unit. However, nitrate was highly produced in the anoxic and
aerobic unit. With high DO concentration shown in Fig. 3.22, it can be implied that
de-nitrification has not been initiated in the SMBR system yet. Thus, only
nitrification process took place in the SMBR system conversing ammonium (NH;")

to nitrite (NOy) and finally to nitrate (NO3) by Nitrosomonas and Nitrobactors
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bacteria, respectively (Beranek 2001). To remove nitrate, de-nitrification condition
with deficiency of dissolved oxygen are needed for bacteria to consume nitrate as a

terminal electron acceptor and convert it to nitrogen gas (Beranek 2001).
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Fig. 3.25 NO3™-N removal in the SMBR wastewater treatment
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Fig. 3.26 COD removal in the SMBR wastewater treatment
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Fig. 3.27 PO4-P removal in the SMBR wastewater treatment

Average COD removal of this SMBR system (Fig. 3.26) was about 90% and
varied from 68 to 100%. In the anaerobic unit, phosphate-phosphorous concentration
was increased around 1.4 times (Fig. 3.27) because of phosphorous accumulating
organisms and slowly decreased consequently later in the anoxic, and aerobic-
membrane unit, respectively. The total removal percentage from the influent was
about 32% for phosphorous which could not be considered as good removal
efficiency yet. Saito et al. (2004) reported that the presence of nitrite inhibits both
aerobic and anoxic (denitrifying) phosphate uptake. In the same way, Beril and
Ugurlu (2004) suggested that nitrate can affect phosphate release and lead to a
reduction in the efficiency of biological phosphorus removal process. Further, when
the ratio of the hydraulic retention times in the aerobic and anaerobic phases was
around 0.6, phosphorous removal efficiency was higher than 90% (Sommariva et al.

1997).
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3.6 CONCLUSIONS

A three stage SMBR pilot scale (total volume around 2.4 m®) was designed
and set up at Mt St John wastewater treatment plant (Townsville, Queensland). Some
operating parameters are designed and evaluated by AQUASIM 2.0 process
simulation and the results can be summarized as:

- Due to the excellent treatment performance, less sludge production and slow
fouling rate, HRT 1 and 6 hours are recommended for operation of anaerobic and
anoxic stages and SRT 30 days is considered as the optimum SRT.

- Return activated sludge 20% and internal recycle 300% influent are capable
to maintain the high efficiency of nutrient removal at the less MLSS concentration.

A design based on biological treatment factors, fluid hydrodynamic factors
and control logic factors were also considered and demonstrated. A construction and
commissioning were accomplished and described. To investigate performance of the
system, nutrient removal of this pilot scale SMBR were also detected and the
following conclusions can be drawn:

- The SMBR sludge physical properties namely: pH, temperature, TDS, DO
and MLSS were quite stable in the range of 6.4-7.6, 24-31 °C, 480-780 mg/L and 1.5-
3.6 mg/L and 3,600-8,300 mg/L, respectively. The ORP profile was during -100 to
350 mV and visualized a eflect image to the pH profile.

- Although nitrate and phosphate removal has not been well achieved because
of a high DO concentration interrupting the anaerobic and anoxic stages, the pilot-

scale SMBR still presented a very good treatment efficacy of ammonia and COD.
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CHAPTER 4

INFLUENCING PARAMETERS OF

CRITICAL FLUX ASSESSMENT

4.1 INTRODUCTION

For submerged membrane technology, fouling is considered as the most
severe hindrance to the system operation. There is a suggested border to handle this
fouling problem called critical flux. Critical flux was initially defined in two ways:
one is that the flux through the membrane has no increase in trans-membrane pressure
(TMP) with time (Field et al. 1995) and another is the flux below which there is no
deposition of colloids on the membrane (Howell 1995). In general, these will not give
the same flux value. Above the critical flux, irreversible fouling of suspended solids
forms a stagnant, consolidated and aggregated layer on the membrane surface, which
can make flux decline rapidly. On the other hand, below the critical flux condition,
called sub-critical flux, it has been reported that fouling is not observed (Chang et al.
2002). Consequently, the concept of critical flux is a key parameter for characterizing

fouling.

Determinations of the critical flux have been proposed in three categories
based on different considerations and analysis techniques. Based on direct
observation, critical flux is the flux at which particles start depositing on the
membrane surface, which has been observed by optical microscope (Li et al. 1998).
This non-intrusive technique is normally applied for small size of glass flow cell

membrane. Based on particle mass balance, critical flux can be observed by
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measuring particle concentration at the inlet and outlet of the filtration unit and the
maximum flux without particle deposition on the membrane surface can be
considered as the critical flux (Kwon and Vigneswaran 1998). Based on filtration
profile, the critical flux can also be defined as the point where the flux and TMP
relationship becomes non-linear (Le Clech et al. 2003). Among these critical flux
determination techniques, only the filtration profile is practical for pilot and full scale

submerged membrane bioreactors (SMBR).

Moreover, critical flux can be considered in two forms: the strong form and
the weak form. The strong form states that the sub-critical flux and TMP relationship
shows a linear relationship with the same slope as that of pure water filtration. The
weak form is also linear, but the slope is different from that of pure water (Fradin and
Field 1999; Ye 2005). Until now, there is no standard methodology or precisely

agreed-upon protocol to define the exact value of the weak form of critical flux.

Some studies suggested that it is possible to identify the weak form critical
flux for SMBR systems at about two-third of the maximum flux at various operational
conditions (Bacchin 2004). Many have defined the weak form critical flux as the
point at which TMP and flux profile become non-linear (Metsé&muuronen et al. 2002).
Espinasse et al. (2002) showed an assessment of weak form critical flux based on a
concept of fouling reversibility. In addition, a consideration of 90% permeability was
reported for weak form critical flux determination (Le Clech et al. 2003). A
hysteresis filtration profile has also been adopted as an in situ technique in submerged

SMBR systems (Howell et al. 2004).
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Recently, the concept of sustainable flux has been used to control membrane
fouling problems. The sustainable flux is a more relaxed concept than the critical flux
and considers membrane system operated at a low, rather than zero, fouling rates.
The sustainable flux is the significant changing point of the fouling rate and relates to
the operation and sustainability of a membrane process, but they are not critical fluxes
as defined above (Bacchin et al. 2006).

In general, a short term critical flux determinations can be made with flux-
stepping method. The main variables involved in this method are step height and step
length. Le Clech et al. (2003) were the first one focused on the effect of these
variables on the critical flux evaluation. They have shown that the step length
between 5 to 60 minutes did not significantly affect the critical flux value, but the

increasing of step height from 3 to 9 L/m.h increased membrane fouling.

Fane (2002) described three factors affecting critical flux and membrane
fouling, which include membrane materials and configurations, operating parameters
and sludge characteristics. The effects of mixed liquor suspended solids (MLSS)
concentration on critical flux have been subjected to numerous studies because
membrane fouling is often considered to be caused by the particle cake formation on
the membrane surfaces. Madaeni et al. (1999) observed that critical flux was
inversely related to MLSS concentration range 0 to 10 g/L. On the other hand, Le
Clech et al. (2003) indicated that significant increase in critical flux happened only
when the MLSS concentration was 12 g/L but with no difference of critical flux for
MLSS range 4-8 g¢/L. Although the same type of membrane and similar
hydrodynamic conditions were used in the experiments, significantly different critical

flux values were reported by Madaeni et al. (1999) and Cho and Fane (2002): 62
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L/m%h for 4 g/L MLSS and 22 L/m%h at 2.5 g/L, respectively. This observation
demonstrates the importance of carrying out tests under the same biological
conditions for assessing hydrodynamic parameters and impacts. The actual method of
changing MLSS concentration can impact biomass characteristics, since it can be

changed both with and without acclimatization (Cicek et al. 1998).

Membrane operation with little to no fouling and low energy consumption is a
desirable target for any membrane plant. Hence, the relationship between aeration
and critical flux should be studied and optimized as they are the main parameters
determining economic viability. Bouhabila et al. (2001) reported that increasing the
air intensity from 1.2 to 3.6 m*/m2h decreases the total filtration resistance, thus
increasing the filtrate flux by a ratio of 3 in a pilot submerged MBR. Chang et al.
(2002) applied two coarse bubble aerations in a submerged tubular MBR and reported
that the flux was increased by 43%. Ueda et al. (1997) also described aeration as a

significant factor governing the filtration conditions and cake removal.

In most of the previous critical flux analysis, filtration was carried out with lab
scale and sometimes fed with synthetic sewage which, in fact, has substantially
different fouling propensities compared to those of pilot or full scale operating with
real sewage. The aims of this chapter are therefore threefold: (1) to determine critical
flux using a pilot scale SMBR fed with real sewage; (2) to compare the critical flux
values obtained from various determination methods; (3) to understand the impacts of
assessment variables on the critical flux including step length, step height of filtration,

MLSS concentration and aeration.
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4.2 EXPERIMENTAL MATERIALS AND METHOD

4.2.1 Experimental facility

A pilot scale SMBR used in this study was installed at Mt St John —
Townsville Fig. 4.1) consisted of a 150 liter first treatment unit, a 900 liter anoxic
treatment unit and a 1,400 liter aerobic unit fitted with a Kubota submerged flat-sheet
membranes model LF10. The membrane unit comprises of ten flat sheets (chlorinated
polyethylene) with nominal pore size 0.4 um, total effective area 10 m> Permeate
was removed using a helical rotor pump passing through permeate line and flow
transmitter. Pressure transducers (PT) were located at the base of the membrane
reactor and on the permeate line. The aeration process was conducted using two
blowers and controlled using air rota-meter and digital control valve. Operation of the

influent pump was controlled by floating switch and water level in the aerobic tank.
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Fig. 4.1 Schematic diagram of SMBR pilot plant
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A programmable logic controller (PLC) device collected the data of the PT

and all the control variables of the system were realized through it.

The SMBR

system was originally seeded with sludge from a full scale SMBR plant existing in

Townsville.

Real municipal wastewater was then used as a feed to the system,

flowing to the first unit and overflowing to the second and last units in series. Sludge

from the aerobic compartment was recycled to the first and the second units with

recycle ratio (Qec/Qjn) of 0.2 and 3, respectively.

wastewater used in the experiment were shown in table 4.1.

The characteristics of

Table 4.1 Characteristics of wastewater used in the experiment

Parameter Inlet 1* unit Anoxic SMBR Permeate
pH 7.17+0.1 7.00+0.1 6.93+0.1 7.08+0.1 7.11+0.1
Temp (°C) 27.3+0.7 28.2+0.7 28.6+0.7 27.6+0.9 27.2+0.8
DO (mg/L) 200+017 2184026  264+020 293+034  281+0.13
Conduct. (US) 1282+ 59 1075+ 55 1094 + 70 1118+ 35 1023+ 66
ORP (mV) -61.5+16.4 260.5+18.9 258.8+51.8 248.3+30.3 182.2+16.1
MLSS (mg/L) 219+ 76 5963+ 312  6836+280  6839+298  N/A
NH,-N (mg/L)  332+78 7.6+4.6 34+16 0.3+0.5 0.0+0.0
NO;-N (mg/L) 0.0+ 0.0 0.0+0.0 372+114  195+57 185+ 11.7
POsP(mg/l)  122+17 17.3+1.9 124+28 8.9+0.9 79+14
COD (mg/L)  307+56 N/A N/A N/A 17+ 16

Note: + term is represent standard deviation
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4.2.2 Experimental design

The influences of step height (or the size of flux increasing in each step), step
length (or the duration of filtration in each step) and determination methods of critical
flux were investigated as shown in table 4.2. The TMP and permeate data of the
experiments were logged every minute on the PLC device. For testing the influence
of aeration and sludge concentration, four aerations (60, 90, 120 and 150 I/min) and
three MLSS concentrations (4.2, 6.3 and 8.5 g/L) were carried out in a total of 12
runs. After finishing each test, the membrane surface was cleaned with soft sponge to
ensure removal of sludge particles from the membrane surface and a chemical
cleaning of 0.5% sodium hypochlorite was proceeded in place to remove irreversible

fouling from membrane pore blocking. Then the next test was continued.

Table 4.2 The operational conditions for testing the effect of step height, step length

Step length | Step height o - o
] ) Filtration method Critical flux determination method
(min) (L/m?.h)
2
. . - based on 2/3 flux limitation
15 4 Flux stepping/ Flux cycling
o - based on flux linearity
5 - based on 90% permeability
- based on hysteresis curve
30 4 Flux stepping/ Flux cycling g
- based on flux reversibility
8

Note: MLSS 4.2 g/L and aeration 60 L/min, Only flux cycling is applied for flux
reversibility which is based on Espinasse et al. (2002).
4.2.3 Flux stepping and flux cycling methods for critical flux test

In this study, critical flux was assessed using short-term tests using flux

stepping and flux cycling methods. The flux stepping method (Fig. 4.2) has been
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widely used for critical flux assessment (Madec et al. 2000; Cho and Fane 2002; Le
Clech et al. 2003). In this method, the filtration is carried out at a fixed flux for a
certain time. This procedure is repeated by incrementally increasing the flux until a
noticeable increase in trans-membrane pressure (TMP) is observed (Wicaksana 2006).

The hysteresis curve can also be done by stepping the filtration downward.

TMP and flux data obtained from the short term experiments can be used to

produce derived parameters (Le Clech et al. 2003) as follows:

. J
Permeability of the system: K= 4.1
Pave
Filtration resistance-series model : J = AP AP 4.2

(Ri  p(Ry +Ry)

All parameters used in equation 4.1 and 4.2 are addressed in appendix E.

12
0 rmp !
t
~
:
0 T T T
0 0.25 0.5 0.75

Time (h)

Fig. 4.2 Flux stepping filtration (Le-Cleach et al. 2003a)

On the other hand, the flux cycling procedure proposed by Espinasse et al.

(2002) is to alternate positive and negative pressure changes, as shown schematically
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in Fig. 4.3. Anytime the pressure is set to any new value, the flux is monitored and
the system waits until the flux stabilizes over time. A new pressure value can then be
set. By comparing the steady-state flux obtained at steps 1 and 4 (in Fig. 4.2), one can
deduce if a flux limitation observed in step 3 is due to an irreversible fouling or to
reversible phenomena. For example, if the flux in step 4 is on point b, fouling is
100% irreversible, and, if the flux is on point a, fouling is totally reversible; therefore,
a fraction of reversibility can be ascribed according to the flux value at step 4

(included on segment a-b) (Espinasse et al. 2002).

=

0

Pressure

Time

Flux

Pressurs

Fig. 4.3 Critical flux determination by flux cycling method (Esspiness et al., 2002)

Such a procedure makes possible the differentiation between reversible fouling
and a deposit all along a range of pressure and flux. This procedure is developed for
searching critical flux as a decrease in pressure after each increasing pressure step

allows determining fouling irreversibility (Howell 1995; Chen et al. 1997; Gesan et
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al. 1999). In this study, the flux cycling filtration was operated followed Bacchin et
al. (2006) by increasing flux two steps and then decreasing one step and TMP was

measured at each operating step.

4.3 RESULTS AND DISCUSSION

Results and discussion of the experiments are described in the following
sections including clean water flux test, strong and weak form critical flux,

sustainable flux and influencing parameters for critical flux enhancement.

4.3.1 Clean water flux tests

Clean water flux tests at different aeration rates were conducted as a reference
for new membrane performance, before replacing clean tap water with activated

sludge in the aerobic membrane unit.
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<© No aeration O Aeration 50 L/min A Aeration 100 L/min X Aeration 150 L/min

Fig. 4.4 Clean water flux test at different aeration intensities
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As shown in Fig. 4.4, aeration showed no significant influence on the water
filtration rates. A linear relationship between the permeate flux increase and the TMP
increase was observed. The new membrane resistance is 1.285 x 10™ (1/m) estimated
using Darcy’s Law in Equation 4.2 by neglecting the fouling resistance term due to

clean water filtration.

4.3.2 Strong form critical flux

The strong form critical flux which has a linear relationship between flux and
TMP with the same slope as that of pure water can be evaluated based on the deviation

between the clean water and the sludge filtration profiles.
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T /)ﬂﬁ <+ — — — TMP similar to clean water filtration
03
0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
TMP (kPa)

O 8L/M2.h-15mn € 8L/M2.h-30mn O4L/m2.h-15mn ™ 4L/m2.h-30min

A2L/m2.h-15mn A 2L/m2.h-30mn X Clean w ater flux

Fig. 4.5 Strong form critical flux at different step lengths and different step heights

The straight line in Fig. 4.5 represents pure water TMP as a function of flux

measured before the sludge filtration. As shown in Fig. 4.5, the TMP followed fairly
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closely the pure water TMP in the beginning and gradually increased until flux
exceeded a particular value then TMP increased much more rapidly. From Fig 4.5, the
strong form critical fluxes for all tests are around 5-6 L/m*h. There was no substantial
difference of strong form critical fluxes obtained using various step heights and step
lengths. However, the strong form critical fluxes are normally not recommended for

membrane operations due to very low permeate yields.

