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Chapter 1

Chapter 1

Introduction

1.1 Expectation for a new role of membrane bioreactors

We release a large amount of sewage such as domestic wastewater and human
sewage in our daily lives. Since sewage water contains many organic substances, it causes
pathogenic bacteria and a putrid odor. Therefore, if released, it may adversely affect our
lives and natural ecosystems. Sewage treatment plants are facilities that collect sewage
and rainwater, treat it to below specified water quality standards, and then return it to the
natural environment such as river water and seawater. This allows us to live a sanitary
life. At the end 0f 2019, approximately 2,100 sewage treatment plants were found in Japan.
Further, two main treatment processes exist: the standard activated sludge process and the
oxidation ditch process, which account for most of the total plants.

As a new technology for wastewater treatment, membrane bioreactors (MBRs)
have been developed and advanced for more than three decades [1]. Over the years,
MBRs have gained widespread attention, were put to practical use, and have been used
all over the world [2-14]. MBRs have been widely used for treating municipal and
industrial wastewater because of their numerous advantages, including high-quality
effluent, small footprint requirements, and ease of operation, in contrast to conventional
activated sludge systems, which use settling tanks [15-17]. MBRs also show high
pollutant removal performance because suspended solids, including valuable
microorganisms, remain inside the reactor [17]. Thus, MBRs have been widely adopted

at various wastewater treatment plants worldwide [18,19]. However, as mentioned above,
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the standard activated sludge method and the oxidation ditch method are the main
methods for wastewater treatment in Japan. Thus, it cannot be declared that MBRs are
widespread despite their advantages in Japan.

Plastics are now indispensable substances for maintaining our lives, and we
encounter them in food and drink containers, stationaries, clothing, and shopping bags
every day. Some of these plastics eventually reach the ocean and cause marine pollution.
Because the complete mineralization of plastics commonly requires many years, they are
currently the most common and persistent pollutants in the oceans worldwide [20,21].
Two types of plastics exist in marine pollution categorized according to their size,
microplastics and macroplastics [22]. Microplastics, commonly defined as plastic
particles smaller than 5 mm, have received great attention as substances that may harm
ecosystems and human health in recent years [23-25]. Current studies have revealed that
the influence of microplastics on marine ecosystems has become more serious [26-37].
Furthermore, several studies on the sources of microplastics have been conducted [38-
40]. One of the important sources of microplastics is artificial fiber from laundry washing
using washing machines [41-48]. Browne et al. reported that over 1900 types of fibers
were generated from domestic washing machines [41], and Hartline et al. reported that a
single wash of polyester fleece produced up to 2 g of microfiber [44]. De Falco et al.
reported that the number of microfibers released from a typical 5 kg load of polyester
fabrics exceeded 6,000,000, depending on the type of detergent used [48]. In addition,
personal care products such as facial cleansers contain polyethylene microbeads, which
are also well known to be a source of microplastics [22,34,49-52]. These microfibers and
microbeads eventually reach wastewater treatment plants (WWTPs) via the sewer system

[42], and more than 90% of microplastics are removed in WWTPs [53-56]. However, this
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means that almost 10% of microplastics slip through WWTPs and flow into the water
environment [57-61]. Therefore, conventional WWTPs are insufficient facilities for
microplastic removal. MBR, which is an advanced wastewater treatment technology, has
excellent removal performance for microplastics as compared with conventional WWTPs
[23,62-64]. Lares et al. reported that MBRs were able to remove 99.4% of microplastics
[62]. Li et al. reported that no microplastics were found in the MBR permeate from
scanning electron microscopy observations [64]. This suggests that MBRs are a
promising solution to marine pollution caused by microplastics. Therefore, MBRs can be
expected to play a new role not only as a wastewater treatment system but also as a means

to solve one of the environmental problems (SDGs Goal 14).

1.2 Membrane bioreactors and their issues

MBRs are wastewater treatment processes that combine a solid-liquid separation
process using membranes and a biological degradation process using activated sludge.
Compared with the conventional activated sludge process, MBR eliminates the need for
multiple tanks such as the primary settling tank and final settling tank, and in an extreme
case, only an aeration tank. Therefore, MBRs have the advantage that the footprint of the
processing equipment can be reduced [65,66]. Furthermore, because the membrane can
prevent suspended solids and Escherichia coli, clear and hygienic treated water can be
obtained [67]. However, compared to the conventional activated sludge process, MBRs
incur higher operating costs for two main reasons. One is the energy consumption used
for membrane aeration [68-72]. Fenu et al. reported that the energy cost of municipal full-
scale MBR in Schilde (Belgium) with Zenon hollow fiber membranes was 0.64 kWh/m?

of permeate [73]. There were some similar reports, which showed more than double the
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energy costs for MBRs than for conventional activated sludge with an energy cost of 0.3
kWh/m? of permeate [74-76]. In recent years, many efforts have been made to reduce the
energy consumption of MBRs and have been successful [9,77]. In the immediate future,
the energy cost is expected to be comparable to that of the conventional activated sludge
process.

The other is due to the decline in water permeability caused by membrane fouling
[68,78-80]. Membrane fouling is a phenomenon by which suspended matter is deposited
on the membrane surface and/or captured in membrane pores, and the filtration resistance
increases over time [81]. When serious membrane fouling is observed, membrane module
cleaning or replacement is needed, but this leads to an increase in operating and
maintenance costs [4,18]. Therefore, the reduction of fouling development is still a big
issue for the further application of MBRs in the future. Many studies have focused on
mitigating membrane fouling in MBRs [82-85], but a definite and effective technique has

not been established.

1.3 Membrane fouling in membrane bioreactors

In general, membrane fouling occurs when solutes and solids as foulants
contained in the raw water are adsorbed and accumulated on the surface and inside of the
membrane, which clogs the pores and reduces the water permeability. Membrane fouling
causes various problems, such as an increased operating cost and decreased membrane
life [86]. Membrane fouling in MBRs is believed to be due to both pore clogging inside
the membrane and the accumulation of sludge cake on the membrane, which is the main
fouling component [87]. The factors affecting membrane fouling can be divided into

multiple groups such as membrane properties, characteristics of feed water,

4
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characteristics of activated sludge, and operating conditions [17-19,88-100]. The multiple
effects of these factors further complicate membrane fouling phenomena [101,102]. For
the case of membrane properties among these factors, previous studies reported that
membrane material, surface hydrophilicity, membrane morphology, surface charge, pure
water permeability, pore size and distribution, porosity, and surface roughness were
important factors for the development of membrane fouling [82,103-111]. However, the
relationship between the properties of the membrane material and membrane fouling
phenomena is still unclear owing to many conflicting results.

Generally, a hydrophobic membrane develops more membrane fouling than
hydrophilic membrane due to hydrophobic interactions between foulants, such as
extracellular polymeric substances secreted from activated sludge, in the suspension
liquid and membrane surface [18,19,106,112-114]. For this reason, many studies have
focused on the hydrophilicity of membrane surfaces in the development of antifouling
membranes [110,115-117]. However, contradictory results have been reported. For
instance, Miyoshi et al. reported that the fouling rate increased in the order of cellulose
acetate butyrate (CAB) > polyvinylidene fluoride (PVDF) > polyvinyl butyral (PVB)
membranes although PVDF was extremely hydrophobic [109]. Chen et al. reported that
the flux diminishing rate was in the order of cellulose acetate (CA) > PVDF >
polyethersulfone (PES) membranes although CA was the most hydrophilic among them
[118]; similar results have also been reported by other researchers [104,119]. The above
studies [104,106,109,110,113,114,118,119] used membranes with different
hydrophilicity and other membrane properties for the experiments. This means there is a
possibility that the effect of membrane hydrophilicity on membrane fouling was much

smaller than the other membrane properties such as pore size and surface roughness,

5
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which led to misinterpretation of the results. Therefore, I considered it necessary to carry
out comparative experiments using membranes with similar membrane properties, except
hydrophilicity, to confirm the effect of hydrophilicity on membrane fouling, as only a few
previous similar studies [108].

In addition to the relationship between the hydrophilicity of the membrane and
the membrane fouling propensity, many contradictory results have been reported on the
relationship between membrane pore size and membrane fouling propensity
[106,107,109,120]. For instance, Miyoshi et al. investigated the relationship between the
pore size of the membrane and the development of membrane fouling using membranes
made of different materials and a bench-scale MBR. They suggested that the optimal
membrane pore size that prevents membrane fouling depends on the membrane material.
For PVDF, the larger the pore size, the greater the degree of suppression, whereas the
opposite result was obtained in the case of CAB [109]. However, to date, only a few
studies have investigated the relationship between membrane pore size and fouling
phenomena by comparing membranes made from the same membrane material, which
have similar membrane properties but different pore sizes [106,107,120]. Jin et al.
investigated the relationship between membrane pore size and membrane fouling using
ceramic membranes with four different pore sizes and a laboratory-scale MBR. They
found that membranes with the smallest pore size exhibited the slowest membrane fouling,
whereas the membrane with the largest pore size exhibited the fastest membrane fouling
[107]. However, Nittami et al., obtained opposite results. They investigated the
relationship between membrane pore size and membrane fouling using symmetrical
hydrophobic polytetrafluoroethylene (PTFE) membranes with different pore sizes and a

laboratory-scale MBR and reported that the membrane with the smallest pore size

6
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exhibited the fastest membrane fouling [120]. These results also suggest that the
relationship between membrane pore size and fouling propensity depends on the
membrane material; thus, this relationship should be investigated using individual
membranes made from the same material.

On the contrary, regarding the relationship between the surface roughness of the
membrane and the fouling propensity, the results are generally in agreement, and it was
reported that the larger the surface roughness, the easier the membrane fouling
[111,118,121,122].

As described above, it cannot be said that the relationship between the membrane
properties and the membrane fouling propensity has been demonstrated in MBRs.
Therefore, the relationship between the individual membrane properties and the
membrane fouling propensity for each membrane material should be investigated, and the
range of optimum membrane properties that can mitigate membrane fouling should be
clarified. From the results, I believe that a membrane suitable for MBRs can be

determined.

1.4 Modification of membrane by blending with amphiphilic polymers

In recent years, to fabricate membrane with hydrophilicity and antifouling
properties, many attempts have been made to prepare modified membranes blended with
amphiphilic polymers such as Pluronic F127 and Tween-80 [123-129]. In these studies,
effects other than tuning the hydrophilicity of the membrane have also been reported.
Zhao et al. reported that the pore sizes of the skin layer on PES ultrafiltration membranes
blended with Pluronic F127 increased with an increase in Pluronic F127 content [126].

Liu et al. reported that the pore size and surface roughness of polyvinyl chloride (PVC)

7
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ultrafiltration membranes blended with Pluronic F127 decreased compared to the
membrane without it [127]. Furthermore, Rabiee et al. reported that pure water flux on
PVC ultrafiltration membranes blended with Tween-20 and Tween-80 increased
continuously with the addition of Tween because of the higher surface hydrophilicity and
higher porosity [128]. As described above, the addition of amphiphilic polymers can not
only provide hydrophilicity to the membrane surface but can also tune the membrane
surface and internal structures, such as pore size, surface roughness and pure water
permeability. Therefore, by applying this technique to membrane preparation, membranes
with antifouling properties suitable for MBR applications can be prepared.

Most of the amphiphilic polymers added for membrane modification, including
those in the studies mentioned above, have been limited to polymers such as Pluronic,
Tween and polyvinylpyrrolidone (PVP) [123-132]. However, apart from these polymers,
numerous other polymers are commercially available and can be used as polymer
additives in membranes. Among the many commercially available polymers,
fluoropolymers are attractive materials. Since fluoropolymers have a perfluoroalkyl
group, their surface tension is small owing to the intermolecular force of the group
[133,134]. Because of this function, the fluoropolymers are expected to make the surface
of the membrane smoother. As mentioned in Section 1.3, a membrane with a smoother
surface is superior in terms of membrane fouling. In this respect, fluoropolymers are

promising additives.