4.3.3 Weak form critical flux
4.3.3.1 Determination of critical flux through limiting flux

The limiting flux is classically defined as the maximum steady state flux
obtained when increasing the TMP (Bacchin et al. 2006). The limiting flux is reached
when the membrane surface operates above the critical flux and corresponds to a flux
for which the fouling saturates the filtration capacity of the membrane (i.e. when a
further increase in flux at any point on the membrane surface leads to another layer
deposit fully compensating the increased pressure drop) (Defrance and Jaffrin 1999).
The limiting flux and weak form critical flux can be theoretically related by

considering a simple model for critical deposit of colloidal system.

The difference between the values of critical flux and limiting flux can thus be
physically related to the existence of a critical flux distribution of different properties
along the membrane surface as explained by Bacchin (2004). By taking into account
the distribution of mass transfer coefficient along the membrane induced by the

boundary layer development, Bacchin (2004) estimated critical flux has a value of
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two-thirds the limiting flux. This means a filtration should never be exceeded by two-

third of the limiting flux to avoid any deposit on the membrane.

30 7
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Fig. 4.6 Critical flux evaluated based on two-third limiting flux at different step lengths and

step heights

Fig. 4.6 indicates a limiting flux around 24 L/m?h for all filtrations. A critical flux
of approximately 16 L/m*h based on two-third limiting flux is drawn for all filtrations.
Clearly, the critical flux determined based on its relationship with the limiting flux is
constant and independent from a variation of step heights and step lengths. In addition, the
same limiting flux obtained using fixed TMP and fixed flux operating modes were
reported, although they corresponded to different cake formation processes (Defrance and
Jaffrin 1999). Psoch and Schiewer (2005) estimated their critical flux for sludge filtration
(approximately 13 L/m?h) based on two-third of their limiting flux and the new flux below

the critical point (11.5 L/m*h) was chosen as an optimal condition. However, no sub-
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critical conditions were observed, since fouling occurred. This implies that the flux

exceeded the critical flux (defined as the flux below which no fouling occurs).

4.3.3.2 Determination of critical flux through flux linearity

Determining a weak form critical flux by inspecting the point for which there
IS a departure from linearity is shown in Fig. 4.7. As seen in Fig. 4.7, there are two
zones of the filtrations that are of note: the dependant and independent pressure zones.
However, there is no sharp transition between these regimes. From Fig. 4.7, the
linearity between the flux and the TMP remain until the flux reaches 12 L/m?h of the
filtration at 30 min step length and 4 L/m?h step height. Above the flux 12 L/m?h, the
TMP increases markedly. Accordingly, the critical flux based on flux linearity in Fig.
4.7 can be estimated at the last observed linear flux and the flux beyond (12 + 16)/2 =

14 L/m?h.

Fig. 4.8 presents the critical flux values based on flux linearity at different
runs with different filtration variables (more details of experimental data are shown in
appendix B). From Fig. 4.8, the step heights (2, 4 and 8 L/m*h) have more influence
on the variation of the critical flux than the step lengths (15 and 30 minutes) and an
inverse relationship between step height and critical flux is clearly observed. Only at
the step height 2 L/m?h, the different step lengths give a significant difference on the

critical flux values.
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Fig. 4.8 Comparison of critical flux evaluated based on flux linearity at different step

heights and step lengths
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In fact, the accuracy for the evaluation of critical flux based on flux linearity
is directly related to the step increment chosen for the experiment due to the critical
flux averaging between the final linear flux and the non-linear flux beyond. Thus,
the larger the flux step applied, the more error the critical flux averaging can be
occurred. Defrance and Jaffrin (1999) suggested an optimal operation lying at the
upper boundary of the sub-critical region, at a permeate flux just below the critical
flux. Therefore, the critical flux averaged from different flux step values can affect
the selection of sub-critical flux condition. In this case, a small step height is

suggested to perform for critical flux assessment due to lower error of flux averaging.

4.3.3.3 Determination of critical flux through 90% permeability

According to the permeability definition in Equation 4.1, weak form critical
flux can be defined at the maximum flux for which K remains linear. Le Clech et al.
(2003b) assumed it to be the flux at which permeability decreases to below 90% of
the permeability recorded for the first filtration step. Therefore, the critical flux can
be taken as the mean of the maximum flux at which K is higher than 0.9K, and the
subsequent flux-step value, since these two values, respectively, represent the lower

and upper boundaries of the critical flux region (Guglielmi et al. 2007).
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Fig. 4.9 Permeability at step heights 4 L/m?h and 30 min step length
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Fig. 4.10 Comparison of critical fluxes evaluated based on 90% permeability at

different step heights and step lengths
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Fig. 4.9 showed the trend of permeability and imposed fluxes. The critical
flux determined based on such method using different variables is illustrated in Fig.
4.10 (more details of experimental data are shown in appendix B). Critical flux
based on 90% permeability and flux linearity gives similar critical flux values with
slight differences for a step height of 2 L/m*h and 15-minute step length. Clearly,
only the step heights of flux increment have significant impact on the critical flux
values while there is no effect of the step length can be found in Fig. 4.10. Also,
Fig. 4.10 reveals a negative relationship between the increasing step heights and

critical flux decrease.

4.3.3.4 Determination of critical flux through fouling reversibility

Membrane fouling reversibility can be accomplished using both flux-stepping
and flux-cycling methods. To assess the reversibility of fouling using flux-stepping,
steps of filtration have been carried out upwards and then downwards to the initial
flux (see Fig. 4.11). Hysteresis of TMP was observed when the flux was reduced, as
it had been when the flux was being increased. This hysteresis technique was useful
to identify critical flux based on reversible fouling in situ the submerged MBR
processes (Howell et al. 2004). The reversibility of fouling can also be evaluated
using the flux cycling method (Espinasse et al. 2002; Bacchin et al. 2006) (see Fig.
4.12). Differences in TMP measured at the same flux represent the points of when
irreversible fouling occurs in the system. Compared with Fig 4.11, the flux cycling
technique (in Fig 4.12) gives slightly greater TMP recovery than the hysteresis of flux
stepping.  However, flux cycling technique can reduce the disadvantage of

accumulative TMP in the low flux stage because it allows immediate flux recovery.
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The decline in flux (in Fig. 4.12) decreased the convection towards the membrane,

which makes it possible for solute to back-diffuse away from the membrane surface.

In this study, experiments operated using the hysteresis of flux stepping and
flux cycling methods were also carried out at various step heights (2, 4 and 8 L/m?h)
and step lengths (15 and 30 min). Results are presented in Fig. 4.13 and Fig. 4.14 in
terms of imposed flux versus TMP. Details of these experiments are shown in
appendix B. A critical flux determination is taken between two experimental points:
here a and b (the reversible and irreversible filtration points, respectively), and an
average flux is taken of these two fluxes (J, and Jp). If irreversible flux occurred in
the system, it means a balance between convective transport and back transport at

such a flux condition cannot be maintained, thus exceeding a critical flux condition.
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Fig. 4.11 Stepping filtration at step height 4 L/m*h and 15 min step length
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step length, where a = the last reversible flux and b = the first irreversible flux



89

18

15

S+
1.2 b /

0.9 X P
\. /% -

0.6 % =g

0.3 /%/’

0.0 + ; ; ; ; ; ; ; ; ;

0 5 10 15 20 25 30

Fux (L/m2.h)

TMP (kPa)
Q
\
\
\
\

—+— Flux Cycling step size 4 L/m2.h - step duration 15 mins O Clean w ater flux

Fig. 4.14 Flux reversibility of cyclic filtration at step height 4 L/m?h and 15 min step
length, where a = the last reversible flux and b = the first irreversible flux.

18

-
[¢]
|

I
N
|

Critical flux (L/m2.h)
o

6 4 E—
3 4 E—
O 4
Flux cycling Hysteresis Flux cycling Hysteresis
Step duration 15 mins Step duration 30 mins

Fltration method and step duration
B Step size 2 L/m2.h O Step size 4 L/m2.h O Step size 8 LIm2.h

Fig. 4.15 Comparison of critical fluxes evaluated based on fouling reversibility of

stepping filtration and cycling filtration



90

In fact, not all membrane experiments display reversibility in the fouling
hysteresis using this flux stepping technique. Many studies have reported that there
were significant differences between the first and next cycles of filtration and the
hysteresis affects the way in which subsequent fouling can occur (Ognier et al. 2001;
Howell et al. 2004). With similar step height and step length, changing filtration
methods (flux stepping/flux cycling) has a significant impact on the reversible flux as
illustrated in Fig. 4.13 and Fig. 4.14 as examples

Fig. 4.15 summarized all critical fluxes obtained based on flux reversibility
using different filtration variables. It can be seen that the critical fluxes achieved
from the flux cycling technique were considerably greater than critical fluxes obtained
from the hysteresis of flux stepping technique. With the same filtration method, there
is almost no significant effect of step lengths (15 and 30 min) on the critical fluxes
obtained for all tests performed using different step heights. For all tests using the
flux cycling method, the inverse relationship between the step heights and critical flux
values is obviously found. This is because the additional fouling from the previous
filtration of the small step height can be easily recovered when the next instantly
reduced flux cycling is performed and results in the greater reversible flux and higher

critical flux compared to the bigger step height.

On the other hand, a relative increase in critical flux because of the step height
increase was discovered in the hysteresis of the stepping filtration. This is probably
because the smaller flux increment in the repeated filtration retains more filtration
time and more number of steps than the bigger step height. Consequently, it produces
more liquid filtered and more fouling which is more difficult to fully re-disperse those

fouling even when the flux was descending. This indicates the formation of residual



91

fouling resulting in the low or sometimes no reversible flux from this hysteresis of

stepping filtration technique, which leads to a requirement of the membrane cleaning.

4.3.4 Sustainable flux

The original definition of the critical flux stated that operation was sub-critical
if little or no fouling occurs (Bacchin et al. 2006). If the imposed flux is operated in
SMBR system, the rate of membrane fouling can be described as an increase of TMP
over the operating period. This means the rate of fouling is strongly dependent on the
flux. It is simply not feasible to operate SMBR at a zero fouling condition. A new
term called sustainable flux was introduced based on significant differences between
low and high fouling rate zones (Bacchin et al. 2006). Thus, operation at sustainable
flux is capable of controlling membrane fouling with more relaxing of the criteria
compared to the critical flux because it considers a low, rather than zero, rate of
fouling operation. Fig. 4.16 shows an example of flux and fouling rate (dTMP/dt)
profile at step height 2 L/m*h and 30 min step length. In Fig. 4.16, an exponential
relationship between flux and fouling rate was observed in the SMBR process, which
agreed with the study of Guglielmi et al. (2007). Here, the sustainable flux was
indicated at the transient range of the fouling rate. All sustainable fluxes obtained
from all filtrations were shown in Fig. 4.17 (more experimental data are shown in
appendix B). The data suggest that an increase in step height decreases sustainable

flux and no influence of step length on sustainable flux can be realized
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4.3.5 Comparison of critical flux based on different determination

methods and sustainable flux

The sustainable fluxes and critical fluxes evaluated by different methods
mentioned in section 4.3.3 and 4.3.4 were compared and plotted in Fig 4.18.
Obviously, the critical fluxes and sustainable fluxes were affected by the filtration
variables, namely step height and step length. The decline of critical flux as the step
height increases has been noticed in most critical flux determination methods namely;
flux linearity, 90% permeability, and reversibility of flux cycling, which is similar to
the observation based on flux linearity in Wu et al. (2008). Of course, it would be
better to use small step heights to determine critical flux value in order to prevent
large errors from flux averaging. Unlike other methods, hysteresis of flux stepping
filtration shows a positive relationship between the step height and critical flux
values. On the other hand, the step length has no obvious effect on the critical flux
assessed from all determination methods, which is similar to the discovery of Le
Clech et al. (2003) but conflicted with the observation of Wu et al. (2008) which
reported that the increase of step length would lower the critical flux. Noticeably,
only the critical fluxes based on the two-third limiting flux method are constant and
independent from the influence of step height and step length. A similar pattern
between the sustainable flux and most critical flux affected by step height and step

length was also observed.
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Fig. 4.18 Comparison of sustainable flux and critical fluxes obtained from different

determination methods and different filtration variables

In fact, fouling was reported to develop in the transient behavior (Hong et al.
1997). Therefore, it is reasonable that various determination methods of critical flux
can give slightly variations of the critical flux values. From Fig. 4.18, the highest and
lowest critical flux values are obtained from the two-third limiting flux and the
hysteresis of stepping filtration, respectively. It is suggested that the two-third
limiting flux and the flux hysteresis are likely to indicate upper and lower border of
the critical zone, respectively. Operating beyond this point is likely deleterious to

SMBR operation. Short term experiment is only sufficient to indicate critical flux but
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not relevant to the stability of this critical flux over longer periods of time (Bacchin et
al. 2006). Therefore, the recommended flux for membrane operation is dependent
upon the application period which some fouling rate can be tolerated when operating

in the short term, but unacceptable for long term filtration.

4.3.6 Influencing parameters for critical flux enhancement

According to literature, critical flux can be affected by certain controllable
parameters, including aeration rate and sludge concentration. Fig. 4.19 presents
experimental results showing the variations of critical fluxes at different aeration
intensities and different MLSS concentration. In Fig. 4.19, a 2 L/m?h step height and
15 minute step length with the 90% permeability was used for the critical flux
determination, due to its simplicity. In Fig. 4.19, MLSS concentration strongly
affects the critical flux. An increase in MLSS concentration will increase the
convective flow of solids towards the membrane surface resulting in the lessening of
critical flux. On the other hand, greater aeration intensity can generate higher cross-
flow velocity with more turbulence, which induces a greater shear against the
membrane surface. Therefore, an increase in the sparged gas flow rate will increase
the back transport of solids from the membrane surface, thus increasing the critical
flux. For SMBR operating under high sludge concentration, large aeration intensity
would be required in order to maintain a certain value of critical flux. In practical
applications, even the improved aeration intensity can enhance the critical flux;
however, it will increase the energy cost of the system. Therefore, further studies
concerning the optimal aeration intensity and optimal sludge concentration are

recommended.
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Fig. 4.19 Critical flux at different aeration and MLSS concentration

In other studies, it was also reported that an increase in aeration restrained
fouling and increased critical flux (Madaeni 1997; Bouhabila et al. 1998; Le Clech et
al. 2003; Wu et al. 2008); however the reports on the effects of sludge concentration
on critical flux among research are different because of the complexity and variability
of the biomass components. The increase in MLSS concentration alone was reported
to have a mostly negative effect on the flux obtained in a side-stream MBR (Fane and
Fell 1981), while some other studies have discovered no effect of MLSS on fouling
up to a threshold concentration (Yamamoto et al. 1999; Le Clech et al. 2003). Silva
and his co-workers (Silva et al. 2000) also observed that in membrane tanks with high
shear rates, particle transport is dominated by hydrodynamic-induced shear, which is
proportional to the square of the particle size. Consequently, the larger particles
deposited on the membrane surfaces would become much easier to be sheared away

from the membrane surface than would small particles.
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Over a similar type of membrane and similar range of hydraulic condition,
critical flux values differed significantly, i.e., 62 L/m*h for an MLSS 4 g/L reported
by Madaeni et al. (1999) compared with a value of 22 L/m*h at MLSS 2.5 g/L
reported by Cho and Fan (1999). Such disparities could imply that it is very essential
to perform tests under the same sludge conditions for classifying the impacts of
hydraulic parameters on critical flux. In this study, the same sludge characteristics
were maintained to the determination of critical flux values, and the results were
expected to provide a sensible understanding of the influence of MLSS concentration

and aeration.

4.4 CONCLUSIONS

This study has examined the effect of assessment parameters on critical flux
including step heights, step lengths and various determination methods in a
submerged flat sheet membrane bioreactor. The results indicated that the decline of
critical flux as the step height increased has been noticed in most critical flux
determination methods, including: flux linearity, 90% permeability, and flux cycling,
while there is an independent and positive relationship between critical flux and step
height presenting in the two-third limiting flux and hysteresis of stepping filtration,
respectively. In order to prevent a large error from flux averaging, smaller step
heights are recommended for critical flux determinations. On the other hand, the step
length has almost no effect on critical flux, regardless of the determination methods
employed. A similar pattern between sustainable fluxes and most of the critical flux
affected by step height and step length were observed. The effects of aeration and

MLSS on the critical flux enhancement were also investigated. Experiments on
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different aeration intensities have shown that an increase of air sparging leads to
increased critical flux, while high biomass concentration influenced the greater

fouling phenomena, resulting in lower critical flux.
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CHAPTER 5

MEMBRANE FOULING BEHAVIOR UNDER

DIFFERENT SLUDGE COMPOSITIONS

AND DIFFERENT FLUX STAGES

5.1 INTRODUCTION

Among biological wastewater treatment, the activated sludge process is used
worldwide to remove nutrient organic matter in municipal and industrial wastewater
treatment and reclamation processes. One disadvantage of the activated sludge
process is the difficulty of separating suspended matter from the effluent by settling
(Benefield and Randall 1980) which limits the biomass concentration to about 5 g/L
(Bailey et al. 1994) and requires large-size tanks (Defrance et al. 2000). Over the last
decades, a modification of the conventional activated sludge process using submerged
membranes technology called submerged membrane bioreactor (SMBR) has been
used to separate of the effluent, replacing sedimentation, which reduces the plant size
due to the absence of settling tanks. It has been shown that all microorganisms from
wastewater were retained and treated effectively by this SMBR system. Although
their several advantages are well recognized, the SMBR process also has as its
principal limitation on membrane fouling, which causes permeate flux decline and

necessitates frequent cleaning and/or replacement of membranes.

In the SMBR process, direct contact between membrane and mix liquor sludge

is inevitable and causes membrane fouling attributed to deposition and interaction
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between sludge and membrane surfaces. Previous studies reported that the higher
microbial sludge concentration caused more fouling in SMBR (Magara and Itoh 1991;
Manem and Sanderson 1996), while others suggested that less fouling at the higher
sludge occurred under their certain conditions (Defrance and Jaffrin 1999; Lee et al.
2001). It was implied that membrane fouling is related to not only sludge quantity but

also sludge characteristics.

Activated sludge can be classified into two fractions: microbial flocs and the
liquid phase, containing colloids, soluble matters and extra-cellular polymeric
substances (EPS). Recent studies have quantified the fouling caused by these sludge
fractions. For example, Bouhabila et al. (2001) and Rosenberger (2002) found that
the composition of the liquid phase affected predominantly on the filterability of the
activated sludge in microfiltration. Wisniewski and Grasmick (1998) concluded that
the liquid fraction accounted for 76 % of the fouling resistance with the colloidal
fraction for 24% and the dissolve one for 52%. Similarly, Bouhabila et al. (2001)
reported that the supernatant consisting of solutes and colloids contributed 76% to the
membrane fouling resistance. In contrast, Defrance et al. (2000) and Lee et al. (2001)
reported that the relative contribution of supernatant to overall membrane fouling was

up to 37% , which were much lower than that of the microbial flocs (63%).

In spite of the differences of these results, the extra-cellular polymeric
substance (EPS) of activated sludge is a well known factor affecting membrane
fouling (Chang and Lee 1998; Nagaoka et al. 1998; Rosenberger and Kraume 2003;
Hernandez Rojas et al. 2005). EPS comes from the natural secretions of bacteria, cell
lysis and hydrolysis products, and is mainly composed of proteins and carbohydrates.

Lee et al. (2003) found that the protein to carbohydrate ratio in EPS appeared more
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important than the total quantity of EPS with respect to sludge fouling, while there
was no relationship between EPS composition and properties on the supernatant
fouling. On the other hand, Hernandez Rojas et al. (2005) reported that bound EPS
(or EPS in the microbial flocs) have no effect on the fouling resistance variations and
only soluble EPS in liquid fraction is responsible for membrane fouling.

As indicated above, the information of sludge and supernatant fouling is
uncertain and, as such, should be further investigated. In addition, no research to date
indicates role of different sludge components at different filtration rates (sub-critical
flux and supra-critical flux) on membrane fouling behavior. Accordingly, these
parameters should also be tested for better understanding of how fouling mechanisms
varied with different concentrations of each sludge fraction and stage of operation.
Therefore, the aims of this chapter are to demonstrate the effects of sludge
composition (microbial flocs and supernatant) at different filtration stages (sub-
critical fluxes and supra-critical fluxes) on membrane fouling. A variation of these
operational parameters was performed using factorial design with high and low level
yielding a base of eight experimental runs. The membrane fouling mechanisms
including pore blocking and cake fouling were determined. Membrane fouling

morphologies were also observed using a scanning electron microscope.

5.2 EXPERIMENTAL MATERIALS AND METHOD

5.2.1 Experimental facility

A pilot scale SMBR used in this study was the same SMBR system described
previously in chapter 4. The characteristics of wastewater used in the experiment

were shown in table 5.1.
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Table 5.1 Characteristics of wastewater used in the experiment (day 90 to day 150)

Parameter Inlet Anaerobic Anoxic SMBR Permeate
pH 734011 6.98t0.06 6.89t0.06 7.03t0.11  7.09%0.12
Temp (oC) 25205 253%04 25.2+0.4 25.2%0.4 25.1%0.3
DO (mg/L) 2241017 240*0.16 2.80+0.18 3.02+0.21 2.96%0.18
Conduct. (US) 131034  1099£30 109931  1139%22 1036+ 28
ORP (mV) 543+73 265.0+9.7 252.2+26.1 244.0+149 1852%93
MLSS (mg/L) 226+39  6996t169 7971£185 8189f157 N/A
NH4-N 355134 6.6%22 42%07 0.3£0.5 0.0£0.0
(mg/L)

NO3-N 0.0£0.0  0.0%00 437132  250%f30  21.8%28
(mg/L)

PO4-P (mg/lL) 121%f11 167114 12.810.7 10011  87%038
COD (mg/L) 340+ 39 N/A N/A N/A 155

Note: * term is represent standard deviation

5.2.2 Experimental design

The influence of microbial flocs, supernatant EPS and filtration modes on

membrane fouling mechanisms was investigated at high and low level, yielding a 2°

factorial design as shown in table 5.2. High and low values for MLSS, supernatant

EPS and filtration mode (sub-critical flux and supra-critical flux) were adopted as the

base of eight experimental runs. The systems were operated for 100 and 200 minutes

for supra-critical and sub-critical flux operation, respectively. In this case, the critical

flux was indicated at 17 L/mh. Sub-critical flux and supra-critical flux were operated

at 80% and 120% of critical flux, respectively. The critical flux evaluation using

short-term flux stepping technique was performed primarily in order to know the
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stage of filtration (see more details in appendix C.1). The trans-membrane pressure

(TMP) and permeate of the experiments were logged every minute on the PLC device.

After finishing each test, the membrane surface was cleaned with soft sponge, which

was adopted to ensure removal of sludge particles from the membrane surface and a

chemical cleaning of 0.5% sodium hypochlorite was proceeded in place to remove

irreversible fouling from membrane pore blocking. Then the next test was continued.

Table 5.2 Assignment of operational parameters in the 2° factorial designs

Run

MLSS (mg/L)

Supernatant EPS

Filtration mode

Operation time (min)

(mg/L)
1 High (106.4) Sub-critical flux 200
2 High (106.4) Supra-critical flux 100
4,000
3 Low (30.36) Sub-critical flux 200
4 Low (30.36) Supra-critical flux 100
5 High (172.56) Sub-critical flux 200
6 High (172.56) Supra-critical flux 100
8,000
7 Low (71.44) Sub-critical flux 200
8 Low (71.44) Supra-critical flux 100

Note: the critical flux (Jerit ) = 17 L/m*h, Sub-critical flux (80% Jerit) = 13.6 L/m°h, supra-

critical flux (120% Jcrit) = 20.4 L/m?h (see more detail in appendix C.1)

5.2.3 Laboratory analysis

5.2.3.1 Measurement of mixed liquor suspended solid (MLSS)

Determination of MLSS concentrations followed the standard methods for the

examination of water and wastewater (APHA 2005).
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5.2.3.2 Measurement of colloids
Total organic carbon (TOC) was analyzed by a TOC analyzer (TOC-VCSH,

Shimadzu, Japan). The difference between the filtrate passing through a 1.5 xm

filtration paper and permeate directly collected from the pilot SMBR module is
referred to as colloidal TOC in order to represent the concentration of colloidal

particles (Fan et al. 2006).

5.2.3.3 Extraction of EPS

Soluble EPS was measured from supernatant after centrifugation of the
samples at 2000g for 30 min and was calculated by summing the contents of
carbohydrate and protein substances (Fan et al. 2006). Modified Hartree-Lowry and
Anthrone assays were applied for assessment of protein and carbohydrate respectively
(Dische 1962; Hartree 1972). For bound EPS, the settled pellets were suspended in a
buffer (2mM NazP0O,4.12H,0, 4mM NaH,PO,4. 2H,0, 9m MNaCl, 2mM KCI) and
extraction of bound EPS was then performed by mixing this sample with a cation
exchange resin (DOWEX 50X) at 4 °C for 45 min at 500 rpm (Frolund et al. 1996;
Masse et al. 2006). Then the sample (resin+sludge) was settled for 5 minutes and the
recovered liquid phase was centrifuged at 20,0009 for 15 minutes to separate the EPS

from the biomass. Afterwards, carbohydrate and protein analyses were made.

5.2.3.4 Carbohydrate assay

Carbohydrate concentration was measured with the colorimetric method
(Dische 1962). 1 ml of sample was mixed with 2 ml of Anthrone reagent (0.2%
anthrone in concentrate sulfuric acid) and heated in a boiling water bath for 20

minutes. The mixture was then left until cool at room temperature. The contents of
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each tube were transferred to cuvettes and analyzed using the spectrophotometer
against the blank at a wavelength of 625 nm. The carbohydrate concentration was

determined from a calibration curve shown in appendix C.2.

5.2.3.5 Protein assay

Protein concentration was measured using the modified Hartree-Lowry
method (Hartree 1972). Three solutions, solution A, solution B, and solution C were
prepared prior to the analysis. Solution A consists of 2 g sodium potassium tartrate x
4 H,0, 100 g sodium carbonate, 500 ml 1N NaOH, adjusted volume to one liter (that
is, 7mM Na-K tartrate, 0.81M sodium carbonate, 0.5N NaOH final concentration).
Solution B consists of 2 g sodium potassium tartrate x 4 H,0, 1 g copper sulfate
(CuSO4 x 5H,0), 90 ml H20, 10 ml IN NaOH (final concentrations 70 mM Na-K
tartrate, 40 mM copper sulfate). Solution C consists of 1 volume of Folin-Ciocalteau
reagent diluted with 2 volumes of water; prepared immediately daily, just before use.
When analyzing the samples, a volume of 1.0 ml of sample and 0.9 ml of solution A
was mixed and incubate the tubes 10 min in a 50 °C bath, then cooled to ambient
temperature. Solution B (0.1 ml) was added and after mixing, the tubes were allowed
to stand for 10 minutes at room temperature. Solution C was then added in 3 ml
portion rapidly mixed and incubated for 10 minutes in the 50 °C bath. The tube was
cool to room temperature before reading absorbance at 650 nm. The protein
concentration was determined from a calibration curve based on bovine serum

albumin (BSA) as a standard solution (see more detail in appendix C.2).
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5.2.4 Membrane fouling analysis

The degree of membrane fouling was quantitatively calculated, using the

resistance in series model (Mulder 1996; Chang and Lee 1998):
AP

Rt _ Y7, J - Rm + Rc + Rp 5.1

All parameters in equation 5.1 were addressed in appendix E.

The filtration resistance (R) was measured step by step as follows in Fig. 5.1.
The intrinsic membrane resistance (Rn), the cake resistance caused by cake layer
formed on the membrane surface (R;) and the fouling resistance caused by pore
plugging and irreversible adsorption of foulants onto the membrane pore wall (Rp) can

be calculated using the following Equations (Bae and Tak 2005):

R = AR, 5.2
md,
AI:)w final

Rp = - Rm 5.3
:u‘]w, final
AP

R, = —* . R, -R, 5.4
/u‘]sludge

All parameters in equation 5.2-5.4 were addressed in appendix E.

The activated sludge consists of supernatant and suspended solids. The
filtration resistance of the activated sludge could be considered to be equal to the
summed resistance product of the suspended solids and the supernatants. In this
study, severe membrane fouling due to cake deposition on the membrane surface was

assumed to be caused by the suspended solids, which were readily removable and
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often classified as reversible fouling (Chang and Lee 1998). On the other hand,
colloids and dissolved material from the supernatant was assumed to cause pore
blocking that could only be removed by chemical cleaning and so called irreversible

fouling.

Clean water flux test

l R = Intrinsic membrane resistance

Activated sludge fouling test

R: = Total resistance (R; + R, + Rm)

Removal of the cake layer on membrane and
repetition of clean water filtration

Rinternal = Rp + Rm and Rt— Rinternal = Rc

Chemical cleaning to remove foulants from membrane pore

Fig. 5.1 Steps to measure each filtration resistance

5.2.5 Observation of membrane fouling morphology

The cake surface and cross-sectional structure were observed using a scanning
electron microscope (SEM) (JEOL JSM-5600LV, Tokyo, Japan). After each
experimental run, a membrane samplewas cut from the membrane cartridge for
analysis. The samples were fixed with 3.0% glutaraldehyde in 0.1M phosphate buffer
at pH 7.2. The samples were dehydrated with ethanol, gold-coated by a sputtering

and observed in the SEM (Meng et al. 2005).
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5.3 RESULTS AND DISCUSSION

5.3.1 Fouling contribution

The analysis of membrane fouling resistances is presented in table 5.3 (see
more experimental detail in appendix C.3). It was observed that filtration resistance
was much higher in the supra-critical flux region of operation compared with the sub-
critical flux operating range due to the accumulation of a cake layer. Beyond critical
flux operation, high suction force resulted in more particle accumulation which will
affect on increasing of cake thickness and compactness (Meng et al. 2005).
Accordingly, cake formation accounted for a large portion of total resistance (50-
65%) for all sludge compositions while the fouling resistance caused by adsorption or

pore plugging under supra-critical flux was marginal (5-7%).

Table 5.3 Fouling contribution at different sludge compositions and filtration modes

MLSs Total soluble Filtration  Reae Rpore Rm Riotal
% Rcake % Rpore % Rm

(mg/L) EPS(mg/L) mode  (1/m) (1/m) (1/m) (1/m)

8,058 High (172.56) J<J. - - 3.17E+10 18.59 1.43E+11 81.41 1.76E+11

8,058 High (172.56) J>J. 3.17E+11 65.25 2.68E+10 552 1.42E+11 29.23 4.86E+11

8,016 Low (71.44) J<J; - - 2.31E+10 14.84 1.38E+11 85.16 1.62E+11

8,016 Low (71.44) J>J. 243E+11 59.93 225E+10 555 1.40E+11 3453 4.06E+11

4,118 High (106.4) J<J. - - 2.67E+10 16.94 1.35E+11 83.06 1.63E+11

4,118 High (106.4) J>J. 2.05E+11 5541 250E+10 6.76 1.40E+11 37.84 3.70E+11

4,076  Low (30.36) J<J; - - 1.79E+10 12.01 1.36E+11 87.99 1.55E+11

4,076 Low(30.36) J>J. 157E+11 50.65 1.60E+10 5.16 1.37E+11 4419 3.10E+11

Hint: J < J. = sub-critical flux (80% J.), J > J. = supra-critical flux (120% Jeyit)
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Under sub-critical flux operation (see table 5.3), the total hydraulic resistance
for all sludge fractions was about 1.5 - 1.8E+11 m™ much lower than that of supra-
critical flux filtration (3.1 - 4.9 E+11 m™). These results indicated that the reduction
of total resistance of the sub-critical flux system mainly came from the absent in the
cake resistance. Consequently, operating at sub-critical flux is a key factor to
minimize membrane fouling. In comparison, pore fouling resistance has more
responsible (12-18%) in the sub-critical flux filtration than in the supra-critical flux

operation (5-7%).

5.3.2 Effect of colloids on membrane fouling mechanisms

Among other characteristics of sludge samples, colloid matter in activated
sludge was reported that it almost exclusively correlated as a key factor of membrane

fouling (Fan et al. 2006).
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Fig. 5.2 EPS and colloidal concentration



110

3.5E+10 + - 3.5E+11
_ 3.0E+10 1 + 3.0E+11
£ E
o 2.5E+10 + + 25E+11 &
(=2) (=]
£ 2.0E+10 + + 2.0BE+11 £
> >
S 1.5E+10 + + 15E+11 2
> 2
g_ 1.0E+10 + + 1.0E+11 g
Y @
T 50E+09 + 1 5.0E+10

0.0E+00 \ \ \ 0.0E+00

10 30 40 50
Colliod TOC (mg/L)

——— Rpore under sub-Jcrit — - 4 - — Rpore under supra-Jcrit

- - -A- - - Rcake under supra-Jcrit

Fig. 5.3 Colloidal concentration and different fouling resistance

In wastewater treatment, colloidal particles have been defined as a portion of

particles ranging from 0.01 to 1.0 g m (Tchobanoglous et al. 2003), which are

comparable to the nominal pore sizes of membrane filters. The colloidal particles
consist of both fine inorganic precipitates and many organic constituents such as EPS

and other cell debris (Defrance et al. 2000).