I.5 Strategy to further popularize membrane bioreactor
The majority of membranes applied in MBRs are polymeric membranes

prepared by the phase inversion method or stretching method [101]. Polymeric

8
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membranes are classified into hollow fiber membranes and flat-sheet membranes
according to their shapes. In this study, the target was limited to flat-sheet membranes. In
flat-sheet membranes, the membrane materials used for MBRs are mainly PVDF [87,
135-140], PTFE [105,108,120,141], PES [142-146], and chlorinated polyvinyl chloride
(CPVC) [110,147-152], polyacrylonitrile (PAN) [153,154], and polyethylene (PE) [82]
are the most popular at present. In particular, CPVC flat-sheet microfiltration membranes
with non-woven polyester fabric as a support layer have been widely applied in MBRs
because of their excellent chemical and mechanical properties [9,147,155].

The study aims to provide new value for the further popularization of MBRs
using CPVC flat-sheet membranes with excellent chemical and mechanical properties.
For this purpose, it is necessary to demonstrate that the CPVC flat-sheet membrane has
durability and fouling resistance suitable for removing microplastics in wastewater
treatment plants, and to determine the optimum membrane properties for mitigating
membrane fouling. Therefore, it is necessary to establish a technique for preparing CPVC

membranes with optimum membrane properties.

1.6 Purpose of this study

This dissertation focuses on investigating the membranes taht are suitable for
MBRs and suggests processes for preparing such membranes. The membrane suitable for
MBRs referred to here is a membrane with durability that is unlikely to be a source of
microplastics and low fouling propensity.

This dissertation is composed of three parts:, Chapters II and III of the first part
clarified the durability and fouling resistance of the membrane in a lab-scale MBR using

commercially available flat-sheet membranes. Chapters IV and V of the middle part

9
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revealed the membrane properties of CPVC membranes with a low fouling propensity for
application to MBRs. In Chapters VI and VII of the final part, I found a simple technique

for CPVC membranes with the preparation of the revealed membrane properties.
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Chapter 11
Effects of structural vulnerability of flat-sheet membranes
on fouling development in continuous submerged

membrane bioreactors

I1.1 Introduction

Membrane bioreactors (MBRs) have come to be used widely for treating various
types of wastewater over the last 20 years because of their numerous advantages,
including the high quality of the thus-treated water, their low space requirements, and
their ease of operation compared to conventional activated sludge treatment processes,
which use settling tank [1-3]. MBRs also show high pollutant removal performance
because they allow for the ready control of the concentration of mixed liquor suspended
solids (MLSSs) [3]. However, membrane fouling remains a matter of concern in actual
wastewater treatment processes [2,3]. MBRs can be categorized into two classes based
on the configuration of the membranes used: hollow-fiber membrane bioreactors [4-8]
and flat-sheet membrane bioreactors [9-15]. Both types of MBRs experience fouling-
related problems, though their configurations are different and there have been numerous
studies to find suitable solutions for these problems [3]. At the time of the introduction of
MBRs for biochemical water treatments, which was in the early 2000 s, it was already
acknowledge that soluble microbial products and extracellular polymeric substances
(EPSs) are responsible for membrane fouling. In particular, there had been several studies
on the effects of their size and hydrophobicity [3,16,17]. Thus, there have been extensive
efforts over the years to improve the hydrophobicity of membrane materials [18-21],
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because it has recognized that the hydrophobic binding between the membrane material
and the fouling matter is the primary reason for the irreversible fouling of membranes. In
addition, there have been several studies from an engineering perspective to prevent or
limit membrane fouling [3,22] by changing the operating conditions of MBRs, such as
the MLSS concentration and composition [23], solid retention time (SRT) [24], filtration
flux [25], and intensity of aeration [3,12]. The scouring and cleaning of the membranes
can also help prevent fouling [26,27]. However, the relationship between the
characteristics of membrane material used and the fouling phenomenon is still unclear.
For instance, Miyoshi et al. investigated the relationship between membrane pore size
and the development of membrane fouling using membranes of three different materials
and a bench-scale MBR with activated sludge. They found that the optimal membrane
pore size for preventing membrane fouling depends on the membrane material. For
polyvinylidene fluoride (PVDF), the larger the pore size is, the greater is the degree of
mitigation whereas in the case of cellulose acetate butyrate (CAB) membranes, the
opposite is true [28]. That is, there is not even consistent in only one of the relationships
between membrane characteristics and fouling development, thus in order to increase the
applicability of MBRs for the treatment of real wastewater, additional studies on the
above-mentioned relationship are needed.

On the other hand, in most previous studies, the focus was only on the properties
of polymer themselves for making membranes and their degree of fouling, and there have
been few reports on the effects of the structures of the membrane sheets and their
supporting materials on the fouling propensity and how these structures vary with the
membrane fabrication method used. However, the membrane sheets used in flat-sheet

membrane MBRs are usually combined with a supporting material such as polyethylene
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terephthalate (PET) [13,15,29]. Besides, membrane fouling generally occurs in the
primary fouling mechanisms including adhesion/deposition mechanism [30-32] and
filtration resistance caused by chemical potential mechanism [17,33-35]. Thus, not only
the effects of the properties of the membrane material itself but also those of the fabricated
membrane sheets on the fouling phenomenon in the primary fouling phenomena should
be considered when analyzing the practical applications of MBRs.

From this perspective, the objectives of the comparative study intended to
elucidate the fouling behavior of membranes in a bench-scale continuous MBR that
treated synthetic wastewater using flat-sheet membranes of four different membrane
materials, viz. PVDF, polyethersulfone (PES), polytetrafluoroethylene (PTFE), and
chlorinated poly (vinyl chloride) (CPVC). In particular, this study focused on the
properties of the flat-sheet membranes with PET as the supporting material and discuss
the relationship between their properties and the fouling phenomenon. It was also
investigated that other factors which contribute to fouling, such as the amounts of MLSSs,
EPSs, and soluble matter present, determined based on the excitation-emission matrix
(EEM). Besides, it was also investigated and compared the characteristics of the
laboratory-scale submerged MBR in this study and two types of bioreactors at real
wastewater treatment plants (MBR at an actual night-soil treatment plant and aeration
tank at an actual sewage-treatment plant) in order to determine whether the knowledge

obtained in this study can be extrapolated to actual wastewater treatment plants.

I1.2 Materials and methods
11.2.1 Membranes and flat-sheet membrane modules used

As stated above, in this study, four different types of flat-sheet membranes were
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used. These membranes are available commercially for use in actual wastewater treatment
facilities worldwide and were obtained from their manufactures. Table 2-1 lists the
physical and chemical characteristics of each membrane material. All the materials except
for PES were hydrophobic before use. In other words, PVDF membrane was subjected to
a hydrophilic treatment by the manufacture, whereas the modules of the CPVC and PTFE
membranes were soaked in ethanol for 10 min in the laboratory to ensure that their
surfaces adapted to water right before the start of the experiments. The modal flow rate-
based pore sizes of the membranes were similar (0.16-0.25 um) except for the PES
membrane (< 0.05 pm). Further, the pure water permeability of the PES membrane was
also lower than those of the other membranes; this was owing to differences in the
structures of the membrane materials. PVDF and PES membranes are generally produced
by a non-solvent induced phase separation (NIPS) method [36] and use a non-woven
piece of PET fabric as the supporting layer, whereas CPVC flat-sheet membranes are
produced by vapor-induced phase separation (VIPS) [37] and also use a piece of non-
woven PET fabric as the supporting layer. On the other hand, in the case of PTFE flat-
sheet membranes, first a thin film of PTFE is produced and stretched to induce micropores.
It is then laminated with non-woven PET [38]. In this study, each flat-sheet membrane
was fixed to a polyvinyl chloride frame using polyester spacers, and a plastic corrugated
board was employed to form the membrane module for MBR (Fig. 2-1). The total

effective filtration area of each membrane module was 0.11 m? (0.19 x 0.29 m x 2 sheets).

11.2.2 Configuration and operation of laboratory-scale submerged membrane bioreactor
A schematic of laboratory-scale submerged MBR (MBR/Lab) is shown in Fig.

2-2. MBR/Lab was made of clear polyvinyl chloride and had an effective working volume
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Table 2-1 Membrane materials used and their characteristics

Material PVDF CPVC PTFE PES
Pore size Specification (um)* 0.05 0.2 0.1 0.05
Modal flow-rate pore size (Lm) 0.25 0.17 0.16 <0.05
Hydrophilicity Hydrophobic** Hydrophobic ~ Hydrophobic ~ Hydrophilic
Structural symmetry Asymmetric ~ Symmetric Symmetric  Asymmetric
Pure water permeability (ml/cm’ bar min) 105 17.0 20.2 2.66

* Information from manufacture.
** Membrane was subjected to hydrophilic treatment by manufacture.

% Flat-sheet membrane

Spacer | /

/ Frame

|~ Corrugated board

Fig. 2-1 Schematic of flat-sheet membrane module.

6.8 L. The membrane module was installed in the middle part of the reactor. Aeration
was performed at the bottom of the reactor via tubular, porous air diffuser, and the air
flow rate was controlled at 5.0 L/min using a pressure regulator with a gauge (SCO-4-
115L, NIPPON FLOW CELL Co., Japan). The operational temperature was maintained
at 23.0-27.0 °C (laboratory temperature). The synthetic wastewater used in the reactor

was produced from seed sludge that had been obtained previously from a sewage
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Fig. 2-2 Schematic of laboratory-scale MBR.

treatment plant in Kumamoto City and whose MLSS concentration had increased to more
10,000 mg/L using sequential batch culturing over three years. The synthetic wastewater
than was continuously fed into removed from the reactor through the membrane using
peristaltic pumps (MP-2000, TOKYO RIKAKIKAI Co. Ltd., Japan). The synthetic
wastewater was prepared using the following components in order to emulate a sewage
wastewater in Japan in reference to some literatures [39]: 250 mg/L D-glucose, 50 mg/L
meat extract, 40 mg/L polypeptone, 50 mg/L KoHPO4, 20 mg/L (NH4)H2PO4, 3.0 mg/L
NacCl, 5.0 mg/L MgSOs4 - 7H>0, 2.5 mg/L CaCl, * 2H»0, and 0.5 mg/L FeCl3 * 6H>0, and
pH was adjusted at 7.2 + 0.2 using a 2 mol/L NaOH solution. The total organic carbon
(TOC) concentration of the synthetic wastewater was 120 mg/L, and the TOC removal
efficiency was kept at more than 98% for all the cases in this study. The MLSS
concentration of each reactor was measured periodically by drawing out an appropriate

volume of the activated sludge (200-300 mL), in order to ensure that it remained constant.
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The SRT was varied depending on the drawn volume of the activated sludge, but was
generally thirty days. Every two days, all the suspension liquid in each reactor was
removed and stirred and then returned to the reactor to ensure that the MLSS
concentration was the same in each reactor. The degree of membrane fouling was
evaluated based on the transmembrane pressure (TMP), which was measured periodically

using a digital pressure gauge (GC31-174, NAGANO KEIKI Co, Ltd., Japan).

11.2.3 Analytical methods

The MLSS concentrations were measured following the standard method
recommended by the American Public Health Association using 100 mL of the suspension
liquid [40]. The particle size distributions of the suspended matters were measured with
a laser differential scattering spectrophotometer (LA-950 V2-ADB, HORIBA Co. Ltd.,
Japan). The loosely bound EPSs (LB-EPS) and tightly bound EPSs (TB-EPS) were
extracted using the following previously reported method [41,42]. To begin with, the
suspension liquid (activated sludge) was centrifuged at 4000 g for 10 min. Next, the
obtained pellet was suspended in physiological saline and incubated at 50 °C for 1 min.
Then, the suspension liquid was centrifuged at 4000 g for 10 min, and the supernatant
was recovered as the LB-EPS solution. Next, the obtained pellet was suspended in
physiological saline and incubated at 60 °C for 30 min. Finally, the suspension liquid was
centrifuged at 4000 g for 20 min, and the supernatant was recovered as the TB-EPS
solution. The concentrations of carbohydrates and proteins, which are both primary
components of the EPSs, were measured by the phenol-sulfuric acid method [40] while
using glucose as the carbohydrate standard and a bicinchoninic acid (BCA) assay

(TaKaRa BCA Protein Assay kit, Takara-bio Co., Japan) with bovine serum albumin as
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the protein standard. The analysis of EPSs was duplicated and an average value was
computed. The three-dimensional EEMs were measured with fluorescence spectrometer
(F-2700, Hitachi High-Tech Science Co., Japan). The suspension liquids corresponding
to two actual wastewater plants were obtained from a night-soil treatment plant with an
MBR (MBR/NTP) in Kami-Amakusa City and a sewage treatment plant with a common
aeration tank (AT/STP) in Kumamoto City. Their characteristics were compared to those

of the suspension liquid in MBR/Lab.