From Fig. 5.2, a good consistency could be seen between the colloid
concentration and the soluble EPS, while little correlation existed between the colloid
quantity and the bound EPS. This is agreed with Fan study (Fan et al. 2006) which
reported that the characteristics of colloidal particles might be mainly determined by
the microbial by-products such as soluble EPS in MBR wastewater treatment systems.
Positive variations in the concentration of the colloids were further concurrent with
the increase of the pore fouling resistance than the cake fouling resistance (Fig. 5.3).

In Fig. 5.3, there is no predictable trend between a variation of colloidal concentration
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and cake fouling resistance. A fluctuation between colloid TOC and cake fouling
resistance during 30 mg/l TOC (low MLSS with high soluble EPS) and 40 mg/l TOC
(high MLSS with low soluble EPS) showed that colloid concentration is not depend

on only MLSS but also EPS concentration.

5.3.3 Effect of EPS contents on membrane fouling mechanisms

5.3.3.1 EPS contents and membrane pore fouling

Extractable EPS was suggested to be used as a probable index for membrane
fouling (Chang and Lee 1998). Laspidou and Rittman (2002) and Hsieh et al. (1994)
reported that EPS in activated sludge could be divided into two categories: bound EPS
on floc biomass (sheaths, capsular polymers, condensed gel, loosely bound polymers,
and attached organic material) and soluble EPS (soluble macromolecules, colloids and
slimes). It has been widely known that the EPS components are included
carbohydrate, protein, humic substance, uronic acids and DNA. Among these EPS
components, carbohydrate and protein are acceptable as the main constituents of the
total measurable EPS (Ji and Zhou 2006). Therefore, only carbohydrate and protein

of the soluble and bound EPS were subsequently measured throughout the study.

Further analysis was made to reveal whether there is any relationship between
the membrane pore fouling resistance and the different groups of soluble and bound
EPS. As shown in Fig. 5.4 and Fig. 5.5, the higher the soluble and bound EPS
concentration were, the higher the pore fouling resistance. In this study, soluble
carbohydrate would have greater impacts on membrane pore fouling than would
soluble protein. Likewise, bound EPS carbohydrate exhibited a higher influence on

the membrane pore fouling than bound EPS protein even the quantity of bound EPS
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protein is much higher. Li et al. (2007) reported a positive correlation between bound

EPS and membrane fouling rate i.e. the membrane-fouling rate decreased as the

bound EPS decreased.
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Fig. 5.4 Soluble EPS contents and membrane pore fouling

In some studies, membrane fouling was found to be more heavily affected by

the EPS of the activated sludge than the dissolved organic matter (Pierre et al. 2006)

and soluble organics alone could not predict membrane fouling in MBR (Lee et al.

2001). On the other hand, some research (Geng and Hall, 2007) found no correlation

between bound EPS content and membrane fouling, but soluble EPS matter.

Noticeably, results from Fig. 5.4 and Fig. 5.5 showed that the effects of all

bound and soluble EPS contents on the membrane pore fouling were slightly more

distinguished under sub-critical flux operation than the supra-critical flux mode. This

can be implied that the cake form on the membrane surface during the supra-critical

flux filtration may be able to act as a pre-filter preventing the passage of colloidal
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particles through the membrane pore, while this phenomenon was not occurred under
sub-critical flux causing more membrane pore fouling. An acting as a secondary
membrane of cake layer (preventing further pore blocking in SMBR) was also stated

in research of Metzger and co-worker (Metzger et al. 2007).
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Fig. 5.5 Bound EPS contents and membrane pore fouling

The membrane pore fouling was also increased with the increase of soluble
protein to carbohydrate ratios (Fig. 5.6). Metzger et al. (2007) observed that protein
seems to have higher potential for deposition/adsorption directly on the membrane
surface and appear to be more strongly attached to the membrane than carbohydrates
during filtration. It is expected that proteins attach more tightly to membranes due to
their heterogeneous properties (Chu and Li 2005) and can only be partly removed by
backwashing or through chemical cleaning. In contrast, the increase of bound EPS
protein to carbohydrate ratios decreased in the pore fouling resistance (see Fig. 5.5).

Masse et al. (2006) found that the decrease of bound protein to polysaccharide ratio
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resulted in the decrease of floc size. Thus, it can be assumed that the increase of

bound EPS protein to carbohydrate ratios may affect to the bigger forming of floc

sizes causing less chance of membrane pore fouling.
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Fig. 5.6 Ratio of EPS protein to carbohydrate and membrane pore fouling

5.3.3.2 EPS contents and membrane cake fouling

It is well accepted that EPS provide a highly hydrated gel matrix in which

microorganisms are embedded. The functions of the EPS matrix are multiple

including the formation of a protective region around the bacteria, retention of water,

adhesion to surfaces, as well as aggregation of bacterial cells in flocs and biofilms

(Laspidou and Rittmann 2002). Therefore, a number of research reported that EPS

may be responsible for forming a significant barrier to the permeate flow in SMBRs

(Nagaoka et al. 1996; Chang et al. 2001; Orantes et al. 2006; Lim et al. 2007).
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Fig. 5.7 Contents of soluble and bound EPS and cake fouling resistance

From Fig. 5.7, it can be seen that soluble and bound EPS in both protein and
carbohydrate forms had a direct significant effect on cake fouling resistance.
Nagaoka et al. (1998) proposed model described that the membrane fouling cake
layer was mainly caused by EPS accumulated on membrane surface. Ahmed et al.
(2006) studied the membrane fouling in a sequential anoxic/anaerobic reactor and
observed a diminution of the specific cake resistance as the bound EPS decreased. It
was also reported that the EPS affected membrane performance by filling the void
spaces between the cell particles in the cake layer resulting in a dramatic reduction of
permeate flux (Lee et al. 2007). It might be concluded that the cake layer
permeability on membrane surface was strongly affected by the EPS density. In
addition, the ratios of EPS protein to EPS carbohydrate (Fig. 5.8) have a positive
relationship on membrane cake fouling similar to that of soluble and bound EPS

concentration. Lee et al. (2003) found that the protein to carbohydrate ratio in EPS
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appeared more significant than the quantities of EPS components in controlling

SMBR fouling. Metzger et al. (2007) found that proteins are preferentially attached

to the membrane, whereas carbohydrates are enriched in the intermediate cake layer.
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Fig. 5.8 Ratio of EPS protein to carbohydrate and membrane cake fouling

5.3.4 Effect of sludge concentration on membrane fouling mechanisms

The impact of MLSS on SMBR fouling were examined and shown in Fig.

5.9-Fig. 5.11. From Fig. 5.9, total fouling resistance did not vary with the increase of

MLSS (4-8 g/L) and EPS concentration (30-170 mg/L) under sub-critical flux

operation. This finding may suggested that the impact of shear created by air bubbles

under sub-critical flux mode was adequate to maintain a very low membrane fouling

behaviors reducing the effect of MLSS and EPS. Severe effect of MLSS and EPS

increase in total fouling propensity was clearly showed only under the supra-critical

Zone.
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The importance of biomass concentration on membrane fouling has been
recognized by several research groups. The general consensus among the existing
studies was that membrane fouling increased with increasing MLSS concentration,
depending on the nature of the biological process (e.g. aerobic and anaerobic)
(Brindle and Stephenson 1996). However, some studies reported that fouling was
independent of MLSS concentration until a very high value was reached. For
example, the investigation done by Ross et al. (1990) reported a sharp increase in
fouling trend after a stable performance of up to 40,000 mg/L of MLSS
concentrations. Yamamoto et al. (1999) also found the critical MLSS concentration to
be about 30,000-40,000 mg/L, but it varied with operating conditions. No impact of
MLSS concentration observed in some study may be due to the low MLSS
concentration. For instance, various aerobic SMBR studies reported by Manem and
Sanderson (1996) also showed that little fouling was observed for sludge

concentrations between 5 -12 g/L.

The effect of activated sludge on membrane pore fouling was also investigated
and shown in Fig. 5.10. Results in Fig. 5.10 illustrates that the pore fouling
resistances were higher under sub-critical flux than supra-critical flux operation.
Besides, in Fig. 5.11, the higher pore fouling resistances happened with the higher
MLSS levels were also observed but it was still less than the effect of EPS. The
positive correlation between pore fouling resistance and MLSS found in this study
concurs with the findings of several previous studies (Sato and Ishii 1991; Yamamoto
and Win 1991; Nagaoka et al. 1996; Shimizu et al. 1996; Fang and Shi 2005). On the

other hand, some other studies showed that membrane pore fouling was independent
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of MLSS (Defrance et al. 2000; Hong et al. 2002; Rosenberger and Kraume 2002;
Fang and Shi 2005). The discrepancy is likely due to the difference in the membrane

and sludge characteristics.
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Level of EPS concentration
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Fig. 5.11 MLSS and cake fouling resistance

Fig. 5.11 showed the cake fouling resistance with different MLSS
concentrations. Obviously, cake fouling resistance increased along with the increase
of MLSS concentration. The relationship between the cake resistance (R;) and the
sludge concentration can be expressed by the following Equation (Shimizu et al.
1993; Rushton et al. 2000):

_ aV C,
i A

All parameters in equation 5.5 were addressed in appendix E.

Thus, the higher the MLSS was (or the higher Cy), the greater the cake fouling

resistance can be expected. Likewise, the increase in EPS also had a negative effect
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on membrane filterability because the EPS components could induce a very dense
cake structure which has a very low permeability, resulting in reduced filtration

efficiency.

5.3.5 Fouling Morphology

Scanning electron microscope (SEM) images of the membrane surfaces under
sub-critical flux were showed in Fig. 5.12 — Fig. 5.15 and it could be observed that
these surfaces were visibly porous and almost free of particles. Obviously, there is no
difference of fouling characterization on SEM pictures monitoring under sub-critical
flux conditions regardless effect of MLSS (4 and 8 g/l) and EPS concentration (30 —
172 mg/l). Note that, the experiments run in this study were based on a short term
tests which might not be covered in the long term operation. Under sub-critical flux
operation, the fouling resistances in this fouling stage are closely to the membrane

resistance with less than 20% increase.

The presence of cake layer on membrane surface was showed in supra-critical
flux operation (Fig. 5.16 — Fig. 5.19). SEM images of the filters from the supra-
critical flux experiments showed progressive coverage of the surface by sludge cake,
reaching complete coverage (i.e., no visible pores). The result suggested that all the
permeation passed through the cake layer became significant after almost all the pores
were covered. The SEM pictures monitoring under supra-critical flux conditions
show similar full fouling coverage on membrane surface regardless effect of MLSS (4
and 8 g/l) and EPS concentration (30 — 172 mg/l). Thus, all the cake fouling
membranes were again watched in the side view in order to specify the difference in

the depth observation.
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The increase in the fouling rate coincided roughly with the sludge
concentration which resulted in different cake thickness. Presumably, the greater the
sludge concentration, the thicker the cake layer were (Fig. 5.20 — Fig. 5.23). The later
increasing fouling rate could also be due to compression of the cake layer by the over-
increasing TMP and the cake layer was seemed to be dense and non-porous. Meng et
al. (2005) reported the cake porosity and cake permeability were decreased as TMP

increased and the increase of cake layer thickness was also consistent with the decline

tendency of porosity.

Fig. 5.12 Pore fouling under sub-critical flux Fig. 5.13 Pore fouling under sub-critical flux
operation of sludge 4 g/L and low soluble EPS operation of sludge 4 g/L and high soluble EPS

Fig. 5.14 Pore fouling under sub-critical flux Fig. 5.15 Pore fouling under sub-critical flux
operation of sludge 8 g/L and low soluble EPS operation of sludge 8 g/L and high soluble EPS
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Fig. 5.16 Cake fouling under supra-critical flux

operation of sludge 4 g/L and low soluble EPS

Fig. 5.17 Cake fouling under supra-critical flux
operation of sludge 4 g/L and high soluble EPS

Fig. 5.18 Cake fouling under supra-critical flux
operation of sludge 8 g/L and low soluble EPS

Cake layer

! Membrane
layer

Bottom portion
of membrane

Fig. 5.20 Cross-section view of cake fouled
membrane under sub-critical flux operation of
sludge 4 g/L and low soluble EPS

Fig. 5.19 Cake fouling under supra-critical flux
operation of sludge 8 g/L and high soluble EPS

| Membrane layer
Cake layer

Top portion of
membrane

Bottom portion

of membrane é ) i

Fig. 5.21 Cross-section view of cake fouled
membrane under sub-critical flux operation of
sludge 4 g/L and high soluble EPS
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Cake layer

iMembrane layer

Top portion
of membrane

Bottom portion
of membrane

Bottom portion
of membrane

Fig. 5.22 Cross-section view of cake fouled Fig. 5.23 Cross-section view of cake fouled
membrane under supra-critical flux operation of  membrane under supra-critical flux operation of
sludge 8 g/L and low soluble EPS sludge 8 g/L and high soluble EPS

5.4 CONCLUSION

In the present study, the influence of sludge compositions and flux stages of
filtration on membrane fouling mechanisms was investigated. The critical flux
determination at different MLSS concentrations (in this case 4,000 and 8,000 mg/L)
was firstly performed as a preliminary consideration. Next, eight factorial designed
experiments based on two different levels (low and high) of each factor including
MLSS concentration, EPS concentration and flux stage filtration (supra-critical flux
and sub-critical flux) were adopted. The resistance series model with different steps
of fouling removal was applied to estimate cake fouling resistance and pore fouling
resistance in each experiment. The experimental results showed that cake resistance
accounted for a large portion of fouling contribution (50-65%) under supra-critical
flux operation while pore fouling contributions are marginal for both under sub-
critical flux (5-7%) and supra-critical flux (12-19%) operations. EPS and colloids
appeared to have dominant fouling potential on membrane pore plugging regardless

of MLSS concentration. EPS carbohydrate in soluble and bound forms has greater
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impact on both pore fouling and cake fouling than would EPS protein. Under supra-
critical flux operation, sludge concentration has a major influence on total fouling
resistance due to cake formation whose thickness increase with sludge concentration

increase.
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CHAPTER 6

OPERATIONAL STRATEGIES AND OPTIMISATION

FOR SUBMERGED MEMBRANE BIOREACTOR

6.1 INTRODUCTION

Compared with conventional activated sludge processes (CASP), submerged
membrane bioreactors (SMBR) have many advantages, including reduced land
requirements (by replacement of clarifier unit), capability to deal with high sludge
concentrations, and constant and effective disinfection of treated water. Capital cost
of MBR, CASP and wetland treatment plants were compared and reported that there
is no significant difference among these treatment plant capital costs (Lesjean and
Luck 2006). Lesjean and Luck (2006) explain that the capital costs of newly-built
membrane plants are similar to CAS plants because the cost of the membrane units is

offset by reduced footprints and land costs.

The operational costs of the SMBR are composed of chemicals for membrane
cleaning, maintenance, sludge disposal, power consumption and membrane
replacement (Churchouse and Wildgoose 1999). The energy consumption is
considered the highest cost among these operational expenses (see Fig. 6.1)
(Churchouse and Wildgoose 1999). The process energy required to run the
submerged membranes both of fibre-bundles and flat-plate cartridges are dominated
by the energy required to generate the two-phase flow (air-liquid) inducing surface
shear stress to reduce the serious problem of membrane fouling (Fane 2005). SMBR

fouling are results from internal fouling (e.g. pore plugging, pore narrowing) and
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external fouling (cake formation of particles or microbial cells). Fouling phenomena
on the membrane surface and within the membrane pores reduces long term flux
stability, necessitating membrane cleaning, which then adds to the overall cost, as
does membrane replacement in cases where cleaning fails to produce adequate flux
recovery (Gander, Jefferson et al. 2000). Chemical treatment and backwashing
techniques are normally used to remove internal fouling, while the external fouling
can be minimized by hydrodynamic conditions including reduction of advective flux,

promotion of turbulence shear, etc.

. Chemicals etc

E Maintenance
M-R

|:| Sludge disposal

n Power (P)

Membrane replacement (M-R)

M-R

Fig. 6.1 shows SMBR plant running costs have decreased during 1992-2004. Sizes of
the total area are in proportion to the overall revenue cost, while the partitioned areas
inside the circle illustrate how the focus of attention has shifted from membrane

replacement towards power and sludge disposal (Churchouse and Wildgoose 1999).

Several studies showed that a combined use of air induced crossflow and

backwash is particularly favorable towards fouling suppression (Schoeberl et al.
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2005) and proposed optimum conditions vary widely (Cote et al. 1997; Bouhabila et
al. 2001). However, backwashing technique is normally applied for hollow fibre and
tubular membrane configurations, but is not suitable for the flat sheet membrane due
to strength limitations. This makes aeration strategies even more critical in fouling
control in flat sheet membrane systems. Aeration in MBR is also a means of oxygen
supply and biomass circulation, so that the microorganisms can contact and interact

with the dissolved and suspended organic substances.