I1.3 Results
11.3.1 Changes in transmembrane pressure and mixed liquor suspended solid
concentration in laboratory-scale submerged membrane bioreactor

Figure 2-3 shows the changes in the TMP and MLSS concentration over course
of the experiment. The MLSS concentration remained within the 11000-12500 mg/L
range, with its variation being within 0.71% for the four reactors. During the first
operation, the TMP was low (< 1.0 kPa) at a flux of 0.3 m*/m?-d, which is a value used
commonly in practical applications. However, when the flux was raised to 0.65 m3/m?-
d, the TMP increased sharply initially and then plateaued over the course of 5 days. The
highest TMP was observed for the PVDF membrane (30 kPa on day 16), which was
followed by those for the CPVC, PES, and PTFE membranes (in that order), although
the differences in the TMP values were within 3.0 kPa. Moreover, the difference in the
TMP values for CPVC and PES membranes was small. Finally, when the flux was raised
to 0.92 m*/m?-d, the TMP increased gradually and then plateaued over the course of 5

days. The order in the which the TMP values could be arranged was the same as that for

a flux of 0.65 m*/m?-d. The differences between the TMPs for the various membranes
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Fig. 2-3 Changes in TMP and MLSS concentrations over the course of the experiment.

were as high as 8.0 kPa in the steady state (on day 27). At this point, all the membrane
modules were removed from the reactors, physically scoured with a sponge and water,

and then soaked in a 0.5% hypochlorite solution for more than 2 h before commencing
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the second operation.

During the second operation, the TMP remained lower than 1.0 kPa at 0.3
m3/m?-d for all the membranes. When the flux was raised to 0.65 m’/m?-d, the TMPs
increased continuously over the course of 10 days in the same manner as that observed
during the first operation although the rate of increase in the TMPs was slightly lower

than that during the first operation. The differences between the TMP values were within

37



Chapter 11

3.0 kPa, and the values after 11 days at 0.65 m*/m?-d (on day 48) could be arranged in
the same order as in the case of the first operation. However, when the flux was raised to
0.92 m3/m?-d, the TMP increased rapidly and exceeded 35 kPa within 4 days. This was
the case for all the membranes. After the TMP values had reached a steady state, they
could be arranged in the following order: PVDF > CPVC > PES > PTFE. The actual TMP
values for all the membranes were higher than those during the first operation. Finally,
the differences between the TMPs were only 5 kPa (on day 61) and smaller than those

during the first operation.

11.3.2 Contribution of membrane surface vulnerability to fouling behavior depending on
membrane fabrication process.

After the completion of all the MBR/Lab operations, the flat-sheet membranes
were analyzed using scanning electron microscopy (SEM) to elucidate the effects of the
MBR/Lab operations on the membrane structure. The original structure of each
membrane is illustrated in the literatures [36-38].

The SEM images of the conditions of the surfaces and cross-sections of the flat-
sheet membranes before and after the operations are shown in Fig. 2-4 and Fig. 2-5,
respectively. There was little to no change in the surface properties of the PTFE, CPVC,
and PES membranes after operations. However, the surface of the PVDF membrane
showed significant changes. The PVDF layer of the membrane had been removed almost
completely, leaving the non-woven PET layer (i.e., the supporting layer) almost bare.
Surface deterioration was observed in the other membranes as well. However, their
surface structures remained unchanged. Table 2-2 shows the contact angles of the various

membranes, measured before and after operations. The contact angle of the flat-sheet of
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(a) Before experiment (b) After eﬁberiment

Fig. 2-4 SEM images of surfaces of flat-sheet membranes (a) before and (b) after experiment.
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(a) Before experiment (b) After experiment

Fig. 2-5 SEM images of cross-sections of flat-sheet membranes (a) before and (b) after experiment.
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Table 2-2 Contact angles of various membranes before and after experiment

Contact angle (° )

Before experiment After experiment
PVDF 55% 128
CPVC 108 111
PTFE 123 123
PES 75 77

* Membrane was subjected to hydrophilic treatment by manufacture.

the PVDF membrane changed significantly after operations, with the membrane
becoming hydrophobic. This indicated that the bare supporting layer of non-woven PET
increases hydrophobicity. It was believed that the shearing force generated during
aeration or the physical cleaning with a sponge is responsible for the phenomenon. In
order to confirm this, the effects of aeration and physical cleaning on the membrane
surfaces were investigated using the following procedure. First, a fresh flat-sheet PVDF
membrane was installed within a reactor and subjected to aeration at the same air flow
rate (5 L/min) as that used during the earlier operations for 16 days. Next, two pieces
were cut from the membrane from the same side and cleaned with 0.5% hypochlorite
solution. One of these samples was physically scrubbed with a sponge, while the other
sample was not. Both the samples were analyzed using SEM and their internal structures
were compared. The SEM images of the conditions of membrane surfaces before and
after aeration and after scrubbing are shown in Fig. 2-6. Several large pores were observed
on the membrane surface after aeration, with the surface roughness also increasing.
However, there was only small changes in the membrane surface after scrubbing with a
sponge. Based on these results, it was concluded that the PVDF layer can be readily
removed from the non-woven PET layer by the aeration process; therefore, the PVDF

membrane exhibited the highest TMP in MBR/Lab in this study. This is discussed in
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Fig. 2-6 SEM images of surface of PVDF membrane before and after aeration: (a) before aeration, (b)

after aeration, and (c) after aeration and scrubbing with sponge.

detail later.

11.3.3 Comparison of characteristics of suspension liquids from laboratory-scale
submerged membrane bioreactor, night-soil treatment plant with an membrane bioreactor,
and sewage treatment plant with a common aeration tank

In order to explore the possibility of extrapolating the knowledge obtained in this
study to actual wastewater treatment, the characteristics of the suspension liquids from
MBR/Lab and those from actual wastewater treatment plants (MBR/NTP and AT/STP)
were compared to elucidate their differences.

Figure 2-7 shows the particle size distributions of the matter suspended in the
MBR/Lab, MBR/NTP, and AT/STP liquids. The particle size range was 0.01-1000 um,
and the sizes of most of the particles lay within a narrow range (5-1000 pm). The smallest
and largest particles were observed in the samples from MBR/NTP and AT/STP,
respectively. The particle size of the sample from MBR/Lab lay between those of the
particles in the liquids from two other plants. It was believed that these differences are
related to the differences in the length of SRT. The SRT was the highest for MBR/NTP

(> 30 days), which was followed by MBR/Lab (30 days) and AT/STP (10 h). Further, the
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Fig. 2-7 Particle size distributions of suspended solids in MBR/Lab, MBR/NTP, and AT/STP.

aeration intensity would also affect the particle size distribution, because the aeration
intensity in AT/STP was probably lower than that in the other MBRs. It was assumed that
the large suspended solids (flock) can be broken into smaller ones during the operation of
the MBR under the conditions, which may include high SRT and vigorous aeration. This
is because the seed sludge for MBR/Lab was obtained from AT/STP. Many researchers
have reported that the suspended matter probably does not contribute significantly to
fouling, in contrast to dissolved compounds such as EPSs [3,43]. However, even the
suspended matter must be considered when the membrane surface is broken, as was the
case for the PVDF flat-sheet membrane used in this study.

Figure 2-8 shows the concentrations of carbohydrates and proteins in the
supernatant (Fig. 2-8(a)), LB-EPS (Fig. 2-8(b)), TB-EPS (Fig. 2-8(c)), and suspension
liquid as a whole (Fig. 2-8(d)) for the three reactors. There were no significant differences
in the carbohydrate and protein concentrations of the supernatants, though the protein

concentration in the MBR/NTP supernatant was slightly higher than those of the other
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Fig. 2-8 Concentrations of carbohydrates and proteins in (a) supernatant, (b) LB-EPS samples, (c) TB-

EPS samples, and (d) suspensions from various reactors.

supernatant. On the other hand, the carbohydrate and protein concentrations of the LB-
EPS and TB-EPS samples from MBR/NTP were lower than those of the corresponding
samples from the other reactors. These results probably mean that the EPS components
were more readily released from the MLSS into the suspension liquid in MBR/NTP than
was the case in the other reactors due to more vigorous aeration in the real wastewater
treatment plant with MBR. The concentrations of carbohydrates and proteins were the
highest in the case of the liquid from MBR/Lab (Fig. 2-8(d)) because this liquid contained
MLSSs in larger quantities than did the liquid from AT/STP

Figure 2-9 shows the EEM fluorescence spectra of the supernatants from the
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Fig. 2-9 EEM fluorescence spectra of supernatant, LB-EPS samples, and TB-EPS samples from

MBR/Lab, NBR/NTP, and AT/STP.

reactors. The EEM spectra of TB-EPS for the various samples were similar and exhibited

two major peaks, A and B. These peaks were probably related to protein-like compounds

[44,45]. However, the shapes of the spectra of the LB-EPS samples and the supernatants

of the different liquid samples were different. The shapes of the spectra of the LB-EPS

and supernatant of the liquid from AT/STP were similar to those of the spectra of TB-EPS.

However, the spectra of the LB-EPS samples of the liquids from MBR/Lab and
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MBR/NTP contained peaks related to humic-like substances (peaks D, E, and F) [44-47].
The supernatant of the liquid from MBR/NTP also showed peaks related to humic-like
compounds (peaks D and E). Overall, the EEM spectra of the various samples
(supernatant, LB-EPS, and TB-EPS) from MBR/Lab and MBR/NTP were similar,
indicating that the compositions of the dissolved matter related to the EPS were not that
different and the possibilities of extrapolation of the knowledge obtained in the laboratory
MBR operation to real treatment plant with MBR. On the other hand, the EEM spectra of
the samples from AT/STP were a little different from those from the reactors. However,
given that the seed sludge for MBR/Lab was obtained from the activated sludge of
AT/STP, it can be assumed that the dissolved matter related to the EPS probably changes

with the operating conditions of the MBR.

I1.4 Discussion

In this study, I investigated the differences in fouling behaviors of membranes
prepared from four different materials (PVDF, CPVC, PTFE, and PES), which were used
to form membrane modules, by comparing their TMP values when used in continuous
submerged MBRs with synthetic wastewater. No significant differences were observed in
the TMPs of the four membranes for a membrane flux used for safe operations (0.3
m?>/m?-d), even though the hydrophilicities and average pore sizes of the membranes were
different. These results are in keeping with those of a previous study by Choi et al. [9],
who investigated the effects of the membrane type on the TMP in submerged MBR using
three types of membrane materials (phase-inversed polytetrafluoroethylene, track-etched
polycarbonate, and track-etched polyester). They reported no increase in the TMP when

the reactors were operated using the designed flux and concluded that there was no
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relationship between the hydrophilicity of the membranes and their TMP value [9].
However, when the membrane flux was increased to 0.65 and 0.92 m*/m?-d, the TMPs
of the membranes showed differences, with the PVDF membrane exhibiting the highest
value. These results were unexpected and not consistent with those of previous studies
[4,28] because the PVDF membrane had a larger pore size (Table 2-1) and lower filtration
resistance than the other membranes. Miyoshi et al. compared the changes in the TMPs
of membranes of three different polymeric materials (PVDF, polyvinyl butyral (PVB),
and CAB) using a bench-scale MBR with activated sludge. They also investigated the
effects of the membrane pore size on the development of fouling and found that the PVDF
membrane with a pore size of 0.4 um showed lower fouling propensity than the
membranes with smaller pore size (0.02 and 0.25 um) [28]. These results suggested that
hydrophobic PVDF membranes with a pore size of approximately 0.3 pum do not undergo
fouling as readily as hydrophilic CAB membranes. Yamato et al. evaluated the fouling
behaviors of PVDF and polyethylene (PE) membranes in an MBR at an actual wastewater
treatment plant and reported that the PVDF membrane was superior to the PE membrane
in terms of the prevention of irreversible fouling [4].

On the other hand, the results of this study were only partially in agreement with
commonly recognized knowledge, i.e. more hydrophilic membranes will exhibit a lower
fouling propensity [3,7,11]. Jeon et al. found that, during batch filtration tests, the TMP
increase more sharply in the case of hydrophobic PVDF membranes than for hydrophilic
cellulose acetate membranes and that this is the case even when membranes with similar
permeabilities and pore sizes are used [7]. Nittami et al. compared the changes in the
TMPs of a PVDF membrane and two types of PTFE membranes, viz. a hydrophobic

PTFE (Hpo) membrane and a hydrophilic PTFE (Hpi) membrane. They employed a
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submerged MBR with flat-sheet membranes and used activated sludge from a laboratory
reactor and a municipal wastewater treatment plant (WWTP). They found that the effects
of surface hydrophilicity on the degree of membrane fouling depend on the
hydrophobicity of the membrane with respect to the activated sludge. The hydrophobic
PVDF membrane showed higher fouling propensity than the two PTFE membranes in the
MBR with the activated sludge from the laboratory-scale reactor, which was more
hydrophilic than that from an actual WTTP [11]. Both these studies had focused on the
relationship between the hydrophobicity of the membranes with respect to the suspension
liquid (activated sludge). However, in this study, the hydrophobic PTFE membrane
showed lower fouling propensity than the hydrophilic PES membrane during the first
operation. Further, during the second operation (i.e., after chemical cleaning), all the
membranes (hydrophobic CPVC, hydrophilic PES and hydrophobic PTFE) except for the
PVDF membrane showed fouling propensities that were similar to and lower than that of
the PVDF membrane. This result is in contrast to those of the above-mentioned studies.
Thus, it was believed that the hydrophobicity and pore size of the membrane material do
not have as strong an effect on the membrane fouling behavior as has been reported
previously [9,28,48].

On the basis of these results, it was investigated that the changes in the physical
structures of the flat-sheet membranes after the operations using SEM in order to elucidate
the reasons the PVDF membrane showed the highest fouling propensity. As a result, it
was found that the surface of the PVDF membrane was almost completely destroyed by
the aeration process, in contrast to the case for the other membranes. These results suggest
that the internal structures of the various membranes were different and depended on the

membrane fabrication process. The flat-sheet PVDF and PES membranes were produced
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using NIPS method and had a non-woven PET layer as the supporting layer [36]. The
CPVC membrane was produced by the VIPS method [37], whereas the PTFE membrane
was produced by the stretching and lamination method [38]. The CPVC and PTFE
membranes exhibited almost homogenous internal structures, starting from the surface of
the membrane to the surface of the supporting layer (non-woven PET layer). On the other
hand, the PVDF and PES membranes, which had asymmetric structures, were composed
of'a “dense top layer” on the surface and a “finger-like porous sublayer” at the subsurface.
Moreover, while the dense top layer of the PES membrane could be seen clearly, that of
the PVDF membrane was only barely visible. In this regard, the dense top layer of the
PVDF membrane used in this study was found to be quite thin compared to that of the
PES membrane, implying that the dense top layer of PVDF membrane was easily broken.
Therefore, the near-complete breakage of the surface of the PVDF flat-sheet membrane
was due to the shearing stresses generated by the aeration process and the suspended
matter. The surface layer of the PVDF membrane was almost completely removed to
expose its supporting layer. This allowed the fouling matter to penetrate the membrane,
which led to a very high degree of fouling. In addition, the contact angle of the PVDF
flat-sheet membrane changed significantly, making the membrane hydrophobic (Table 2-
2). Thus, this increase in the hydrophobicity may have also contributed to the fouling
development of the membrane. Together, these results suggest that, in addition to the
properties of the membrane material, the structure and strength of the membranes and
their supporting layers also have a determining effect on the fouling behavior of flat-sheet
membranes in continuous submerged MBRs.

In this study, it was also investigated the characteristics of the suspension liquid

in MBR/Lab and compared them to those of liquid samples from actual wastewater
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treatment plants in order to determine whether the knowledge obtained in the laboratory
study can be extrapolated to actual wastewater treatment plants. As a result, the
characteristics of the suspension liquid (particle size distribution, EPSs and EEM spectra)
from MBR/Lab and actual wastewater treatment plants were not that different, thus the

possibility of extrapolating was suggested.

I1.5 Conclusions

The fouling behaviors of flat-sheet membrane with four materials were analyzed
using a continuous submerged MBR. The PVDF flat-sheet membrane showed the highest
TMP because that the surface layer was separated from the supporting layer by the
shearing stress of aeration, indicating that the structural vulnerability of flat-sheet
membranes 1S quit important factor determining their fouling propensity. The
characteristics of the suspension liquid from MBR/Lab and actual plants were not that
different, suggesting that the results obtained from this study can be extrapolated to actual

wastewater treatment plants as well.
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Chapter III
Mechanical durability and fouling development of flat-sheet

membranes in a submerged membrane bioreactor

I11.1 Introduction

Microplastics, commonly defined as plastic particles smaller than 5 mm, have
received great attention in recent years as substances that may have an adverse effect on
ecosystems and human health [1]. Evidence also suggests that influence of microplastics
on marine ecosystem is serious [2,3]. Studies looking for the sources of microplastics
have been conducted; and artificial fibers from laundry washing is one such important
source [4-8]. These fibers eventually reach wastewater treatment plants (WWTPs) via the
sewer system [5], and while more than 90% microplastics are removed [9-12], almost
10% of microplastics slip through and flow into the environmental water [13-16].
Therefore, microplastic removal by conventional WWTPs may be insufficient.

The membrane bioreactor (MBR), is an advanced wastewater treatment
technology, that has excellent microplastic removal performance [1,17,18]. Lares et al.
reported that an MBR was able to remove 99.4% of microplastics [17], while Li et al.
reported no microplastics in the MBR permeate [18]. This suggests that MBRs are a
promising solution to marine pollution caused by microplastics. Nevertheless, most of the
membranes applied in practical MBR plants are polymeric membrane, that is, they are
made from plastics materials. Thus, the membranes themselves may become a pollutant
if they deteriorate and break. Although it is drinking water treatment plants rather than
wastewater treatment plants, Ding et al. have reported that there is a similar possibility
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[19]. Furthermore, there is a possibility that a broken membrane accelerates the
development of membrane fouling [20], which is a serious issue for MBR application in
wastewater treatment. When membrane fouling becomes severe, membrane cleaning or
replacement is needed, leading to an increase in the operation costs [21,22]. Membrane
fouling is known to be influenced by various factors, including membrane characteristics
[23,24], and the most important characteristic contributing to the fouling development
among the membrane characteristics is considered to be membrane structure [25-30]. It
is also likely that the membrane structure is affected by membrane deterioration.
Therefore, to further promote the application of MBRs to wastewater treatment
technology in the future, it is necessary to consider not only the antifouling property of
the membrane but also its mechanical durability. Therefore, it is expected that membranes
with high mechanical durability for MBR operation would contribute to both reducing
the microplastics production by themselves and removing the microplastics in wastewater.
I investigated the relationship between fouling development and membrane
material using a laboratory-scale MBR with four kinds of materials in Chapter II:
polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE), polyethersulfone
(PES), and chlorinated polyvinyl chloride (CPVC); and revealed that the PVDF
membrane showed the highest fouling propensity among them because of its vulnerability
to the shearing stress caused by vigorous aeration in MBRs [20]. The PVDF membrane
therefore breaks easily during MBR operation and hence risks becoming a microplastic
source. However, the mechanical durability of the other three types of membranes has not
been investigated. In addition, there have been no studies on the changes in membrane
characteristics and morphology related to its mechanical durability during continuous

MBR operation. Therefore, this study aimed to identify membrane characteristics
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associated with mechanical durability and antifouling performance. The change in the
membrane structure and properties of the pristine membranes and the membranes after

the MBR operation of each membrane type (PES, CPVC, and PTFE) were compared.

I11.2 Materials and methods
111.2.1 Flat-sheet membranes used in this study

The flat-sheet membranes of the three different materials; CPVC, PTFE, and
PES, which are commercially available for use in actual wastewater treatment facilities
worldwide, were used. Table 3-1 lists the physical and chemical characteristics of the
pristine membrane material. The PES membrane structure is called “asymmetric”
whereas those of the CPVC and PTFE membranes are called “symmetric,” depending on
their fabrication process. The PES flat-sheet membrane module is commonly produced
by a non-solvent induced phase separation (NIPS) method [31] with a non-woven
polyester fabric as the support layer. The PES membrane used in this study had a finger-
like structure with a skin layer (approximately 10 um) forming only one side of the
support layer. The CPVC flat-sheet membrane module is produced by the vapor-induced
phase separation (VIPS) method [32] with a non-woven polyester fabric as the support
layer. The CPVC membrane used had a sponge-like structure formed inside and on both
sides of the support layer. In contrast, for PTFE flat-sheet membranes, a thin film of
PTFE is produced in advance and stretched to induce micropores [33], then laminated
with a non-woven polyester fabric [34]. Thus, the relationship between the membrane
and support layer of the PTFE flat-sheet membrane is different from that of the other two
membranes. The PTFE membrane used in this study had a structure with polymer nodules

connected by thin fibers that were laminated on one side of the support layer. These flat-
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Table 3-1 Membrane properties of the used membranes and transmembrane pressure (TMP) at the end

of MBR operation in Chapter II [20]

Material CPVC PTFE PES
Pore size Nominal (um)* 0.2 0.1 0.05
Mean flow (um) 0.17 0.16 <0.04
Contact angle (°) 108 108 75
Thickness (pm) 162 132 208
Pure water permeability (ml/cm’* bar* min) 17.0 20.2 2.66
Intrinsic membrane resistance (R;) (1/m) 3.96x10" 2.83%x10'" 3.00x10"
Pore morphology Symmetric Symmetric Asymmetric
TMP at the termination of operation (kPa) 38 36 37

* Information from manufacture

sheet membranes operated in laboratory-scale submerged MBRs using the common flux-

step method [35-37] for almost two months in Chapter II [20].

111.2.2 Operation of laboratory-scale submerged membrane bioreactor experiment and
membrane cleaning

In this study, the three types of membranes, which had used for the treatment
experiment using MBRs in Chapter II [20], were successively used. The experiment was
carried out in the lab-scale submerged MBRs for synthetic wastewater using the common
flux-step method [35-37] for almost two months. The MBR had a 6.8L effective working
volume. Activated sludge from a municipal wastewater treatment plant in Kumamoto City,
Japan was used as a seed sludge. Synthetic wastewater was prepared with D-glucose,
meat extract, polypeptone, and inorganic salts, and pH was adjusted at 7.2 + 0.2 with 2
mol/L NaOH solution. The concentration of mixed liquor suspended solids (MLSS) was
periodically measured and constantly maintained within 11000-12500 mg/L. The sludge

retention time (SRT) was approximately 30 days. The trend in transmembrane pressure
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(TMP), indicating membrane fouling development of the three kinds of membranes at the
end of the experiment [20] is shown in Table 3-1. After the experiment, the membranes
were subjected to physical and chemical cleaning. Physical cleaning involved wiping the
membrane surfaces with soft sponge and flushing with tap water. Chemical cleaning was
conducted by immersing the membranes in 5000 mg/L sodium hypochlorite solution and
10000 mg/L hydrochloric acid for 2 h each. The chemically cleaned membranes were

rinsed with distilled water and dried at 50 °C in an oven, for analysis.