Lee et al. (1993) used an air-slugs entrapped technique to improve permeate
flux up to 30% and 100% in a flat sheet-crossflow filtration with membrane pore size
0.2 um and 300 kDa, respectively. In the flat-sheet membrane filtration system, the
effect of air injection on reducing protein transmission and increasing permeate flux
by 7-50 % due to concentration polarization decrease was examined by Li et al.
(1998) and a 10% flux increase in the filtration of mixture bovine serum albumin
(BSA) and lysozyme was reported by Ghosh and Cui (1998). The effects of gas
bubbling on yeast microfiltration flux in flat-sheet membrane system were also
studied by Mercier-Bonin et al. (2000). They reported the increased flux of up to four
times due to gas bubbling influence and more flux improvement was found in the
horizontal modules of a cross-flow filtration rig. Ducom et al. (2002) studied wall
shear stress and flux behavior of bubbling flow in a vertical filtration cell using one
side transparent plate which embedded nine electrodes. The gas sparging in this
device significantly increased permeate flux for a suspended clay system with less

flux improvement for stabilized-emulsion filtration.

An attempt to reduce fouling in SMBR by varying the aeration rates was

reported by Howell et al. (2004). An intermittent on/off aeration supply was also
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studied and showed the increase of fast fouling as soon as air sparging ceases (Psoch
2005; Lim et al. 2007). However, the most common technique of aeration applied in
SMBR systems is continuous air scouring with a consistent air velocity. No research
has been studied before on a combined effect of regular aeration and air scouring
frequency on SMBR fouling behavior. Thus, these unstable aeration techniques and

SMBR fouling performance is worthy of detailed investigation.

The influence of filtration strategies was also considered as one of the most
significant factors affecting fouling rate. For example, Schoeberl et al. (2005) studied
the combined impact of filtration time, back-flush time and aeration intensity on the
tubular MBR fouling fed with dye-house wastewater and the results showed the
largest effect of filtration time on membrane fouling control. Moreover, an
intermittent filtration mode proved to be an effective technique to reduce membrane
fouling rates and allowed stable, long-term operation (Hong et al. 2002; Howell et al.
2004). However, most of the intermittent permeation experiments did not control the
average equivalent flux yield which made the total flux yield of the intermittent mode
lower than the continuous permeation and this might have an effect on the less fouling
trends. To avoid underestimation, the effect of the intermittent flux with identical
total flux yields compared to the continuous filtration mode on the SMBR fouling

behavior needs to be observed.

The orthogonal design of experiments is a convenient and effective way to
investigate influences of several factors simultaneously (Taguchi 1987) and is applied
in a number of membrane studies (Gui et al. 2002; Idris et al. 2002). There are
several methods used to discover optimum conditions of various systems. Simplex

optimization is a common method to achieve the best parameter values, based upon
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the primary database, which, unfortunately, might encounter only local optimal
solutions (Sun et al. 1998). Additionally, traditional orthogonal experimental designs
are sometimes unsuccessful in obtaining the complete optimal solution (Wu et al.
1990). Wu et al. (1990) have suggested a new orthogonal experimental design
technique, named the Sequential Elimination of Level (SEL). The idea of SEL is
opposite to that of the general optimum algorithm: instead of focusing on factor levels
that improve the response, SEL focuses on those levels that worsen the response.
Based on this idea, the worst level of each factor in each sequence of the experiment
will be eliminated and new starting points will be used to iteratively satisfy the
solution. The elimination process depends on the aim of optimization corresponding
to the minimum, maximum and middle value. Compared with other methods, SEL
has many advantages (Wu et al. 1990). First, it showed satisfactory characteristics in
finding the optimal solution while serious model interactions existed in the system.
Second, it can save on the number of experiments over the traditional multi-factorial
experimental design. Finally, the analysis algorithm for the experimental data is very

simple.

In this chapter, the effects of operational parameters including filtration
modes, regular aeration intensity and air scouring frequency on fouling control in a
pilot scale SMBR fed with real municipal wastewater were evaluated. A variation of
these operational strategies was performed using orthogonal experimental design and
the optimum level for each factor is then determined by the SEL technique. The
significance and contribution of each factor was statistically analyzed. The

confirmation experiment at the optimum condition was also included.
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6.2.1 Experimental facility
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A pilot scale SMBR used in this study was the same SMBR system described

previously in chapter 4. The characteristics of wastewater used in the experiment

were shown in table 6.1. Similar diffuser was applied for scouring and aeration with

different air flow rate (detail in table 6.2).

Table 6.1 Characteristics of wastewater used in the experiment (day 151 to day 200)

Parameter Inlet 1°' Unit Anoxic SMBR Permeate
pH 7.26+0.1 6.96+ 0.1 6.95+0.1 7.01+0.1 7.09+0.1
Temp (oC) 24.1+0.8 24710 24.9t0.9 24.7+0.8 245%0.6
DO (mg/L) 2.11%0.20 2.42%0.20 2.66*0.19 2.85%£0.18 2.86*0.16
Conduct. (uS) 1274*69 1126+ 32 1128+ 42 1141+ 28 1059+ 31
ORP (mV) -56.3+12.0 264.3+*135 245.0+347 2351*13.8 185.4*85
MLSS (mg/L) 218*31 6361+ 182 7469+ 212 7559+ 238 N/A
NH4-N (mg/L) 36.6+5.0 11.1£3.1 3.6*+1.2 0.9%+0.6 0.6+0.7
NO3-N (mg/L) 0.0+0.0 0.0£0.0 51.9+6.5 33.3%45 27.1%£6.0
PO4-P (mg/L) 12.1+1.6 16.4%2.2 12.2%2.6 8.6%2.1 8515
COD (mg/L)  326*46 N/A N/A N/A 31+11

6.2.2 Experimental design using orthogonal array

For study of several parameters at varying levels, a typical full-factorial

experiment may consist of a large number of experiments, take time and be costly,

and may possibly be too challenging to specify an optimal parameter. In this case,
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one of fractional factorial design named Taguchi orthogonal design, was introduced.
Taguchi orthogonal arrays are quick robust forms of partial factorial designs, which
provide arrays of economic run size to accommodate a massive number of factors
without similarity of any two experiments (or even mirror images) (Wu et al. 1990).
In this study, experiments were carried out using three statistical techniques including
the Taguchi method, analysis of variance (ANOVA) and the SEL technique to design

experiments, in order to identify the significance of each factor and evaluate the

optimum conditions of membrane operational parameters.

Three values of filtration modes, scouring frequencies and aeration rates were
considered in the experiments undertaken. SMBR performance was then analyzed in
terms of fouling propensity, based on the equivalent flux yield and equivalent aeration
volume. The flux productivity was identical for each filtration mode applied in the
experiments and was equivalent to average permeate of 100 L/h (see table 6.3).
While permeate was kept constant at 100 L/h during the continuous mode experiment,
the intermittent mode featured operational permeate of 110 and 120 L/h in ten minute
intervals, followed by 1 and 2 minute relaxation period, respectively. The air
intensities were set at 90, 100 and 110 L/min, coupled with different scouring
frequencies of 6, 12 and 24 times per day. The air scouring rate was fixed at 170
L/min and the required scouring duration in each experiment was described in Table

6.2 based on the equivalent air volumes.
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Table 6.2 Regular aeration and air scouring based on equivalent air volume

Regular  Scouring Scouring Scouring  Scouring Volume of Air  Compensate Total air

aeration frequency size duration time scouring  Volume  scouring volume

(I/min)  (time/d) (I/m)  (min/time) (min/d) (I/d) (I7d) (min/d) (I7d)
120 0 170 0 0 0 172800 0 172800
120 0 170 0 0 0 172800 0 172800
120 0 170 0 0 0 172800 0 172800
110 24 170 10 240 40800 172800 0 172800
110 12 170 20 240 40800 172800 0 172800
110 6 170 40 240 40800 172800 0 172800
100 24 170 17 408 69360 172560 141 172800
100 12 170 34 408 69360 172560 141 172800
100 6 170 68 408 69360 172560 141 172800
90 24 170 22 528 89760 171840 5.65 172800
90 12 170 45 540 91800 172800 0 172800
90 6 170 90 540 91800 172800 0 172800

Table 6.3 Membrane flux consideration (fixed flux operation)

Filtration mode Filtration rate Filtration yield
Continuous filtration 100 I/h 100 I/h
10 min on : 2 min off 120 1/h 100 I/h

10 min on : 1 min off 110 I/h 100.8 I/h
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Table 6.4 Level and factor of orthogonal experiments

Factor Ref. level Level 1 Level 2 Level 3
Filtration time Continuous ~ Continuous 10 min on:1 min off 10 min on:2 min off
Regular aeration 120 L/min 110 L/min 100 L/min 90 L/min
Scouring frequency 0 time/d 6 time/d 12 time/d 24 time/d

Table 6.5 The SMBR operating conditions of the orthogonal design

Regular Scouring Filtration: non- filtration Filtration
No. aeration frequency (min:min) rate Blank
(L/min) (time/d) filtration time  non- filtration (L/h)
(min) time (min)
A 120 0 continuous 0 100 1
B 120 0 10 2 120 3
C 120 0 10 1 110 2
1 110 24 continuous 0 100 1
2 110 12 10 2 120 3
3 110 6 10 1 100 2
4 100 24 10 2 120 2
5 100 12 10 1 110 1
6 100 6 continuous 0 100 3
7 90 24 10 1 110 3
8 90 12 continuous 0 100 2
9 90 6 10 2 120 1

An orthogonal experiment with 9 trials was carried out. Reference level
experiments were also conducted with different flux modes and no scouring (runs A,
B and C). The level values and experimental arrangement of the 9 trials are shown in
table 6.5 with a summary of factors and levels. The blank factor is a dummy variable
and is used for error estimation. All experiments in the system operated for 24 hours
at each trial. TMP and permeate data for all experiments were logged every 5 min

using the PLC device.
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6.3 RESULTS AND DISCUSSION

6.3.1 Membrane fouling index

During the membrane filtration process, particulate MLSS and soluble organic
material is deposited on the membrane surface leading to membrane fouling. This
resulted in an increase of the filtration resistance (Ry) and accordingly the elevation of
the TMP in the fixed flux filtration process. Therefore, the membrane fouling status
at different operational conditions could be indirectly observed by continuously
monitoring the TMP and characterized by the average increase rate of TMP over a
certain period of operation. Cho and Fane (2002) described the TMP rise under the
normal critical flux as a two-stage process. The first stage was a gradual linear
increase in TMP, and the second stage was a sudden increase in the TMP. The two-
stage process is attributed to fouling by extra-cellular-polymeric substance (EPS) in
stage 1, and fouling by biomass in stage 2. Several authors showed that submerged
microfiltration membranes exhibit a greater sensitivity to initial fouling for SMBRs
used for wastewater treatment (Nagaoka et al. 1998; Rosenberger and Kraume 2003;

Janga et al. 2007).

The changing course of TMP over each experiment can reflect the membrane
fouling status at the selected operational parameters and also can relate to the
filtration resistance of the system using Darcy’s Law (eq 6.1)

AR
# (R, +Ry¢)

All parameters in equation 6.1 were addressed in appendix E.
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6.3.2 Membrane fouling results

The TMP increased which during 24 hours of filtration was shown in Fig. 6.2 -
Fig. 6.13. In Fig. 6.2 - Fig. 6.13, some sudden jumps or sharp increases of TMP
values happened during the few hours of operation. This TMP jump has been
reported in the literature (Cho and Fane 2002; Ognier et al. 2002; Yu et al. 2003) as
the phenomenon caused by local flux increasing and exceeding the critical flux of the
dominant bio-particles in some regions of the membrane. However, the increase of
most TMP as a linear progress of filtration resistance was still clearly observed. The
increasing rate of membrane fouling in each experiment was therefore assessed as a
slope of linear TMP increase over the experimental period (A TMP/ A t). The average
TMP increasing rates at each trial are also represented in the table 6.6. Trial no.1 and
no.9 exhibited the lowest and highest fouling within the range of operational

parameters investigated in this study.

Since the experiment was designed in an orthogonal array, when one factor is
focused, the effect of other factors could be cancelled out. Hence, effects of the
different operational parameters can be extracted independently in terms of the mean
response. Taking a factor of the aeration at 100 L/min as an example, the mean
response of TMP increase rate obtained in the orthogonal test could be carried out
based on table 6.7 as follows: (136.37 + 123.26 + 88.85) / 3 = 116.16 Pa/d. Similarly,
the mean responses of all factors were calculated and showed in table 6.7. Effects of

each factor on membrane fouling rate were plotted as shown in Fig. 6.14.
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Table 6.6 Summary the SMBR operating results from Fig. 6.3 — Fig. 6.14

Scouring  Filtration time and filtration rate

Regular Blank
No. ?Er/?;iiﬂr)] fre-quency filtration time filtration rate (i;':lrn/qiﬁ) A(TFI:Q%)At
(time/d)  on : off (min) (L/h)

A 120 0 continuous 100 1 6.55E-05 94.32
B 120 0 10:2 120 3 1.17E-04 168.19
C 120 0 10:1 110 2 9.45E-05 136.08
1 110 24 continuous 100 1 5.33E-05 76.75
2 110 12 10:2 120 3 1.18E-04 169.49
3 110 6 10:1 110 2 1.02E-04 147.17
4 100 24 10:2 120 2  947E-05 136.37
5 100 12 10:1 110 1  856E-05 123.26
6 100 6 continuous 100 3 6.17E-05 88.85
7 90 24 10:1 110 3  8.66E-05 124.70
8 90 12 continuous 100 2 6.17E-05 88.85
9 90 6 10:2 120 1 1.36E-04 195.41

Table 6.7 Mean fouling response obtained from Taguchi method

Factor Level Value Average fouling rate (ATMP/At)
reference 120 132.86
Regular aeration 1 110 131.14
(L/min) 2 100 116.16
3 90 136.32
reference 0 132.86
Scouring frequency 1 6 143.81
(events/d) 2 12 127.20

3 24 112.61
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Table 6.7 Mean fouling response obtained from Taguchi method (continued)

Factor Level Size Average fouling rate (ATMP/At)

Filtration to 1 Continuous 84.82
non-filtration time 2 10 min on :1 off 131.71

(min:min) 3 10 min on :2 off 167.09

200
=
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§ 120 | \‘/‘,_, ,/’\
5
@ 80
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o
a 40 1
=
|_

0 | ‘ | | |
90 100 110 120 0 6 12 24 Cont. 10:01 10:02
Regular aeration Scouring frequency FHltration mode
(I/min) (time/d)

Fig. 6.14 Total comparison of mean fouling responses

From Fig. 6.14, filtration mode was observed to have the largest effect on the
rate of membrane fouling. Interestingly, in other studies, when the membrane flux
was fixed, an intermittent filtration mode showed a significant improvement in
membrane fouling performance, compared against continuous filtration (Hong et al.
2002; Howell et al. 2004). Most research explained that the intermittent filtration
mode would promote foulants back transport under pressure relaxation, diffused away
from the membrane surface. At the same time, the removal of foulants by air

bubbling was also greatly enhanced under a no-pressure gradient across the



144

membrane. As a result, foulants accumulation near the membrane surface in the
intermittent filtration mode was lessened and the rate of fouling should be reduced
significantly. However, most SMBR research based on intermittent filtration have
been done without consideration of the equivalent flux yield between the continuous
and intermittent filtrations, resulting in the lower flux productivity in the intermittent
mode than the continuous mode in those research. In this study, the effect of different
filtration modes based on equivalent average flux rates on the SMBR fouling was
investigated. The discovered results (Fig. 6.14) were contrasted from the literatures
with the greater TMP increase in the intermittent filtration mode, thus increasing
fouling over time. Since the first cycle of filtration, the higher flux 10% and 20%
during the filtration period of the intermittent filtrations may lead to a greater fouling
compared to the lower continuous flux and the pressure-relaxation period in the
intermittent filtration modes sometimes may not fully remove the previous fouling

occurring in the system.

As for the influence of regular aeration (Fig. 6.14), the mean rate of TMP
increase changed slightly with the variation of regular aeration rates from 90 to 120
L/min. This is probably because another part of the aerations were performed in the
scouring modes which gave much higher response compared to the regular aerations.
In SMBR system, the aeration not only provides oxygen to the biomass, but also
maintains the solids in suspension and scours the membrane surface. Both
experimental and empirical studies have demonstrated that substantial air shearing
stress along the membrane surface could enhance the flux (Li et al. 2005). The

efficiency of air-induced cross-flow to remove or at least reduce the fouling layer on
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the membrane surface has been extensively reported (Ueda et al. 1997; Liu et al.

2000; Gui et al. 2002).