111.2.3 Analysis of membrane property

To evaluate the mechanical durability of the three types of membranes, the
changes in membrane structural properties; including membrane thickness, pure water
permeability, pore size, surface roughness, mechanical strength, and membrane
morphology were investigated for the pristine and chemically cleaned membranes. The
thickness of each membrane was measured using a digital micrometer (MDC-25MX,
Mitutoyo Co., Japan). The membrane thickness was measured four times, and the average
values and standard deviation were calculated. The pure water permeability was measured
by filtration of distilled water as follows: the membranes were cut into small disks
(diameter, 4.7 cm) and placed onto a dead-end filtration unit with a 13.8 cm? effective
area (KP-47S, Toyo Roshi Kaisha Ltd., Japan). Distilled water was filtrated under
constant pressure (0.5 bar) and temperature (25 °C), and the filtration time was measured
at a filtration volume of 100 mL. The pure water permeability, L (ml/cm?-bar- min), was

calculated using the following equation [25]:

Q

L= A= AP G-1
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where Q is the filtration volume (mL), 4 is the effective membrane area (cm?), At is the
filtration time (min), and 4P is the applied TMP (bar). The measurement of pure water
permeability was conducted twice; the average values and standard deviation were
calculated. The pore size and distribution of membranes were measured using a capillary
flow porometer (CFP-1200A, Porous Materials Inc., USA). This apparatus was used to
determine the pore size diameter of the membrane by the liquid-gas displacement process.
The membranes were cut into small disks with a diameter of 25 mm and were fully wetted
with Galwick (Porous Materials Inc., USA) which has a low surface tension of 1.59 x
102 N/m. Then, the fully wetted membrane was placed in the sample chamber. The liquid
was extruded from the membrane pores by gradually increasing the air pressure. The air
flow rate extruded from membrane pores was measured by using a flow meter placed in
the apparatus. The mean flow diameter, d expressed in um, was calculated using

following equation [38,39]:

d=— (3-2)

where C is a constant, y is the Galwick surface tension, and p is the differential pressure
when wet flow is one half of the dry flow. The surface roughness of the membranes was
measured using a portable surface roughness tester (Surftest SJ-410, Mitutoyo Corp.,
Japan) at a contact force of 7.5 x 10 N, measurement speed of 0.5 mm/s with a diamond
stylus tip, and a sampling length of 4 mm. The ten-point average roughness (R:) for each
membrane was calculated according to the Japanese Industrial Standard [40]. To evaluate
the mechanical properties of the pristine and chemically cleaned membranes, the tensile

strength and elongation break of the membranes were measured using a precision
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universal testing machine (AGC-J, Shimadzu Co., Japan) in the following steps. All
samples were cut into dumbbell shapes with a minimum part width of 15 mm and
measured at a speed of 20 mm/min using 1000 N load cells. The membrane surface was
observed using a scanning electron microscope (SEM, TM3030, Hitachi High-
Technologies Co., Japan). Membrane morphology was evaluated by comparing the SEM
images of the pristine and chemically cleaned membranes. The membranes were cut into
small pieces so that they could be placed on the sample table and then sputtered with gold

to produce electrical conductivity prior to SEM observation.

111.2.4 Filtration resistance measurement
I evaluated the fouling propensity of the three membranes by comparing their
filtration resistances after MBR operation. The filtration resistance, R (1/m), was

calculated using the following equation [41-43]:

_AP

k=7

3-3)

where AP is the TMP difference (N/m?), u is the permeation viscosity (Ns/m?), and J is
the permeation flux (m/s). Next, the total permeation resistance, R:, was defined as the

sum of the following three components according to previous studies [44,45]:

Ry =R, + R, + Ry B-4

where Rn (1/m) is the resistance of the chemically cleaned membrane after the MBR
operation, R, (1/m) is the reversible filtration resistance, and Ri- (1/m) is the irreversible
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filtration resistance. R was generated by the reversible fouling development, which was
caused by the cake layer formation on the membrane surface, and Ri» was generated by
irreversible fouling caused by foulant deposition inside the membrane pores. Thus, R- was
calculated as the difference between resistance of the fouled membrane and that of the
physically cleaned membrane, and R was calculated as the difference between resistance

of the physically cleaned membrane and that of the chemically cleaned membrane.

I11.3 Results
1V.3.1 Changes in membrane property before and after membrane bioreactor operations

Figure 3-1 shows the membrane thickness of the pristine membrane and the
chemically cleaned membranes after laboratory-scale MBR operation for almost two
months. As shown in Fig.3-1, the thicknesses of the CPVC and PTFE membranes
remained. However, it was judged that the membrane thickness of the PES membrane
was slightly decreased after conducting the MBR operation by t-test (p < 0.05). Figure 3-
2 shows the pure water permeabilities of the pristine and chemically cleaned membranes.
The pure water permeability of the PES membrane significantly increased after MBR
operation, as shown in Fig.3-2. The difference in the pure water permeabilities of the PES
membrane before and after the MBR operation was 8.74 ml/cm?-bar-min, which was
more than four times the value of the pristine membranes. Whereas, the pure water
permeabilities of CPVC and PTFE membranes clearly decreased 3.6 and 4.6 ml/cm? - bar-
min, respectively. These values are approximately 20% of those of the pristine
membranes.

Table 3-2 shows the mean flow pore sizes of the pristine and chemically cleaned
membranes. The mean flow pore size was commonly expressed as the averaged value of
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Fig. 3-1 Average values of membrane thicknesses of the pristine and chemically cleaned membranes.

The bar indicates standard deviation.
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Fig. 3-2 Average values of pure water permeabilities of the pristine and chemically cleaned membranes.
The bar indicates standard deviation.
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Table 3-2 Pore size of the pristine and chemically cleaned membranes

Mean flow pore size (um)

Material

Pristine Chemically cleaned
CPVC 0.17£0.01 0.16 £0.03
PTFE 0.16 = 0.01 0.15+0.01
PES <0.04 0.047 £ 0.002

* The average value and standard deviation are represented by two
mesurements for each membrane.

the inhomogeneous pore sizes of the membrane. The membranes, except the pristine PES
membrane, had a pore size distribution more than the detection limit (0.04 um) of the
capillary flow porometer used in this study. However, the pore size distribution range of
the pristine PES membrane was smaller than the detection limit; therefore, the value of
the pristine PES membrane was expressed as “< 0.04” in Table 3-2. The mean flow pore
sizes of the pristine CPVC and PTFE membranes, which have symmetric membrane
structures. were almost the same and one order of magnitude greater, respectively, than
that of the PES membrane. Furthermore, CPVC and PTFE membranes showed the same
mean flow pore sizes after the MBR operation. In contrast, it is likely that the mean flow
pore size of PES membrane increased after the operation.

Figure 3-3 and Table 3-3 show the surface roughness line profiles and R, values
of the pristine and chemically cleaned membranes, respectively. As shown in Fig.3-3, the
difference in the surface roughness between the pristine and chemically cleaned PES
membranes was more pronounced than that of the other membranes. However, the surface
roughness of the CPVC and PTFE membranes showed little change after MBR operation.
In addition, it was revealed that CPVC membrane had the smoothest surface among the
three membranes and remained even after the MBR operation resulting from R,

measurement (Table 3-3).
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Table 3-3 Surface roughness of the pristine and chemically cleaned membranes

. Rz (um)
Material — -
Pristine Chemically cleaned
CPVC 59+0.7 6.5+0.7
PTFE 11.7+£0.8 119+1.2
PES 2.77+0.3 11.1£1.2

* The average value and standard deviation are represented by the triple
mesurements for each membrane.
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Fig. 3-4 Tensile strength curves of the pristine and chemically cleaned membranes.

Table 3-4 Mechanical properties of the pristine and chemically cleaned membranes

Material Tensile strength at break (N/mm’) Elongation at break (%)
Pristine Chemically cleaned Pristine Chemically cleaned
CPVC 424+£23 43.0£0.01 9.6 +0.2 9.9+0.1
PTFE 13.3+ 1.1 10.5+0.3 19.3+0.7 19.8+0.2
PES 40.6 = 0.03 41.1+£1.3 12.6 £ 0.9 12.8+ 0.8
* The average value and standard deviation are represented fromthe mesured data for each membrane shown in
Fig. 3-4.

Figure 3-4 shows the tensile strength curves of the pristine and chemically

cleaned membranes. The tensile strength curves of the CPVC and PES membranes
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showed almost the same trend between the pristine and chemically cleaned membranes,
indicating that the tensile strengths of these two membranes remained unchanged after
the MBR operation. Contrarily, the tensile strength of the PTFE membrane appears to be
slightly decreased by the operation. Table 3-4 shows the averaged tensile strength values
and elongation at break of the pristine and chemically cleaned membranes. The tensile
strength of each membrane showed the same tendency (Fig.3-4); however, the values of

elongation at break were maintained for the all membranes through the MBR operation.

1IV.3.2 Changes in membrane morphology before and after membrane bioreactor
operations

To confirm the changes in the membrane morphology by the MBR operation,
difference in membrane structure between the pristine membranes and chemically
cleaned membranes was compared by SEM analysis (Fig. 3-5). As shown in Fig.3-5, there
was no remarkable change in the surfaces of the PTFE and CPVC membranes. However,
it was clear that the surface of the PES membrane ruptured significantly, indicating

damage during MBR operation.

1V.3.3 Filtration resistances of the fouled membranes

Table 3-5 summarizes the values of filtration resistances (R, R, R, Rir) and the
ratio of each R, R, Ri- to R; of the membranes after the MBR operation for two months,
and Fig. 3-6 shows the intrinsic membrane resistance (R;) and R,. The PES membrane
showed the highest R, (28.9 x 10'' 1/m) although the difference between the PTFE
membrane showing the lowest value (23.6 x 10! 1/m) was small. The R, ratios to R; for

all the membranes were less than 3%.
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Chemically cleaned

Fig. 3-5 SEM images of surface of the pristine and chemically cleaned membranes.

Table 3-5 Filtration resistance of the fouled membranes.

Resitance ( x 10" 1/m) Ratio (%)
Material
Rt Rm Rr Rir Rm/Rt Rr/Rt Rir/Rt
CPVC 26.5 0.504 23.9 2.11 1.90 90.1 7.96
PTFE 23.6 0.435 20.2 2.95 1.84 85.6 12.5
PES 28.9 0.603 27.6 0.712 2.09 95.5 2.46
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Fig. 3-6 Intrinsic membrane resistance (R;) and the resistance of chemically cleaned membrane after

the MBR operation (Ry).

The percentage of R, in R, was higher than that in R, and R;,, and 95.5% and
85.6% were obtained on the PES and PTFE membranes, respectively. R, is generated by
reversible fouling caused by formation of cake layer on the membrane surface. Therefore,
to evaluate the membrane fouling property, comparing the R, values of membranes would
be appropriate. On the other hand, the percentage of R;- in R, was only 2.46% on the PES
membrane to 12.5% on PTFE membrane, indicating contribution of R;- to the membrane
fouling property was not very high. R; is obviously influenced by the membrane structure
because it causes pore plugging fouling inside the membrane [36]. As shown in Table 3-
5, the R;» value of PES (0.712 x 10'! 1/m) was obviously lower than those of CPVC (2.11x
10" 1/m) and PTFE (2.95 x 10'! 1/m), reflecting the difference in the membrane structure

among these membranes, that is, the PES membrane has an asymmetric structure and the
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other CPVC and PTFE membranes have a symmetric structure. This result may suggest
that membranes with an asymmetric structure would cause less pore plugging fouling
than the membrane with a symmetric structure. However, the difference between R; and
Ry of the PES membrane was the highest, as shown in Fig. 3-6.This result indicates the
possibility that the change in the membrane structure of the PES membrane by the MBR
operation was the most drastic among the membranes; thus, the mechanical durability of
the PES membrane was lower than that of the CPVC and PTFE membranes used in this

study.

I11.4 DISCUSSION

In this study, with the recent concerns about environmental problems caused by
microplastics, the mechanical durability of three-types and their antifouling performance
were investigated. The membranes used in this study included CPVC, PTFE, and PES.

Results from Chapter II revealed that of the membranes studied, only the PVDF
membrane was mechanically vulnerable to MBR operation, leading to a significant
increase in measurement in TMP, which reflects antifouling capacity. The work presented
here is this first study of mechanical durability in MBR operation.

SEM analysis revealed significant damage to the surface of the PES membrane
during the MBR operation compared to the CPVC and PTFE membranes (Fig. 3-5). The
rupture of the surface was likely caused by the shearing force with vigorous aeration for
the MBR operation, as well as damage to PVDF membranes identified in Chapter II. This
damage naturally caused an increase in the mean flow pore size (Table 3-2) and surface
roughness (Table 3-3). The changes in these parameters indicate deterioration of

membrane; however, they contribute to increase water permeability as shown in Fig. 3-2.
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Therefore, the fouling development for PTFE membrane in the MBR operation could be
reduced in Chapter II. In addition, the thickness and mechanical strength of the PES and
the other membranes were maintained even after the MBR operation (Figs. 3-1 and 3-4),
that is, it is expected that the MBR operation using the PES membrane will work well
even after membrane deterioration. On the contrary, the difference between R; and R, of
the PES membrane was significant as shown in Fig. 3-6, suggesting that the mechanical
durability of the PES membrane was lower than those of CPVC and PTFE membranes.
Thus, the PES membrane has the highest potential for production of microplastics and
leads to environmental problems out of the three types used in this study.

The CPVC and PTFE membranes showed only a slight change in the membrane
structure and membrane properties before and after MBR operation. The surface
roughness of the CPVC membrane was slightly increased by the MBR operation, as
indicated by the change in the R. values (Table 3-3), although the difference between the
SEM images of the pristine and chemically cleaned membranes was not clearly observed.
Thus, it is a possible that the mechanical durability of CPVC is a slightly lower than that
of PTFE. However, the R: value of the chemically cleaned CPVC membrane was still
much lower than that of the pristine PTFE membrane. The durability of these membranes
may therefore be is slightly different. On the other hand, a slight decrease in the tensile
strength of the PTFE membrane was observed (Table 3-4). This is likely due to the
decrease in the adhesive strength by the slight peeling between the PTFE film and the
non-woven fabric as the support layer.

The total filtration resistance for the three kinds of membranes used in this study,
Ry, varied from 23.6 x 10" 1/m of the PTFE membrane to 28.9 x 10'' 1/m of the PES

membrane. The filtration resistance of every membrane was dominated by the reversible
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fouling R, caused by the cake layer formation, indicating that all membranes were of the
“cake layer resistance dominant type.” Fang et al. carried out a filtration test using
activated sludge from a local municipal wastewater treatment plant on four types of
membranes and concluded that the “cake layer resistance dominant type of membranes”
would be suitable for MBRs [26]. Therefore, all three membranes used in this study seem
to be appropriate for wastewater treatment by MBRs in terms of the membrane fouling.
However, as mentioned above, it must be noted that membranes with low mechanical
durability may have a high potential risk for generating microplastics through their
deterioration in MBR operations. Therefore, the PES membrane was considered to have
the highest potential risk for generating microplastics among the membranes used in this

study.

I11.5 CONCLUSIONS

In this study, the mechanical durability of the membrane in continuous MBR
operation was investigated, as well as antifouling property, to explore the role of MBRs
in the recent microplastic pollution problem in water environment. The mechanical
durability of three kinds of membranes (CPVC, PTFE, PES) was evaluated by comparing
the change in the membrane structure and membrane properties between their pristine
membranes and the membranes after the MBR operation. Results shows substantial
breakage on the surface of the PES membrane was observed by SEM analysis compared
with the other CPVC and PTFE membranes, indicating that the PES membrane was more
susceptible to damage by the shearing force with aeration for MBR than the other
membranes. In addition, a sharp increase in the mean flow pore size and surface

roughness caused by damage to the membrane was also confirmed. The PES membrane
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was therefore considered to have the lowest mechanical durability of the membranes used
in this study. On the other hand, the membrane structure and properties of the CPVC and
PTFE membranes showed only a slight change before and after the MBR operation; the
durability of these two kind membranes was therefore slightly different. All three
membranes used in this study very similar antifouling performance, however the PES
membrane may have a higher potential risk for generating microplastics because of a
lower mechanical durability than the other membranes. To our knowledge, this is the first
report of changes in the membrane characteristics and morphology related to mechanical

durability and the membrane fouling problem.
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Chapter IV
Direct and indirect effects of membrane pore size on fouling
development in a submerged membrane bioreactor with

a symmetric chlorinated poly(vinyl chloride) flat-sheet membrane

IV.1 Introduction

Membrane bioreactors (MBRs) have been widely used for treating municipal
and industrial wastewater because of their numerous advantages, including high-quality
effluent, small footprint requirements, and ease of operation compared with conventional
activated sludge systems, which use settling tanks [1-3]. MBRs also show high pollutant
removal performance because suspended solids, including valuable microorganisms,
remain inside the reactor [3]. Thus, MBRs have been widely adopted in a variety of
wastewater treatment plants worldwide [4,5]. However, MBRs still have a critical issue
of a decrease in water permeability caused by membrane fouling, similar to other water
treatments by membranes. Membrane fouling is a phenomenon whereby suspended
matter is deposited on the membrane surface and captured in membrane pores; as a result,
the filtration resistance increases over time through the operation [3,6-8]. When critical
membrane fouling is observed, membrane module cleaning and replacement are needed,
leading to an increase in operating and maintenance costs [4,9]; therefore, the reduction
of fouling development is still a major challenge for further application of MBRs in the
future.

Numerous researchers have attempted to mitigate membrane fouling in MBRs,
but an effective technique has not yet been established. The nature and degree of
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membrane fouling are influenced by many factors, such as membrane properties [10],
characteristics of feed water and activated sludge [5,11,12], and operating conditions
[3,13]. The multiple effects of these factors further complicate membrane fouling
phenomena [14,15]. In the case of membrane characteristics, previous studies reported
that the membrane material, membrane morphology, surface hydrophilicity, surface
charge, pure water permeability, pore size and distribution, surface porosity, membrane
porosity, and surface roughness are important factors that influence the development of
membrane fouling [16-26]. However, the relationship between the characteristics of the
membrane material and fouling phenomena is still unclear. For instance, Miyoshi et al.
investigated the relationship between membrane pore size and the development of
membrane fouling using membranes made of different materials and a bench-scale MBR.
They suggested that the optimal membrane pore size to prevent membrane fouling
depends on the membrane material. For polyvinylidene fluoride (PVDF), the larger the
pore size, the greater the degree of suppression, whereas the opposite result was obtained
in the case of cellulose acetate butyrate (CAB) [23]. However, to date, only a few studies
have investigated the relationship between membrane pore size and fouling phenomena
by comparing membranes made from the same membrane material, which have similar
membrane characteristics but different membrane pore sizes [20,21,26]. Jin et al.
investigated the relationship between membrane pore size and membrane fouling using
ceramic membranes with four different pore sizes and a laboratory-scale MBR. They
found that the membrane with the smallest pore size exhibited the slowest membrane
fouling, whereas the membrane with the largest pore size exhibited the fastest membrane
fouling [21]. Nittani et al., however, obtained completely opposite results. They

investigated the relationship between membrane pore size and membrane fouling using
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symmetrical hydrophobic polytetrafluoroethylene (PTFE) membranes with different pore
sizes and a laboratory-scale MBR and reported that the membrane with the smallest pore
size exhibited the fastest membrane fouling [26]. These results also suggest that the
relationship between membrane pore size and fouling propensity depends on the
membrane material; thus, this relationship should be investigated using individual
membranes made from the same material. Most membranes used in practical MBR plants
are polymeric membranes prepared via the phase inversion method or stretching method
[14], and membrane materials such as PVDF, PTFE, polyethersulfone (PES), chlorinated
polyvinyl chloride (CPVC), and polyethylene (PE) are the most popular. In particular,
flat-sheet membranes made of CPVC with non-woven polyester fabric as a support layer
have been widely adopted in MBRs because of their excellent chemical and mechanical
properties for MBR operation [27-31]. CPVC flat-sheet membranes are prepared via the
vapor-induced phase separation (VIPS) method [24], and a symmetric pore structure is
formed in and on the support layer. However, no study has investigated the relationship
between the pore size of a CPVC flat-sheet membrane prepared via the VIPS method and
the fouling propensity in MBRs.

Furthermore, it is considered that the membrane characteristics, including
membrane pore size, not only depend on the membrane material but also interrelate with
each other; for instance, a change in the membrane pore size can affect other membrane
characteristics such as surface morphology and porosity, even in the same membrane
material [32-36]. However, no study has examined the mutual relationships among the
membrane characteristics and their effects on fouling phenomena. I believe that clarifying
the relationship pore size and another characteristic of membrane and membrane fouling

is necessary for establishing technique for mitigating membrane fouling.
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In this study, CPVC flat-sheet membranes with four different pore sizes were
prepared via the VIPS method to investigate the influence of the pore size of the CPVC
membrane on membrane fouling in a laboratory-scale submerged MBR. In addition, the
mutual relationship of membrane characteristics such as membrane pore size, surface
porosity, and surface roughness was demonstrated by conducting batch experiments
related to filtration resistance parameters, and the direct and indirect effects of membrane

characteristics on fouling phenomena was examined.

IV.2 Materials and methods
1IV.2.1 Materials

CPVC with a polymerization degree of approximately 800 was purchased from
KANEKA Corp., Japan. Tetrahydrofuran (THF) and 2-propanol (IPA) were purchased
from FUJIFILM Wako Pure Chemical Corp., Japan. Bovine serum albumin (BSA) was

purchased from Jackson ImmunoReserach Laboratories Inc., USA.

1V.2.2 Membranes preparation with different pore sizes

A schematic diagram of a flat-sheet membrane preparation is shown in Fig. 4-1.
The flat-sheet membrane was prepared via the VIPS method using non-woven polyester
fabric as a support layer as follows. The non-woven polyester fabric was guided from an
unwinding roll to a ink pan and dipped into a dope solution containing CPVC as a
membrane polymer, THF as a solvent, and IPA as an additive. The dope solution was
prepared with different concentrations of CPVC to create membranes with different pore
sizes. The dipped non-woven fabric was exposed to water vapor atmosphere to solidify

and form the membrane structure, guided to a drying furnace, and then wound using a
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Drying
Unwinding
Non-woven fabric
Water vapor \
\\: Winding
NS Dope solution

Ink pan

Fig. 4-1 Schematic diagram of membrane preparation via vapor induced phase separation (VIPS).

winding roll.

1V.2.3 Membrane module fabrication and setup of a laboratory-scale submerged
membrane bioreactor

A membrane module was fabricated with each pore size of the CPVC flat-sheet
membranes for application to MBRs. Two sheets of flat-sheet membranes were placed on
both sides of a corrugated plastic plate with punched holes and fixed to a plastic frame of
polyvinyl chloride by gluing the edges together. Each side of the flat-sheet membrane was
separated from the corrugated plastic plate using polyester non-woven fabric spacers (Fig.
4-2). The effective filtration area of the membrane module was approximately 0.11 m?
(0.19 m x 0.29 m x 2 sides).

The schematic of the laboratory-scale submerged MBR used in this study is
shown in Fig. 4-3. The reactor was prepared for each membrane pore size. A total of four

reactors were prepared in this study. All the reactors had a 6.8 L effective working volume
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Fig. 4-2 Schematic of flat-sheet membrane module.
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Fig. 4-3 Schematic figure of laboratory-scale submerged MBR apparatus.

and were made of clear polyvinyl chloride. A membrane module with each membrane

was installed in each reactor. There were two roller pumps (MP-2000, Tokyo Rikakikai,
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Co. Ltd., Japan) in the MBR. One roller pump was utilized, and the membrane filtrate
was removed from the reactor. The filtration flux was constantly monitored and
maintained by manually controlling the rotation speed of the roller pump. The other roller
pump was utilized to feed synthetic wastewater from a stock solution vessel to the reactor.
An air diffuser was installed in the reactor, and the air was supplied by an air pump with
a pressure regulator (SCO-4-115L, Nippon Flow Cell Co., Japan) at 5 L/min to flow
across both outside surfaces of the membrane modules. The transmembrane pressure
(TMP) was periodically measured using a digital pressure gauge (GC31-174, Nagano

Keiki Co. Ltd., Japan) to evaluate the degree of membrane fouling.