A positive effect of aeration on decrease of the fouling rate could be explained
by back transport of deposited foulants from the membrane surface towards the bulk
solution induced by shearing stress at the higher air blowing rates. Also, high shear
stress promoted from aeration used for minimizing concentration polarization which
is the formation of a higher concentration of retained particles or molecules at the
membrane surface, compared to that of the bulk suspension, resulting in a
concentration gradient and leading to a cake formation fouling on membrane surface.
A negative effect of higher regular aeration was presumably described to the change

of sludge floc size to the finer size at higher shear stress (Chellam and Wiesner 1998).

As for the influence of scouring frequency (Fig. 6.14), the more the scouring
frequency, the less the TMP increase rate, suggesting some removal of deposited
foulants. This may be attributed to the fact that when frequent air scouring occurred,
it created a sudden turbulent condition in the SMBR system that resulted in severe
sweeping away of the vibrant materials, including the concentration polarization
layer. It has been reported that the filtration resistance caused by a sludge cake layer
formed on the membrane surface depends on the sludge specific resistance and sludge
porosity (Chang and Lee 1998). During filtration, sludge porosity decreased and then
reached an approximately constant level (Chang and Lee 1998). The thickness of the
cake layer is also limited and reaches equilibrium due to constant applied shear forces
from the gas sparging process (Chang and Lee 1998). Thus, the unsteady high shear
stress from frequent scouring can be interfered a forming stable structure of porous

cake layer and routinely removed it.
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Table 6.8 ANOVA based on the mean response in run no.1-9 (more detail of

ANOVA calculation is given in appendix D)

Degree of Sum of Mean F Percent of
Factor o

freedom squares square Value contribution
Aeration 2.00 657.59 328.80 7.43 5.33
Scouring frequency 2.00 1462.51 731.25 16.51 11.85
Filtration mode 2.00 10219.63 5109.82 115.39 82.82
Error (blank) 2.00 88.56 44.28 - -
Total 8 12428.2 - - 100

For comparison of the significance in influencing the increased TMP rate of
the three variables namely filtration mode, regular aeration mode and scouring
frequencies, the analysis of variance (ANOVA) method is used and the results are
shown in table 6.8. After the ANOVA is completed, the F statistic can be obtained.
The F statistic of any specific control factor is defined as the ratio of the sum of
variance square for that control factor and the sum of error variance square obtained
and is used for significance testing. The larger the F statistic, the larger the influence

of such a control factor will be.

Note that, physically, the value of F statistic represents the ratio of variance
explained by control factors to the unexplained variance by errors in the experiment.
Table 6.8 presents sum of squares (SS), mean square (variance), factor variance to
error variance ratio (F) and contribution percentage of each factor on response (P).
As seen, three variables are influential in the TMP increase rate but in the order of
filtration mode > scouring frequency > regular aeration. The most significant effect

of filtration mode compared to other operating parameters (i.e. aeration, back
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flushing) was also reported in some studies (Schoeberl et al. 2005). Similarly, Gui et
al. (2002) investigated effects of operational parameters including aeration intensity,
membrane flux, suction time and non-suction time on fouling in a SMBR and
obviously found that permeate flux influencing on the TMP increase the most and the

aeration intensity became significant only at the high MLSS.

6.3.3 Optimum operating condition of the SMBR system

Based on the results shown in Table 6.9, the so called Sequential Elimination
of Level (SEL) technique was applied to optimize the SMBR’s operation. At this
stage, the level corresponding to the largest fouling rate for each factor in the previous
section was eliminated i.e. the level 3, 3, and 1 were eliminated for the filtration mode
factor, regular aeration and scouring frequency. Two levels remained for each factor
at this time. A new orthogonal design was selected for the remaining 2 levels of 3
factors as shown in table 6.10. In fact, it was carried out only six new experiments
because experiment no. 1 and 8 in table 6.10 are the same as no. 1 and 6 in table 6.5.

The results of the TMP increasing rate for the second round experiments are
shown in table 6.10 and Fig. 6.15 - Fig. 6.21. Similar to the previous section, more
frequent scouring and low flux continuous modes causes reduced membrane fouling
rates (table 6.11). Here again, the filtration mode and scouring frequency are
important influences upon the increase of membrane fouling rates. The aeration (100
to 110 L/min) has less significant contribution on the membrane fouling, compared
with the previous experiments. With the SEL technique, the factor level
corresponding to the highest fouling trend was again eliminated. Therefore, the best

level of factors corresponding to the optimum (or lowest fouling) membrane operating
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condition was 110 L/min aeration with continuous filtration mode and 24 times per

day scouring frequency.

Table 6.9 Mean fouling response and level elimination

Factor Level Average ATMP/At Level elimination
120 132.86 reference level (not consider for elimination)
Regular aeration 110 131.14 -
(L/min) 100 116.16 -
90 136.32 highest fouling rate (level eliminated)
0 132.86 reference level (not consider for elimination)
Scouring frequency 6 143.81 highest fouling rate (level eliminated)
(time/d) 12 127.20 -
24 112.61 -
Eiltration to Continuous 87.19 -
non-filtration 10 min on :1 off 132.80 -

time (min-min) 10 min on :2 off 167.37 highest fouling rate (level eliminated)

Table 6.10 The SMBR operating results in the 2™ round experiments

Scourin Filtration time and filtration rate
Regular 9 ATMP/At  ATMP/At

No. aeration ~ frequency filtration time filtration rate

(L/min)  (time/d) on (min):off (min)  (L/m2h) (kPa fmin) — (Pa/d)

1 110 24 continuous 10 5.33E-05 76.75
2 110 24 10:1 11 7.07E-05 101.81
3 110 12 continuous 10 5.55E-05 79.92
4 110 12 10:1 11 8.01E-05 115.34
5 100 24 continuous 10 5.42E-05 78.19
6 100 24 10:1 11 0.000075 108.00
7 100 12 continuous 10 5.96E-05 85.82

8 100 12 10:1 11 8.56E-05 123.26
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Table 6.11 Mean fouling response and level elimination

Factor Level Average ATMP/At Level elimination
Regular aeration 100 08.82 Higher fouling rate (level eliminated)
(L/min) 110 93.46 .
Scouring frequency 12 101.09 Higher fouling rate (level eliminated)
(time/d)
24 91.19 -
Filtration to non-filtration Cont. 80.17 -
time (min:min)
10:1 112.10 Higher fouling rate (level eliminated)
~ 140
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Fig. 6.21 Total comparison of mean fouling responses

6.3.4 Confirmation experiments

In general, if the optimum setting is not one of the trial run experiments,

confirmation testing is a necessary and important step in the Taguchi method, as it is a
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direct proof of the methodology. A confirmation experiment consists of adopting the
recommended levels of the significant factors and the most favorable setting of all
remaining factors investigated in the experiment (ldris et al. 2002). In this study, a
confirmation experiment at the optimum condition is not really necessary because it
was one of the trial tests. However, long term operation at the two reference levels
(120 L/min aeration, intermittent (10 min on: 2 min off) and continuous filtration) and
the optimum operating condition (110 L/min aeration, continuous filtration and 24
times/d scouring) were performed to observe the validity of this approach. The results

are presented in Fig. 6.23.

Intermittent filtration (10 min on: 2 min off)

at air 120 L/min and no scouring
21 \ / y =0.0001264x + 0.8923836

B — and no scouring
y =0.0000712x +0.6745058
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and 24 times/d scouring

0 1000 2000 3000 4000 5000 6000 7000 8000
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Fig. 6.22 The changing TMP over long term operation

With optimum operating conditions, the fouling rate in the SMBR system can

be reduced up to 28% and 57% of fouling propensity compared to the reference

Continuous filtration at air 120 L/min

Optimum operating condition at
continuous filtration, air 110 L/min

y =0.0000511x + 0.6525904
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levels, which run with no scouring at continuous and intermittent filtration modes,
respectively. Therefore, operation at an optimum condition can be considered as one

of the most effective fouling reduction technique.

6.4 CONCLUSION

Based on the equivalent flux and air volume, the influence of variation of
aeration intensity, scouring frequency and filtration modes on the rate of fouling
increase were investigated. The orthogonal designed experiment was adopted to
investigate the influences of these three factors on membrane fouling performance.
Filtration mode was a key factor influencing the membrane fouling process, followed
by scouring frequency and aeration mode in decreasing order of impact.

To avoid encountering only a local optimal solution, the sequential elimination
of level (SEL) method was used to optimize the operating parameters of the system
under study. One level of each factor that gave the largest fouling trend is eliminated
and a new orthogonal experiment is performed. Similarly, in the second round
experiment, the filtration mode and scouring frequency still played the most and
second-most influence on the increase of membrane fouling rate. Once more, the
worst level of each factor is eliminated and the optimum operating condition for the
lowest membrane fouling profile is suggested at 110 L/min aeration with continuous
filtration and 24 times scouring per day. Long term experiments (120 hour) are also
carried out. With optimum operating strategy, fouling propensity in the SMBR
system can be reduced up to 28% and 57% compared to the reference levels that run
with no scouring filtrations at continuous and intermittent filtration modes,

respectively.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSION

This thesis aims to understand biofouling performances in a pilot scale SMBR

for municipal wastewater treatment. A number of conclusions can be made from the

results obtained in this thesis.

Based on design and construction shown in chapter 3, the SMBR pilot scale
presented excellent removal of ammonia and COD but not well achieved in
nitrate and phosphate removal due to high DO concentration interrupting the

anaerobic and anoxic stages.

With the SMBR pilot plant, critical flux determinations based on different
proposed concepts were tested in chapter 4. Slightly variations of the critical
flux values were obtained from various determination methods. However, the
two-third limiting flux and the flux hysteresis concepts are likely to indicate
upper and lower border of the transient critical zone. Compared with step-
height variable, the step-length variable has no obvious effect on the critical
flux assessment. An increase in aeration could enhance the critical flux while

the higher MLSS gave negative results on critical flux.

In chapter 5, membrane fouling mechanisms were examined. Under supra-
critical flux operation, cake fouling accounted for the largest fouling

contribution while pore fouling were marginal for both under sub-critical flux
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and supra-critical flux operations. EPS and colloids appeared to have
dominant fouling potential on membrane pore plugging regardless of MLSS
concentration. EPS carbohydrate in soluble and bound form has greater

impact on both pore fouling and cake fouling than would EPS protein

In chapter 6, the optimization of the SMBR operation was investigated based
on similar yield of permeate and similar quantity of energy consumption. The
results showed that operating variables were influential in the fouling increase
rate but in the order of filtration mode > scouring frequency > regular aeration.
With the Sequential Elimination of Level (SEL) technique, the optimum
operating condition for the SMBR was suggested at 110 L/min aeration with

continuous filtration and 24 times scouring per day.

7.2 RECOMMENDATION FOR FUTURE WORK

The poor performance of nitrate and phosphorous removal should be improved
by adjusting the system configuration such as extension of the anaerobic
hydraulic retention time (HRT) or adding some more treatment units to create
the anaerobic stage in the SMBR system etc.

Actual feeds with high fluctuation of inlet matters from real municipal
wastewater obtained from Townsville Mt St John treatment plant may cause
different fouling behavior in each experimental period. Therefore, this should
be more controlled.

More modeling and simulation to predict the SMBR performance should be

further studied.
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Experiments based on different critical flux suggested in chapter 4 should be
tested in long term runs.

Colloidal TOC is strongly related with soluble EPS as shown in chapter 5
based on two aerations and different filtration phases. It is suggested that
more variation of aeration and colloidal TOC should be broaden studied.
Fouling propensity may be different at different duration of filtration.
Therefore, long term operation on the optimum condition suggested in chapter
6 should be further examined.

Other fouling mitigation techniques such as back-flushing and external
cleaning are interesting to be added in the future studies because it can
represent the real applicable conditions been used in the industrial SMBR.

For the establishment of the complete picture of submerged membrane
fouling, more works are needed to evaluate the correlation among critical flux,

EPS, pore fouling and cake fouling.
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APPENDIX A

CALCULATION DETAILS FOR CHAPTER 3

A.1 MODELS AND SIMULATION FOR MBR DESIGN

A.1.1 Biological model for microorganism activities

For the wastewater treatment part, one of the activated sludge family models
named TUDP model (developed by the Delft University of Technology Netherlands)
is applied in this study to simulate treatment characteristics of a combined nitrogen
and phosphorous biological removal. Study from some research shows that TUDP
model is capable of describing full-scale conditions of wastewater treatment, without
significant adjustment (van Veldhuizen et al. 1999; Brdjanovic et al. 2000). The
TUDP model used in this study follows the last updated version of TUDP model

(Meijer, 2004) but neglect the effect of substrate competition.

From Fig. A.1, AMOs grow by oxidizing the external ammonium substrate
(SNH) and release the soluble nitrate (SNO) to the system. Decay of AMOs separate
in two parts: inert non-biodegradable particulate biomass (XI) and slowly
biodegradable microorgnisms (XS). XS may be a part of the up-taken influent for
HMOs whereas it also may be formed in the process from lysis of HMOs and AMOs
resulting in endogenous oxygen consumption and an internal recycle of substrate
(XS). XS is assumed to contain not only carbon substance but also a fraction of
ammonium and phosphate. Heterotrophic microorganisms (XH) grow aerobically by
up-taking both a volatile fatty acid substance (SA) and a readily biodegradable

substance (SF) and also decay to become XI and XS. No cell-internal storage is
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modeled in this stage. XH is also assumed to contain a fraction of ammonium and
phosphate. These fractions are equal for all biomass fractions (i.e. XH, XPAO and
XA). In the metabolic Bio-P model, SA is readily available stored in the form of cell-
internal storage of poly-hydroxyalkanoates (XPHA). This facilitates is the more
straightforward maintenance concept, which also is used in ASM3-bio-P model (Koch
et al. 2000). XPHA is directly oxidized for maintenance purposes. Hereby, no
particulate inert matter (XI) and particulate substrate (XS) are formed, and therefore
XS recycle is avoided. All Equations used in the simulation of biological activities

(Meijer 2004) are shown in Table A.1.

Metabolic BioP removal

Nitrogen removal model

8 SKir ..
-~ . < PAO o
Growth | y (anaerobic) P S .
AMO »Sno “. K >0
XA <« , / |
L Decay Lo § Kerd
S 4
N rélvvth / I Storage
RV X G ; Kot g PAO
IRESN S 2] - aerobic/anoxic
7 “x ---HY‘*'TYSIS oo €S Formation |¢—S, ( )
, ;‘ l G Maintenan
_ v rowt I ~
Se >Sat Ko 2TV 5 > o
| Fermentation Q T /
1
Storage ‘T S So /
\ Deca \ 0 /
\HMO ;’( S SN — > Sp K
AN H<— 0 e \\ ,’
. Growth , . $ y
S \>torage= PAO p
Teel Tt Xpp (aerobic/anoxic) -

Carbonaceous removal model

Fig. A.1 Schematic diagram of substrate flow in TUDP model
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Fig A.1 showed a complete substrate flow diagram of TUDP model, the dash
circle areas represent the nutrient removal model of different substances including
carbon, nitrogen and phosphorous. The block areas distinguished between different
microorganisms and processes where: AMO = active autotrophic nitrifying
microorganisms, HMO = active heterotrophic microorganisms and PAO = phosphate
accumulating microorganisms. The decay of AMOs triggered the growth of HMOs.

Both anaerobic and aerobic storage of PHAs by PAOs were modeled.

These simulation models will be used to predict performances of the pilot
scale MBR fed with real municipal wastewater from Townsville Mt St John treatment
plant. Therefore, the nutrient effluent information from this treatment plant is

considered as the simulation influent parameters shown in Table A.2.