1V.2.4 Synthetic wastewater and membrane bioreactor operating condition

Before the operation, the dry membrane modules were immersed in ethanol for
10 min to saturate the modules with ethanol. Then, they were removed from ethanol and
immersed in tap water for 30 min to replace ethanol with tap water. Activated sludge from
a municipal wastewater treatment plant in Kumamoto City, Japan, was used as a seed
sludge. Synthetic wastewater fed to each reactor by the roller pump. The synthetic
wastewater was prepared with 250 mg/L D-glucose, 50 mg/L meat extract, 40 mg/L
polypeptone, 50 mg/L KoHPO4, 20 mg/L (NH4)H2PO4, 3.0 mg/L NaCl, 5.0 mg/L MgSO4-
7H>0, 2.5 mg/L CaCl,*2H>0, and 0.5 mg/L FeCls*6H>0, and pH was adjusted at 7.2 =
0.2 with 2 mol/L NaOH solution. The dissolved organic carbon (DOC) concentration in
the synthetic wastewater was 120 mg/L, and the DOC removal efficiency was maintained
at more than 98% in all reactors throughout the experiment. The concentration of mixed
liquor suspended solids (MLSS) was measured periodically by drawing out an

appropriate volume of the activated sludge (200-300 mL), in order to ensure that it
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remained constant. The sludge retention time (SRT) was varied depending on the drawn
volume of activated sludge, but was generally 30 days. The suspension liquids of all the
reactors were removed and stirred every two days, and then returned to the reactors to
equalize the MLSS concentration and characteristics of the suspension liquids in all the
reactors. The operation was carried out at room temperature, the temperature in the
reactors were not controlled but periodically monitored with a thermometer, and pH was
manually adjusted at 7.2 with 2 mol/L NaOH solution per day.

A constant filtration flux mode was used. This mode is based on the general flux-
step method to evaluate changes in the TMP [28,37,38]. In this study, MBR operation was
repeated four times, and two filtration flux conditions were attempted for the all
operations except the first operation, namely a basic flux of 0.3 m*/m?-d (12.5 L/m?-h),
hydraulic retention time (HRT): 5 hours), which is a safety flux for common MBR
operation in practical use and a higher flux of 0.5 m*/m?-d (20.8 L/m?+h, HRT: 3hours).
The membrane modules were removed from the reactors at the end of each operation and
cleaned using physical and chemical methods. Physical cleaning was carried out by
wiping the membrane surfaces with a soft sponge and flushing with tap water. Chemical
cleaning was carried out by immersing the membrane module into a 5000 mg/L sodium
hypochlorite solution for 2 h. The cleaned membrane modules were returned to the

reactors for subsequent operations.

1V.2.5 Analytical methods
1V.2.5.1 Characterization of prepared membranes
The pore size and distribution of membrane were determined using a capillary

flow porometer (CFP-1200A, Porous Materials Inc., USA) [35,39]. The pure water
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permeability through the membrane was measured by filtrating distilled water using a
dead-end filtration unit with a 13.8 cm? effective area (KP-47S, Toyo Roshi Kaisha Ltd.,
Japan) and was calculated using the formula in previous literature [40,41]. The surface
roughness of the membranes was measured using atomic force microscopy (AFM,
AFMS5100N, Hitachi High-Technologies Co., Japan) [34,42]. The measurements were
conducted in the dynamic force mode using an SI-DF3P2 (spring constant = 2 N/m)
cantilever with a silicon tip at room temperature in air. The scanned size was 5 pm x 5
um. The membrane surface was observed using a scanning electron microscope (SEM,
TM3030, Hitachi High-Technologies Co., Japan) to evaluate surface morphology [43,44]
and the surface porosity. The surface porosity of the membranes was calculated by
binarizing the SEM images. The binarized images were obtained using image processing
software (Image J, National Institutes of Health, USA). The surface porosity was
determined by the ratio of the open area to the total surface area of the binarized images
[24].
1V.2.5.2 Characterization of suspension liquid in membrane bioreactor

The concentration of MLSS was measured with 100 mL of suspension liquid
according to standard methods [45]. The concentration of DOC was measured using a
total organic carbon analyzer (TOC-V, SHIMADZU Co., Japan) using the filtrated
suspension liquid from a disposable membrane filter with a pore diameter of 0.45 um
(ADVANTEC Co., Japan). The rejection rate during the third and fourth operations was

calculated using the following equation:

C
rejection rate (%) = <1 — C_p) X 100 4-1)
S
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where Cs and C, are the concentrations of the DOC in the supernatant of the liquid
suspension in the reactor and membrane filtrate, respectively.
The particle size distributions of the suspension liquid were measured with a
laser differential scattering spectrometer (LA-950 V2-ADB, Horiba Co. Ltd, Japan).
1V.2.5.3 Measurement and evaluation of filtration resistance
The total filtration resistance R: (1/m) of the fouled membrane from MBR

operation is recognized as the sum of three types of resistances as follows:

R, =R, + R, + Ry, (4-2)

where R» (1/m) is the resistance as a result of reversible fouling (reversible filtration
resistance), Ri» (1/m) is the resistance as a result of irreversible fouling (irreversible
filtration resistance), and R (1/m) is the intrinsic membrane resistance.

Reversible fouling occurs owing to cake layer formation on the membrane
surface. Here, the cake layer is mainly composed of two layers of soluble microbial
products (SMP) and activated sludge. However, the SMP layer is sometimes referred to
as the gel layer in some previous studies to distinguish it from the cake layer [46,47]. In
this study, the reversible filtration resistance (R) was evaluated from only the resistance
of the gel layer because the layer of the activated sludge is easily peeled from the
membrane during aeration operation and taking out the reactor in the MBR. This approach
does not affect the overall discussion, as the resistance of the gel layer makes up the
majority of the resistance of the cake layer [48-50]. Meanwhile, irreversible fouling is
commonly caused by foulant deposition inside the pores (Rir) [25]. Reversible filtration

resistance (Rr) was calculated as the difference between the resistance of the fouled
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membrane flushed with tap water to remove the sludge layer and that of the membrane
after physical cleaning which was carried out by wiping the membrane surface with a soft
sponge flushing with tap water. Irreversible filtration resistance (Ri-) was calculated as
the difference between the resistance of the pristine membrane and that of the membrane
after physical cleaning.

In this study, R, Rir, and R, were measured using the following method, and R;
was calculated. The membranes were cut into small disks (4.7 cm in diameter) from the
modules and placed on a dead-end filtration unit with an effective area of 13.8 cm? (KP-
47S, Toyo Roshi Kaisha Ltd., Japan). Distilled water was filtrated under a constant
pressure of 0.05 MPa, and the filtration flux was measured. Finally, the filtration
resistance (R, Rir, Rn) was calculated using the following equation according to Darcy’s

law [51-53]:

AP
Filtration resistance (R, Ri, Ryy) = o (4-3)
U

where AP is the difference in the TMP (N/m?), u is the filtration viscosity (N-s/m?), and J
is the filtration flux (m/s).

In addition, the mechanism of fouling caused by pore plugging was also
evaluated via dead-end batch filtration tests using BSA as a model foulant according to
the following methods. BSA solutions (200 mL, 500 mg/L) were filtrated in the first and
second batches, and 500 mL of the same solution was filtrated in the six subsequent
batches using the membranes under a constant pressure of 0.05 MPa, and the membranes

were physically cleaned after each batch. Physical cleaning was carried out by wiping the
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membrane surfaces with a soft sponge flushing with tap water. The batch test was carried
out eight times (total filtration volume of BSA solution: 3400 mL). The filtration
resistance (Ry) was calculated from the measurement of pure water permeability after
physical cleaning in each batch test. The resistance by pore plugging (R,) was calculated

using the following equation:

R, =R; — Ry, (4-4)

1V.2.5.4 Gel layer observation

The surface appearance of fouled, physically cleaned and chemically cleaned
membranes were observed using SEM. Membrane pieces were immediately placed after
sampling in 4.0 % glutaraldehyde with a 0.2 M phosphate buffer solution at pH = 7.4 for
2 h at room temperature. Then, the membrane pieces were washed by immersion in the
0.2 M phosphate buffer solution at pH = 7.4 overnight at 4 °C. Afterward, the membrane
pieces were dehydrated by immersion in a series of ethanol solutions of 50, 70, 80, 95,
100, 100 and 100 % concentration and dried for 30 min at room temperature. The dried

membrane pieces were coated with gold prior to SEM observation.

IV.3 Results
1V.3.1 Preparation and characterization of chlorinated poly(vinyl chloride) membranes
with different pore size

Table 4-1 lists the characteristics of the four CPVC membranes prepared in this
study. The membranes were labelled M1, M2, M3, and M4 in ascending order of CPVC

concentration in the dope solution during the preparation step. Figure 4-4 shows the pore
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Table 4-1 Characteristics of the membranes prepared in this study

Sample name

M1

M2

M3

M4

Mean flow pore size (um)
Pore size Bubble point pore size (pm)
Half width x10” (um)
Surface roughness, RMS (nm)
Surface porosity (%)

Pure water permeability (m]/cmz'bar' min)

0.08
0.14
0.49
12.1
11.0
7.14

0.31
0.59
2.05
39.5
30.0
50.3

0.57
0.89
3.95
82.9
39.4
98.4

1.70
3.41
25.5
137
43.7
446
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Fig. 4-4 Pore size distribution curves of prepared membranes.

size distribution curves of the membranes. In Table 4-1, the mean flow pore size is the
average pore size, that is, 0.08, 0.31, 0.57, and 1.70 um, and the bubble point pore size is
the maximum pore size, that is, 0.14, 0.59, 0.89 and 3.41 um. The half-width is half the
width of the peak in the pore size distribution in Fig. 4-4. As shown in Fig.4-4, the M1,
M2, and M3 membranes showed a narrow distribution range; in contrast, the M4
membrane showed a much broader distribution range than the other membranes. The
difference in the pore size distribution of the membranes shown in Fig.4-4 is also

quantitatively indicated in the half width presented in Table 4-1. The half widths of M1,
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M2, and M3 membranes gradually increased from 0.49 x102 um to 3.95x102 pm,
whereas that of M4 is a significantly large value of 25.5x102 pm. The pure water
permeability of M4 is also a significantly large value of 446 ml/cm?-bar-min compared
with those of the other membranes. Figure 4-5 shows three-dimensional surface images
of the membranes. Figure 4-6 shows the SEM images of the membranes.

As shown in Figs. 4-5 and 4-6, the M1 membrane seemed to have a smooth
surface structure compared with those of the other membranes. This result was reflected
by the quantitative characteristics of the membranes, such as pore size and surface
roughness, and particularly the pure water permeability, as presented in Table 4-1; the
difference in the characteristic values between M1 and M2 was approximately three to
four times, but the difference between M2 and M3 was less than or almost two times. On
the other hand, the surface porosity calculated from the SEM images showed a relatively
small difference between the membranes, and increased gradually from M1 to M4
membranes. Table 4-2 shows the correlation coefficients of the membrane characteristics
and pure water permeability. As shown in Table 4-2, the three parameters related to pore
size (mean flow pore size, bubble point pore size and half width) naturally showed strong
correlation mutually, and also had strong correlation with the pure water permeability
(>0.99). In contrast, surface roughness and surface porosity showed relatively weak
correlations of 0.93 and 0.72, respectively with the pure water permeability. Thus, it was
considered that the pore size condition particularly influenced the pure water permeability

of the membranes prepared in this study.

1V.3.2 Changes in transmembrane pressure and mixed liquor suspended solids

concentrations in a laboratory-scale submerged membrane bioreactor
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Fig. 4-5 Three-dimensional images of membrane surface of prepared membranes.

Figure 4-7 shows the changes in the TMP and MLSS concentrations over the
entire experimental period. The MLSS concentration was maintained within the range of
11000-12500 mg/L, and the variation coefficient among the four reactors was within
0.25%. The particle size range of suspension liquid 5.0-500 um. The temperature and pH
of the suspension liquid were maintained at 23-25 °C and 6.9-7.1, respectively. The
membrane modules were physically and chemically cleaned to restore flux at the end of
each operation (after 20, 35, and 55 days).

The TMPs of the membranes, except M1 (mean flow pore size: 0.08 um), were
maintained at less than 5.0 kPa at basic flux (0.3 m*/m?-d) in all the operations. In

particular, the TMP of M3 (mean flow pore size: 0.57 um) was well maintained at less
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Fig. 4-6 SEM images of membrane surface of prepared membranes.