Table A.1 Kinetic Equations of the TUDP model (Meijer 2004)

Process Kinetic rate Equation Equation
(1) Aerabic hydrolysis o B X X+ X))
r =k ; Al
gCODXs/d) Ky + Xs 1 (X + Xppo)
(2) Anoxic hydrolysis NO ko Kl Xy +Xpp0)  Sio
h = 7oK A2
(gCODXS/d) Ky + Xs /(XH + Xpno ) Kyo + SNO
3) Anaerobic hydrolysis X I (Xy +X
3) ydroly N = ek s I Xy +Xpao ) (X + Xong) A3
(9CODxs/d) Ky + Xg I (Xyy + Xppo )
4) Aerobic growth on SF S S S
(4) g fero | = g —F E °__.X, A4
(gCODXH/d) SA+SF KF +SF KO +SO
(5) Aerobic growth on SA S Se So

r = U & - X A5
(JCODXH/d) SAO HSA+Sr Kp+Sp Kg+Sg ™
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Table A.1 Kinetic Equations of the TUDP model (continued)

Process Kinetic rate Equation Equation
6) Anoxic growth on SF S S
( ) J Fseno = TTHY F - Ne. Xy A.6
(gCODXH/d) Sa+SE Ke +Se Kyo +Sno
(7) Anoxic growth on SA S S
I'sano b no M S AS K - S. K NOS Xy A7
(gCODXH/d) Ator Kg 49 Kyo + 980
(8)Fermentation of Sg
(gCODg/d) ™ = e (Se /(K +86)) X A8
SF
9) Heterotrophic lysis
( ) P y 4518 = bH - Xy \/E A.9
(9CODx/d)
10) Anaerobic storage S
EQC)OD /d) o rsa™ = Oa (Sa/(Ka+Sg)) Xpao A10
SA
(11) Anaerobic maintenance AN
(/) T TR A
g
12) Anoxic storage of SA S S
(12) g N0 = gho. A NO Xono A12
(gCODSA/d) Ka+Sa Kyo +Sho
13) Anoxic PHA consumption
3 P rPHANo = noKppa Xera ! Xpao : Sno *Xpao A.13
(gCODxpHa/d) Kpra + (Xpua I Xpaoy Ko +Sno
(14) Anoxic storage of PP NO X S S
r = n k PAO | PO R NO R A14
(gP/d) PP MO Xep Kpo +Spo Ko #Sno 0
(15)Anoxic glycogen formation X S
rGLYNo = 7no KoLy XPHA K NOS * X pao A.15
(gCODXGLyld) GLY no T 9no
(16) Anoxic maintenance NO (Suo /(K S10))- X ALE
(GCODyp/d) 'm =  Myo "(°no no T 9no) ) Apao .
XPA!
(17)Aerobic PHA consumption o _ k. Xona ! Xpao So
I'pHA = PHA K X / X K S X PAO A.17
(gCODxpna/d) rria + (Xpua / Xpaoy Ko + 50
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Process Kinetic rate Equation Equation

18) Aerobic storage of PP X IS IS
( ) g rPPo = Kep PAO | PO X o “Xeno A.18
(gP/d) Xpp  Kpo +Spo Ko + 30
19)Aerobic glycogen X S
( ) . glyeod I’GLYO = kGLY PHA.. © " APAO A.19
formation(gCODxgy/d) Xoy Ko +56
(20) Aerobic maintenance o

'm = M- (So /(Ko +S0)) Xppo A.20
(9CODxpao/d)
21) Autotrophic growth S S
(21) phic g er = Hp ~ ’ & Xa A2l
(gCODxa/d) Ky +Sun Ko +So
22) autotrophic lysis
@) Priey ran’ = by-X, A22
(9CODxa/d)

Table A.2 Influent characteristics and initial state of simulation of the MBR

Influent
DO* So 21+t024 gO/m’ Nitrate* Sno 0 gN/m?
COD* Sr 739 £426 9COD/m®>  InertCOD? S 40 gcoD/m®
Ortho-phosphate* Spo 105+ gP/m’ Fatty acid ® Sa 91 gcoD/m?
Ammonium* Sn 29+t4  gN/m®
Initial state of simulation
Autotrophic cells ° Xa 75 gCoOD/m®  Inert COD X, 1500 gCOD/m?®
Heterotrophic cells Xy 2500 gcob/m®  Solid COD®  Xs 63 gCOD/m®
P-accumulating cells®  Xppo 32.9 gcob/m®  Glycogen® Xoy 125 gCOD/m®
Poly-hydroxybuterate ®  Xpya 0.7 gCoD/m®  Poly phosphate Xpp 57 gCoOD/m’
Flow
Recycle 1 (0.2 Qin) Qri 30 I/h Influent Qin 150 I/h
Recycle 11 (3Qin) Qrul 450 I/h Permeate Qp 150 I/h

* Average nutrient from Mt St John treatment plant (Table 3.1 of chapter 3 of this thesis)

& values from Table 3.2 in Meijer 2004, ® values from Table 4.4 in Meijer 2004
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A.1.2 EPS and membrane fouling model

The accumulation and consolidation of EPS on membrane surface coupling
with a shear biofouling detachment follow the concept of Nagaoka et al. (1998).
However, in this study, EPS concentration model from Nagaoka’s work is modified to
be produce from heterotrophic biomass instead of total biomass at the certain rate and
to be decomposed obeying first order kinetics (A.23) (Lee, Cho et al. 2002). Soluble
EPS accumulates on the membrane surface (A.24) due to the effect of advective
pressure and will be detached by the bubble aeration shear stress (A.25). The
accumulated EPS on the membrane consolidates itself slowly by suction pressure
(A.26) that increases the specific resistance of filtration approaching to the ultimate
value (A.27). The total filtration resistance (A.28) which is sum of biofouling
resistance depositing on membrane and membrane itself resistance affects on the
filtration performance as shown in A.29. All parameters in equation A.23-A.29 were

addressed in appendix E.

dEPS

EPS concentration in the mixed liquor: T =  f-X,—Kgeps - EPS A.23
. dm
EPS density on the membrane surface: E = J-EPS—Kky,-m A.24
Detachment rate of EPS: kim = 7@ =20 P) (k> A.25
Consolidation of the accumulated EPS: (jj—f = k,(a,—a) A.26
Ultimate vale of specific resistance a, = ota, P A.27
Total membrane resistance: R = a-m+R, A.28
L P
Membrane filtration model: J = — A.29

4R
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A.1.3 Air supply and oxygen transfer rate

The dissolved oxygen concentration in wastewater system is the residual of
oxygen transfer from gas phase to wastewater and up-taken by sludge
microorganisms. The oxygen transfer rate from air to become dissolved oxygen can

be written as (Tchobanoglous and Burton 1991):

dc
e - dt = K -C)_our A.30
dc SOTR ( BC,—C J 672()
Or dt = oTR/V = Y Cs20 A.31

All parameters in equation A.30-A.31 were addressed in appendix E.

A.1.4 Shear intensity model

The turbulent shear intensity model was used to calculate the apparent shear
for the submerged hollow fiber membrane in activated sludge reactor. For a given

aeration intensity, the apparent shear intensity of fluid turbulence can be estimated by

Prs 9 Qair
Gy = Hs (Li &Wang, 2005)

Qair H Yw
= NV Vu (Merlo, 2004) A.34

shear stress (7)) can be written as:
4 = GOX p = yXu A.35

All parameters in equation A.34-A.35 were addressed in appendix E.
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A.1.5 Arrangement of models for simulation

The performances of treatment process and membrane filtration are simulated
with AQUASIM 2.0 software. By giving the value of air supply, the oxygen transfer
rate will be calculated and influences on the activities of biomass activated sludge
including EPS production and attachment of EPS on the membrane surface,
meanwhile the shear aeration value will also be estimated to present the detachment
of EPS biofilm. Finally, the membrane fouling manner as well as the treatment

efficiency can be evaluated (see Fig. A.2).

Sludge Aeration
microorganisms rate
Shear
evaluation
models

the TUDP
model

Microbial activities
EPS production
Nutrient removal

Shear forming
on membrane
urface

Attachment Detachment
effect effect

Substitution shear value
in Nagaoka’s detachment
model

Nagaoka’s EPS
production
& attachment model

Biofouling on
membrane

Fig. A.2 Schematic diagram of model arrangement for simulation
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A.2 CALCULATION OF SOME SMBR CONSIDERATIONS

A.2.1 Calculation of sludge production and nutrient requirements

Sludge production indicates the transformation between BOD (and/or COD)
up-taken and the amount of particulate biomass increase in the system

(Tchobanoglous et al. 2003). Sludge production can be calculated by the following:

Sludge production: P = Yo (Qin) (S, —S) A.36

X

All parameters in equation A.36 were addressed in appendix E.

Observed yield values (Y, . ), based on BOD, are illustrated on Fig. A.3. A

obs
temperature range 20 - 30 °C based on tropical Townsville region is used for the
graph reading in Fig. A.3, and a long SRT is planned for the MBR treatment
configuration in order to increase sludge building-up. In fact, for the conventional
activated sludge (CAS) process for treating domestic wastewater, sludge yield is
normally in the range 0.30-0.50 gVvSS/gCOD (Tchobanoglous et al. 2003) and the
observed yield in MBR system is normally lower than the observed yield occurring in

CAS process for the same type of influent (Khongnakorn et al. 2007).
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1.1
1.0F
0.9

J 10°C
0.8

20°C

0.7t
0.6 80°C
0.5+ Domestic wastewater

TSS/BOD =0.5-0.7
Q.31 Primary treatment
02k @ 60% T3S removal
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N Y I Y Y N ey S |
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Solids retention time, SRT, d

Shudge production Y, kg VS8/kg BOD removed

Fig. A.3 Net solid production, SRT and temperature with primary treatment

(Tchobanoglous, Burton et al. 2003)

Therefore, observed yields of no more than 0.5 (kgVSS/kg BOD removal) can

be assumed in the design calculation and nearly complete of BOD removal is
expected for the process. Also, an influent 150 L/h or 3.6 m%d (Q,,) is the

recommended operating point for the membranes used in this study (Kubota-

Corporation 2004).

The estimation of sludge production can be calculated based on Equation
A.36:

Sludge production: P, Yo (Qi) (S, —S)

P, (0.5 g/g) x (3.6 m3/d) x (309.6 - 0 mg/l)



Px

0.557 kg VSS/d
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The calculation details of the nutrient requirement based on Equation A.37-

A.40 as following:

Nitrogen (N) requirement

Nitrogen - loading —

Phosphorous - loading —

0.122 x P, A 37
0.122 x (0.557 kg/d)

0.0679 kg/d

Qin x influent TKN A 38
(3.6 m3/d) x (24.6/1000 kg/m3)

0.0886 kg/d

0.023 x P, A39
0.023 x (0.557 kg/d)

0.0128 kg/d

8.34 x Qj, x influent P A40

8.34 x (3.6 m3/d) x (11.8/1000 kg/m®)

0.0427 kg/d

From calculation details of Equation A.37 - A.40 shown above, there is

sufficient nutrient in the influent supplied to the MBR pilot plant.
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A.2.2 Calculation of oxygen requirement

Oxygen requirement for carbonaceous organic matter

Oxygen required to oxidize a unit of biomass can be written as (Benefield and Randall
1980):
CgH,NO, + 50, - 5C0y + 2H,0 + NH;3
113 1 cell (5x32)

=1.42 where 5x32/113 = 1.42 units O, / unit biomass oxidized

To remove the carbonaceous organic, oxygen requirement can be (Tchobanoglous et

al. 2003):
total amount of )
actual O, total active mass of
) = substrate removed/day | —1.42 .
required/day i ) organisms waste/day
given as ultimate BOD
. . _ Qin (S0 —S)
.0y requirement (kg/d) for BOD removal = 7—1.42(&() A4l
where: f = converting factor of BODs and ultimate BOD (UBOD)
The BOD exerted up to time (t) is given by:
BOD; =  UBOD (1-e7*) A.42
K = kypo % A.43

All parameters in equation A.42-A.43 were addressed in appendix E.

Oxygen requirement for nitrification (Tchobanoglous et al. 2003):

Nitrosomonas

Step I 2NH,; +30, — 2NO, +2H,0+4H"
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where 02 required = 3.43 g/g-N oxidized
alkalinity = 7.14 g CaCO3/g N-oxidized
~ Nitrobacter ~
Step I 2NO; +O, — 2NO,
where 02 required = 1.14 g/ g N-oxidized

Thus, 02 requirement for step I and 11 is (3.43+1.14) = 4.57 g O2/g N-oxidized

.0, requirement (kg /d) for nitrogen removal = 4.57xQ, (N,-N) A.44

where No influent TKN (mg/L)

effluent TKN (mg/L)

Therefore, total oxygen requirement for both carbonaceous and nitrogen removal can

be calculated using Equation below:

_____________________________________________________________________________________

Substituting all parameter values from TableA.3 in the Equation A.45 can be

calculated as below:

Q(So B S)

: ~1.42(P, )+457.Q(N, - N)  A45

.". Total O, requirement =

= [(3.6 m/d) x (309.6 — 0 mg/L) / 0.764]
- (1.42 x 0.557 kg/d)
+[4.57 x (3.6 m*/d) x (60.26 — 0 mg/L)]

Therefore, total O, requirement = 1.66 kg/d
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Based on Equation A.45 and calculation shown above, total oxygen requirement is

1.66 kg/d.

Table A.3 Parameter values for calculation of oxygen requirement

Parameters Definition Value Source

Qin influent flow rate 3.6 m*/d recommended flow for Kubota LF-10
S BOD removal (assumed 100%) 309.6 mg/L Table3.1 (data from CitiWater)

Py sludge production 0.557 kgVvSS/d  determined using Equation 3.1

f BOD conversion factor 0.764 determined using Equation A.42-43
BODg concentration of BOD 309.6 mg/L Table3.1 (data from CitiWater)

Kog reaction rate constant at 25 °C 0.289 1/d determined using Equation 3.8
UBOD ultimate BOD 405 mg/L determined using Equation 3.7

Ny —N nitrogen removal (assumed 100%) 60.26 mg/L Table3.1 (data from CitiWater)

A.2.3 Calculation of air flow rate requirement
Aeration can be estimated using Equation below (Tchobanoglous et al. 2003):

SOTR kg/h
Air flow rate (m3/min) = ( o/h) A.46

[(E)(60min/h)(kg 02/m3air)]

where SOTR =  astandard oxygen transfer rate in tap water at 20 °C and zero
dissolved oxygen which can be calculated as:
C
= AOTR 5,20 (1.0247 ~20) A47
aF (,BCng,H -CL)
Cs1H _

the saturation average dissolved O2 in clean water aeration tank



I:)atm, H +Pw, depth

(CS,T,H) E Patm,H
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s

21
A.48

All parameter used in Equation A.46-A.48 are shown in Table A.4

Table A.4 Parameters used for calculation in Equation A.46-A.48

Parameters Definition Value Source
E oxygen transfer efficiency 30% assumed
a mixing correction factor 04t00.8 source
F fouling factor 0.9 assumed
y) salinity-surface tension correction factor 0.95t00.98 source ?
CL operating oxygen concentration 2 mg/L assumed
Cs, 20 dissolved O, in water as a function of temperature  9.08 mg/L  appendix D.1?
T Temperature (average in Townsville) 25°C -
AOTR actual O, transfer rate under field conditions 1.66 kg/d O, requirement ”
Oy percent oxygen leaving the aeration 19-21% source
C 8.24 mg/L i
CS*T*H saturated O2 in water §,25,1atm J appendix D.2a
Pw,depth pressure at the depth of air release 1.8m water level
Patm, H atmospheric pressure at altitude H 1.7m Patm, H = Patm /7
/4 specific weight of air 59.4kN/m3 7 = P/(RT)
P atmospheric pressure 14.7 Ibfin2 -
R universal gas constant (ft.Ib/ Ib-air.OR) 53.3 source a

Note: a = from (Tchobanoglous et al. 2003), b = from Equation A.45

Substituting all parameter values in Equation A.48 below to get Cg value

S,T,H
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atm H

l [Patm,H + Pw,depth +&J
C§,T,H — (CS,T,H ) E P 21

(8.24 mg/L) (1/2) [((L.7 + 1.8)/1.7) + (19/21)] = 12.2 mg/L

Then, substituting all parameter values in Equation (A.47) to get SOTR value,
assuming ¢ =0.5,F =0.9, £ =0.95;

Cs,20
aF(BCs., -C\)

] (1.0247%)

SOTR AOTR [

(1.66 kg /d) (9.08 g/m?) (1.024)%%
(0.5) (0.9) [(0.95)(12.2 g /m®)—2 g/ m°]

3.12 kg/d = 0.13 kg/hr

The air density at 25 °C and pressure 1 atm is 1.184 kg/m® (from appendix B
Tchobanoglous et al. 2003). The corresponding amount of oxygen by weight is
0.2744 (0.2318; from 23.18 % of O, in air, x 1.184 kg/m®) and air flow rate are ready

to be calculated using Equation A.46 as following:

(SOTR kg /h)
[(E) (60min/ h)(kg O, / m®air)]

Air flow rate (m*/min) =

0.13kg/h
[(0.35) (60min/ h) (0.2744 kg0, / m*air)

0.02256 m*/min = 22.56 I/min

Based on Equation 3.11 and calculation shown above, necessary air flow rate
is 22.56 I/min. Therefore, the blower used in the pilot MBR has to cover at least

22.56 I/min of aeration due to oxygen requirement.
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A.2.4 Calculation of head loss
Head loss can be calculated using Bernoulli Equation, shown below.

Energy Equation for fluid flow:

2 2
PV
Z1 + L 4L Zy +—2+—2+h|_
pY 29 - P9 29

=
=
1
I/
g
o|r
N‘_<
« )
~
_l’_
I/
g
e
N|_<
(@] N
N———

2
where Z f %\2/—' = major head loss depends on pipe diameter and flow pattern
g

2

Z K, \2/—' = minor head loss depends on pipe connection (e.g. bend, valve)
g

In this case, only major head loss is considered, therefore;

2 P, V# L V{2
7, + VT v L=
Py 29 Pe 0 9 A.49
where L,D = length an diameter of pipe (m), respectively
f = friction factor: for laminar flow f = 64/Re for Re <2000;

for turbulent flow using Swamee-Jain Equation (error 2-5%):

0.25

2
k/d 574
log| "=+
f _ 37 Re®?

A summary of head loss calculation is presented in TableA.5.
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Table A.5 Head loss calculation of the MBR (see flow diagram Fig. 3.2 in chapter 3)

. . di area flow velocity Friction hf
Section of flowing . , 5 Re
(in) (m9) (m°/s) (m/s) factor (m)
Section | : Inlet flow to anaerobic unit,
Flow 1Qin (Qin =150I/h), pipe 15 0.001268  4.17E-05 0.0515 1565.86 0.046 0.00221

length 20 m

Section Il : Overflow from anaerobic
unit to anoxic unit, Flow 1.2Qin, pipe 2 0.002028 5.00E-05 0.025 1252.68 0.051 0.00006

length 2 m
Section 111 : Overflow from anoxic to
aerobic-membrane unit, Flow 4.2Qin, 2 0.002028 1.75E-04 0.086 4384.39 0.015 0.000218
pipe 2 m

Section IV : Return flow from aerobic-
membrane to anaerobic unit, Flow 0.5 0.000127 8.33E-06 0.066 835.123 0.077 0.013313
0.2Qin , pipe 10 m

Section V : Return flow from aerobic-
membrane to anoxic unit, Flow 3Qin, 1 0.000507 1.25E-04 0.247 6263.422 0.010 0.007591
pipe 6 m
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EXPERIMENTAL DATA FOR CHAPTER 4

B.1 FILTRATION PROFILES USING FLUX STEPPING TECHNIQUE
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30 T

—E— Flux

Operation time (min)

—o—TMP

bog | 04

- 1.2

- 0.8

0

15 30 45 60 75 90 105120135150165

—B— Fux

Operation time (min)

—o—TMP

TMP (kPa)

TMP (kPa)

Fig. B.1 Flux and TMP
profile at step height 8

L/m?h and step length 15
min using  flux stepping

technique

Fig. B.2 Flux and TMP
profile at step height 4

L/m?h and step length 15
min using  flux stepping

technique



30 + -2
23T +16
=
: 20 i
N
E +— 1.2
= 15 +
X +— 0.8
Z 10 -

a1

- 04

o

60 120 180 240 300

Operation time (min)

—8— Flux —— TMP

Flux (L/m2.h)
H
(2]

I
o

o o

30 60 90 120 150
Operation time (min)

—E— Flux —o— TMP

2.5

Flux (L/m2.h)
[ ] N N w
(&) o (6] o
|

[N
o

[&;]

o

30 60 90 120 150 180 210 240 270 300 330

Operation time

—=— Flux —— TMP

TMP (kPa)

TMP (kPa)

TMP (kPa)

210

Fig. B.3 Flux and TMP
profile at step height 2

L/m?h and step length 15
min using  flux stepping

technique

Fig. B.4 Flux and TMP
profile at step height 8

L/m2h and step length 30
min using  flux stepping

technique

Fig. B.5 Flux and TMP
profile at step height 4

L/m2h and step length 30
min using  flux stepping

technique

Fig. B.6 Flux and TMP
profile at step height 2
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L/m2h and step length 30
min using  flux stepping

technique

B.2 FILTRATION PROFILES USING FLUX CYCLING TECHNIQUE
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Fig. B.7 Flux and TMP profile

at step height 8 L/m?h and
step length 15 min using flux

cycling technique

Fig. B.8 Flux and TMP profile

at step height 4 L/m?h and
step length 15 min using flux

cycling technique
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Fig. B.9 Flux and TMP profile
at step height 2 L/m?h and

step length 15 min using flux
Fig. B.10 Flux and TMP profile

at step height 8 L/m?h and
step length 30 min using flux
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Fig. B.12 Flux and TMP profile

at step height 2 L/m?h and
step length 30 min using flux

cycling technique

B.3 CRITICAL FLUX BASED ON FLUX LINEARITY
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Fig. B.13 Critical flux based on
flux linearity at step height 8

L/m?h and step length 15
min  using flux  stepping

technique

Fig. B.14 Critical flux based on
flux linearity at step height 4

L/m2h and step length 15
min using flux stepping

technique
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Fig. B.15 Critical flux based on
flux linearity at step height 2

L/m?h and step length 15
min using flux stepping

technique

Fig. B.16 Critical flux based on
flux linearity at step height 8

L/m2h and step length 30
min using flux stepping

technique

Fig. B.17 Critical flux based on
flux linearity at step height 4

L/m2h and step length 30
min using flux stepping

technique
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Fig. B.18 Critical flux based on
flux linearity at step height 2

L/m?h and step length 30
min using flux stepping

technique

B.4 CRITICAL FLUX BASED ON 90% PERMEABILITY
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Fig. B.19 Critical flux based on
90% permeability at step height

8 L/m?h and step length 15
min using flux stepping

technique

Fig. B.20 Critical flux based on
90% permeability at step height

4 L/m?h and step length 15
min using flux stepping

technique
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Fig. B.21 Critical flux based on
90% permeability at step height

2 L/m2h and step length 15
min using flux stepping

technique

Fig. B.22 Critical flux based on
90% permeability at step height

8 L/m?h and step length 30
min using flux stepping

technique

Fig. B.23 Critical flux based on
90% permeability at step height

4 L/m?h and step length 30
min using flux stepping

technique
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Fig. B.24 Critical flux based on
90% permeability at step height

2 L/m?h and step length 30
min using flux stepping

technique

B.5.1 CRITICAL FLUX BASED ON FOULING REVERSIBILITY FROM
HYSTERESIS LOOP
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Fig. B.25 Critical flux based on

fouling reversibility at step

height 8 L/m?h and step
length 15 min from hysteresis

loop of flux stepping technique

Fig. B.26 Critical flux based on

fouling reversibility at step

height 4 L/m?h and step
length 15 min from hysteresis

loop of flux stepping technique
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Fig. B.27 Critical flux based on

fouling reversibility at step

height 2 L/m?h and step
length 15 min from hysteresis

loop of flux stepping technique

Fig. B.28 Critical flux based on

fouling reversibility at step

height 8 L/m?h and step
length 30 min from hysteresis

loop of flux stepping technique

Fig. B.29 Critical flux based on

fouling reversibility at step

height 4 L/m?h and step
length 30 min from hysteresis

loop of flux stepping technique
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Fig. B.30 Critical flux based on

fouling reversibility at step

height 2 L/m?h and step
length 30 min from hysteresis

loop of flux stepping technique

B.5.2 CRITICAL FLUX BASED ON FOULING REVERSIBILITY FROM FLUX

CYCLING
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Fig. B.31 Critical flux based on

fouling reversibility at step

height 8 L/m?h and step
length 15 min wusing flux

cycling technique

Fig. B.32 Critical flux based on

fouling reversibility at step

height 4 L/m?h and step
length 15 min using flux

cycling technique
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Fig. B.33 Critical flux based on

fouling reversibility at step

height 2 L/m?h and step
length 15 min using flux

cycling technique

Fig. B.34 Critical flux based on
fouling reversibility at step

height 8 L/m?h and step
length 30 min wusing flux

cycling technique

Fig. B.35 Critical flux based on

fouling reversibility at step

height 4 L/m?h and step
length 30 min using flux

cycling technique
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Fig. B.36 Critical flux based on

fouling reversibility at step

height 2 L/m?h and step
length 30 min using flux

cycling technique

B.6 SUSTAINABLE FLUX BASED ON FOULING RATE
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Fig. B.37 Sustainable flux

based on fouling rate at step

height 8 L/m?h and step
length 15 min using flux

stepping technique
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Fig. B.38 Sustainable

based on fouling rate at

height 4 L/m?h and

length 15 min
stepping technique

using

Fig. B.39 Sustainable

based on fouling rate at

height 2 L/m?h and

length 15 min
stepping technique

using

Fig. B.40 Sustainable

based on fouling rate at

height 8 L/m?h and

length 30 min
stepping technique
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Fig. B.41 Sustainable

based on fouling rate at

height 4 L/m?h and
length 30 min using

stepping technique

Fig. B.42 Sustainable

based on fouling rate at

height 2 L/m?h and
length 30 min using

stepping technique

EXPERIMENTAL DATA FOR CHAPTER 5

C.1 CRITICAL FLUXDETERMINATION FOR CHAPTER 5

Critical flux (Jeit) was tested under constant permeate flux condition and it

indicates the flux below which TMP rises moderately and then can stabilize, but above

which rapid rise in TMP will be observed. Flux-stepping experiment with 15 min step

flux

step

step

flux

flux

step

step

flux
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duration and 2 L/m?h flux step height was carried out to determine the critical flux.

Table C.1 showed the percentage of permeability of different filtrations at MLSS 4 g/L

with 90 I/min aeration and at MLSS 8 g/L with 170 I/min aeration.

Table C.1 Permeability of flux stepping filtrations at MLSS 4 g/L and 90 I/min

aeration and MLSS 8 g/L and 170 L/min aeration

Flux stepping filtration at
8 g/L MLSS and 170 I/min aeration

Flux stepping filtration at
4 g/L MLSS and 90 I/min aeration

Time TMP Flux Percentage of
(min) (kPa)  (L/m%h)  Permeability

15 0.26 6.12 100.00

30 0.35 8.06 99.84

45 0.45 9.99 95.26

60 0.56 12.03 92.98

75 0.66 1409 9187

90 0.77 16.17  90.12 «A*
105 0.92 18.19 84.56 «B*

120 1.18 20.04 73.14

Time TMP Flux Percentage of
(min) (kPa)  (L/m%h) Permeability

15 0.24 6.16 100.00

30 0.33 8.16 98.76

45 0.40 10.01  98.19

60 0.50 1205 96.13

75 0.59 14.08  94.77

90 0.68 16.09  93.65 «A*

105 0.81 1820 89.43 «B*

120 0.95 20.06  83.99

Flux stepping filtration at
8 g/L MLSS and 170 I/min aeration

Time TMP Flux Percentage of

(min) (kPa)  (L/m%h) Permeability

Flux stepping filtration at
4 g/L MLSS and 90 I/min aeration

Time TMP Flux Percentage of
(min) (kPa)  (L/m*h) Permeability

135 1.42 22.08 66.84

150 1.90 2403 54.17

135 1.14 22.10 76.73

150 1.45 2405 6581

Hint: based on 90% permeability; A* = sub-critical flux and B* = supra-critical flux
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From Table C.1, it can be seen that the decline in percentage of permeability of
each filtration step from flux 6 L/m?h up to flux 16 L/m*h was small, while a decrease
of permeability since flux 18 L/m?h and above were clearly major. The change of
percentage of permeability above 90% and lower at the 16 and 18 L/m?h flux, was
selected as the indicative of sub and supra critical flux border based on the 90%
permeability critical flux concept. The average value (17 L/m?h) between these two
fluxes was then considered in this study as the critical flux value which will provide a
practical criterion for comparing the effect of filtration stages on the various

parameters.

C.2 CARBOHYDRATE AND PROTEIN CALIBRATION CURVES

The carbohydrate concentration was determined from a calibration curve
based on glucose as a standard solution (see Fig. C.1). The protein concentration was
determined from a calibration curve based on bovine serum albumin (BSA) as a

standard solution (see Fig. C.2).
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C.3 FILTRATION PROFILES UNDER DIFFERENT FLUX STAGES
AND DIFFERENT SLUGDE COMPOSITIONS
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Fig. C.3 TMP under sub-critical flux operation of sludge 8 g/L and high soluble EPS
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Fig. C.4 TMP under sub-critical flux operation of sludge 8 g/L and low soluble EPS
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Fig. C.5 TMP under sub-critical flux operation of sludge 4 g/L and high soluble EPS
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Fig. C.6 TMP under sub-critical flux operation of sludge 4 g/L and low soluble EPS
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APPENDIX D

ANALYSIS OF VARIANCE (ANOVA) FOR CHAPTER 6

The quantitative measure of the influence of individual factors is obtained
from the analysis of variance (ANOVA). An important purpose of ANOVA is for
determining the relative importance of the various factors. A portion of the total
variance observed in the experiment attributed to each significant factor is reflected in
the percent contribution. The percent contribution is a function of the sum of squares

for each significant item. The sums of squares for factor A (SS,) is defined by
SSp = (A -A,)° D.1

The values of A; and A, can be calculated using eq C.2 and C.3 below (Idris,

2002). The sums of squares for the rest of the factors are determined in a similar

manner.
AL = DX = X+ X+ Xt D.2
i=1
1 n
A, = Hin = (Un).( X+ X, + X+ 4+ X,) D.3

i=1

The F-ratio also called the variance ratio is the ratio of variance due to the
effect of a factor and variance due to the error term. This ratio is used to measure the
significance of the factor under investigation with respect to the variance of all the

factors included in the error term (Idris, 2002).

The error sum of squares: S = St—Sm D.4
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where Sm = SSp + SSg + SS¢ + SSp + SSg D.5
9

St = D (X;)?-CF D.6
i=1

CF = %(Zg‘,(xi)j D.7

i=1

<

—A D.8
Ve

The F-ratio for factor A is given by: F-ratio

where Va and Ve are variance due to factor A and error, respectively is given by eq D.9

and C.10 as shown below.

V = D.9
A fA
v, = ste D.10

where fa and fe are defined as the degree of freedom for factor A and error. Similarly,

the F-ratios for the other factors are worked out in a similar manner.
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APPENDIX E

NOMENCLATURE

surface area (m?)

amount of BOD exerted up to time t (mg/L)

sludge concentration

the biosolids concentration (kg/m®)

Saturation oxygen concentration

saturation O, concentration for clean water at 20°C (9.08 mg/L)
EPS concentration (mg/L)

gravitational constant (9.81 m/s?)

depth of membrane tank (1.75 m)

head loss (m)

the permeate flux (L/m>.hr)

flux of activated sludge filtration (L/m?.hr)

flux of initial water flux

flux of final water flux after removing cake layer on the membrane
first order reaction rate constant (1/d) which can be calculated
a typical k value base at 20 °C = 0.23 1/d

decay rate of EPS = 0.018 (1/d)

detachment rate of EPS off the membrane surface (1/d)

overall mass transfer coefficient

rate constant concerning the consolidation process, k,, =0.015 (1/d)
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m = EPS density on membrane surface (g/m?)

OTR = actual oxygen transfer rate under field condition (kg O-/h),
OUR = oxygen consumption rate

P = trans-membrane pressure (Pa)

Py = net waste activated sludge produced each day, kg VSS/d
AP e = TMP of activated sludge filtration (Pa)

AP, = TMP of initial water flux,

AP, i = TMP of final water flux after removing cake layer on the membrane
Qair = air flow (1.157 x 10-3 m?/s)

Qin = influent flow, I/d

r, = change in oxygen solution concentration (mg/L .s),

Ry = total fouling resistance (1/m)

Rm = intrinsic membrane resistance (1/m)

Rs = resistance induced by membrane fouling (1/m)

Rc = cake layer resistance (1/m)

Rp = the pore fouling resistance (1/m)

S = effluent substrate concentration, mg/L

So = influent substrate (BOD) concentration, mg/L

SOTE = standard oxygen transfer efficiency, referred to the fraction of

oxygen in the input gas dissolved under the standard condition, in this
case 6.9 (estimated from diffuser data for tank volume 1.9 m®, depth
1.5 m, and aeration 1.85 ft¥/min, (GSEE-Inc 2001)

SOTR

standard oxygen transfer rate at 20 °C and zero DO (kg Ox/h),
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t = time, d

T = actual temperature, °C = 25°C

UBOD = total or ultimate carbonaceous BOD, mg/L
\Y = aerobic reactor volume (m3) (1.35 m®
Vperm = a permeate volume (m®)

v = velocity (m/s)

VSS = volatile suspended solid

W = a mass of dry solids per unit area (kg/m?).
Xt = biomass concentration (mg/L)

Yobs = observed yield (gVSS/g substrate removal)
VA = elevation above datum (m)

B = ratio of produced EPS to increased MLSS = 0.012 (g EPS/g MLSS)
0 = correction factor above 20 °C = 1.056

Yw = specific weight of water (9800 N/m?

u = the viscosity (Pa.s)

Ho = viscosity of the sludge mixture concentration:
Mo = viscosity of water

pLs = density of sludge mixture

o = specific resistance of EPS (m/g) and

a, = ultimate value of o (m/g)

@y, = a value at (P = 0) = 5x10™ (m/g),

ap = a constant = 2.5 x 10'° (m/g.Pa)

Y = constant = 0.1 (1/Pa.d)



Am

Tm

static friction coefficient

shear stress (Pa)

= 0.001
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