Table 4-2 Correlation coefficient of membrane characteristics and pure water permeability

MFP BPPS HW SR SP
MFP —
BPPS 0.997 -
HW 0.987 0.995 —
SR 0.960 0.935 0.903 —
SP 0.779 0.739 0.672 0.904 -
PWP 0.995 0.999 0.998 0.929 0.719

* MFP: Mean flow pore size, BPPS; Bubble point pore size, HW : Half width, SR: Surface roughness
SP: Surface porosity, PWP: Pure water permeability

than 3.0 kPa throughout the entire operation. Meanwhile, the TMP of M1 rapidly
increased from the beginning and reached over 15 kPa within 10 days, and then became

stable at approximately 20 kPa in each operation. For the other two membranes of M2

96



Chapter IV

MLSS conc. (g/L)

Fig. 4-7 Changes in TMP and MLSS concentrations during whole experimental period.

(mean flow pore size: 0.31 um) and M4 (mean flow pore size: 1.7 um), there was no
significant difference in the TMP at basic flux in all the operations, although the TMPs of
M4 were slightly higher than that of M2 in the first, third, and fourth operations. At a
higher flux (0.5 m?*/m?-d), all membranes showed an increasing trend at each operation.
The TMPs of M1 and M4 drastically increased at the beginning of changing the flux and
reached over 25 kPa within 4 days and 8 days, respectively, and the predetermined flux
of 0.5 m*/m?-d could not be maintained. The M2 membrane also showed a rapidly
increasing trend in the second and third operations. In contrast, the M3 membrane showed

a relatively gradual increasing trend compared with the other membranes, although the
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TMP increased up to 20 kPa in the third operation. These results suggest that the two
membranes of M1 and M4 that had the smallest and largest pore sizes, respectively were
more vulnerable to fouling development compared with the other membranes (M2 and
M3) that had intermediate pore sizes. In particular, it is suggested that the membrane with
a pore size of less than 0.1 um is not suitable for MBRs because of the increasing TMP
trend of M1 membrane.

The DOC rejection rate was 99.6% or higher in all the membranes, indicating
that there was no significant difference among the membranes. Thus, it is considered that
the DOC rejection performance was almost constant regardless of the pore size for the

membranes used in this study

1V.3.3 Filtration resistance of the fouled membranes

The distilled water flow rate was measured after the experiment to evaluate the
deterioration of the filtration performance of the fouled membranes. Table 4-3
summarizes the parameter values related to the membrane resistance. The total filtration
resistance (R;), which is the sum of the intrinsic membrane resistance (Rn), reversible
filtration resistance (Rr), and irreversible filtration resistance (Rir), increased in the order
of M1, M4, M2, and M3 membranes. This order coincided with the order of TMP
development in the MBR, as mentioned above. The R values were lower than the other
filtration resistances (R and Ri»), and the ratios of Ru to R: (Rm / Ri) were less than 6% for
all the membranes. As expected, the R» / R: ratio increased with increasing order of the
membrane pore size. The Rir values decreased with the increase in the pore size. In
particular, the Ri of the M1 membrane was much higher than those of the other

membranes. In contrast, the R, value was the highest for the M4 membrane, but the
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Table 4-3 Relationship between mean flow pore size and parameters related to the filtration resistances

of fouled membranes

Mean flow Total filtration
Membrane pore size resistance (R;)
(um) (x 10" 1/m)
Ml 0.08 18.2
M2 0.31 2.39
M3 0.57 2.16
M4 1.7 4.03
Mean flow Intrinsic membrane Reversible filtration  Irreversible filtration
Membrane pore size resistance (R ) resistance (R ) resistance (R )
() (x 10" 1/m) (x 10" 1/m) (x 10" 1/m)
Ml 0.08 0.944 1.62 15.6
M2 0.31 0.134 1.42 0.839
M3 0.57 0.069 1.74 0.347
M4 1.7 0.015 3.92 0.093
Mean flow Ratio of R, to Ratio of R, to Ratio of R;, to
Membrane pore size R; (Rn/R;) R, (R,/R}) R, (Ri/R})
(pm) (%) (%) (%)
Ml 0.08 5.2 8.9 85.9
M2 0.31 5.6 59.3 35.1
M3 0.57 3.2 80.7 16.1
M4 1.7 0.4 97.3 2.3

difference in the R, value among the membranes was relatively small compared with the

difference in the Rir value. The ratio of Rir to R: (Rir / R:) was high for M3 and M4

membranes (80.7% and 97.3%, respectively); on the other hand, the ratio of Rir to R: (Rir

/ Ri) was quite high for the M1 membrane. Thus, it is considered that the reversible

resistance (R) is the dominant factor in the total resistance (R/) of M3 and M4 membranes,

which had a relatively moderate pore size; in contrast, the irreversible resistance (Rir) was

the dominant factor in the R: of the M1 membrane, which had the smallest pore size.

The pore plugging resistance (Rp) of each membrane was determined through
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filtration of the BSA solution to verify the relationship between Ri- and Rp. Figure 4-8
shows the change in the R, value of each membrane with the filtration volume. The
relative filtration volume for the horizontal axis in Fig. 4-8 is the ratio of the accumulated
filtration volume of the batch test to the total filtration volume (3400 mL). As shown in
Fig. 4-8, the Ry values of the M1 membrane were much higher than those of the other
membranes, and clearly showed an increasing trend with the relative filtration volume.
The R, values of the M2 membrane also showed an increasing trend, but their levels were
as small as those of M3 and M4 membranes. The R, values of M3 and M4 membranes
were almost the same and remained low throughout the batch test, although the value of
M3 was slightly higher than that of M4. The descending order of the R, values was M1,
M2, M3, and M4, which is consistent with the results of the R values. In addition, it was

confirmed that the R, value was close to that of Ri- for each membrane.

1V.3.4 Gel layer observation on the membrane surface

Figure 4-9 shows the surface appearance of the membranes at the end of the
experiment (fouled), after physical cleaning (physically cleaned), and chemical cleaning
(chemically cleaned) by SEM observation. As shown in the Fig. 4-9, the surfaces of the
fouled membranes of M2, M3, and M4 were completely covered with a gel layer.
However, the gel layer could not be observed in the M1 membrane. The gel layer-like
layers on the surfaces of the M2-M4 membranes were confirmed visually and by
touching. The gel layers were removed by physical cleaning of the M2 and M3
membranes, but not for M4. However, the gel layers of all the membranes, including M4,
were finally removed by chemical cleaning; thus, it is considered that the fouling

components developing the gel layer were almost completely removed by physical and
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Fig. 4-8 Change in pore plugging fouling resistances with relative filtration volume of BSA solution.

chemical cleaning.

IV.4 Discussion

The principal objective of this study is to investigate the influence of the pore size of a
membrane on fouling development in the operation of a submerged MBR using a CPVC
flat-sheet membrane as a membrane material. However, it is easy to imagine that the
change in the membrane pore size affects other membrane properties such as surface
porosity and membrane roughness. For instance, increasing the pore size may
simultaneously increase the surface roughness and surface porosity, and pure water
permeability [20,33,54,55]. Furthermore, one of the membrane properties may not only
be related to other membrane properties but may also affect the fouling phenomena
indirectly; for instance, an increase in surface roughness may lead to more adhesion with
the foulant in a liquid suspension and promote cake layer formation on the membrane

surface. Therefore, in this study, original CPVC flat-sheet membranes with different pore
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M1 Fouled . L \e ‘P‘hysicallycle‘aned?@, Chemically cleaned

Fig. 4-9 SEM images of surfaces of fouled, physically cleaned and chemically cleaned membranes.

sizes were prepared using the VIPS method, and the effect of membrane pore size on
fouling development was investigated. At the same time, the other membrane properties,
namely surface roughness, surface porosity, and pure water permeability of prepared
membranes, were measured to analyze their mutual relationship related to fouling
phenomena based on batch tests in order to evaluate the reversible filtration resistance

(R/) and irreversible filtration resistance (R;-) with the fouled membranes after the MBR
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operation.

On the other hand, it is difficult to appropriately investigate and discuss the
multiple effects of membrane properties on fouling phenomena because of the complexity
and limitations of experiments. It is well-known that the membrane material [18], pure
water permeability [56], surface porosity [20], surface roughness [19,21,25,57], and
surface hydrophilicity [22,58,59] have significant effects on membrane fouling in MBRs.
Choi et al. explained the effect of pure water permeability on fouling phenomena using a
membrane with the same pore size; however, the effects of other membrane properties
were ambiguous because other properties such as the membrane material and surface
hydrophilicity were not unified [51]. Yamato et al. reported the effect of the membrane
material on fouling development in an MBR and discussed the main contributing factor
of fouling phenomena; however, their conclusion lacks appropriate explanation because
they provided minimal description of the membrane properties other than the membrane
material [18].

In this study, however, reversible filtration resistance (R,) and irreversible
filtration resistance (R;-) were investigated using the fouled membranes through an MBR
operation to determine the effect of membrane pore size on fouling phenomena in a
complex way. That is, R, is mainly caused by the formation of gel and cake layers related
to membrane surface conditions such as surface roughness, and R;, is as a result of pore
plugging due to the adhesion of the foulant inside the membrane related to the membrane
internal conditions such as pure water permeability. Thus, a combined analysis of
membrane pore size, other membrane properties, R, Rir, reduction in the performance of
organic matter (DOC) by filtration, gel layer formation, and their effects on fouling

phenomena would be very important to elucidate fouling phenomena.
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First, R;- value decreased as the membrane pore size increased, as presented in
Table 4-3 and this result is consistent with the results of pore plugging resistance in the
batch test using BSA as the model foulant, as shown in Fig. 4-8. Therefore, it was
considered that the membrane pore size would directly affect irreversible fouling and R;,
value due to pore plugging phenomena inside membrane. Many studies have investigated
the relationship between protein and membrane fouling in MBRs, and it was suggested
that protein plays an important role in fouling development [23,60-65]. Miyoshi et al.
conducted a batch filtration test using the supernatant of a mixed liquor suspension of
activated sludge with hydrophobic PVDF membranes to confirm the major foulant [23].
They reported that the main mechanism of membrane fouling can be explained by pore
plugging fouling caused by protein adherence to the internal pores of the membrane, and
suggested that the smaller the membrane pore size, the easier it is for membrane fouling
to occur because the size of protein is much smaller than that of a common membrane
pore. These results are similar to the relationship between R;- and membrane pore size
obtained in this study. However, the results of TMPs in the MBR, which indicates fouling
development, demonstrated a different tendency (Fig. 4-7), that is, the membranes with
relatively intermediate pore sizes (0.31 pm and 0.57 pm) had a lower fouling propensity
than those with smaller (0.08 um) and larger (1.7 um) pore sizes. Thus, it is clear that
protein and protein-like compounds are the most contributors to irreversible fouling in
MBRs.

Second, the reversible filtration resistance (R,) increased with the pore size in the
three membranes, except for the membrane with the smallest pore size (M1 membrane;
0.08 um pore size), as presented in Table4-3. Meanwhile, Fig. 4-9 shows that the gel layer

significantly covered the membrane surface of the fouled membranes, except M1. In
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particular, the gel layer seems to remain a little for the M4 membrane even after physical
cleaning, and this explains the change in the TMP, as shown in Fig. 4-7; that is, the
increasing tendency of the TMP of M4 became much more remarkable in the 2nd to 4th
operations after physical cleaning. From these results, it is considered that R, reflects gel
layer formation on the membrane surface. In addition, it is strongly suggested that gel
layer formation is closely related to the surface roughness of the membrane, as
demonstrated by the results in Table 4-1, indicating that the surface roughness is
significantly high for M4. The morphological appearance may also support this
conclusion. Several researchers have reported that membranes with smooth surfaces are
desirable for mitigating membrane fouling [19,21,25,66]. Thus, the results in previous
studies are considered to mainly highlight reversible membrane fouling on the membrane
surface. In the meantime, surface roughness was obviously affected by membrane pore
size. As shown in Table 4-2, the surface roughness showed relatively strong correlation
with the parameters related to membrane pore size (>0.90). Therefore, it is considered
that the membrane pore size would indirectly affect on reversible fouling and R, value
through the change of the surface roughness. After all, it was indicated that the membrane
pore size affected both the reversible and irreversible fouling through the mutual
relationship with other membrane characteristics such as the surface roughness.

This study demonstrated that reversible fouling exhibited an increasing trend,
and irreversible fouling exhibited a decreasing trend with an increase in the membrane
pore size. Meanwhile, it was indicated that the optimal pore size for suppressing
membrane fouling would be in the range of 0.31-0.57 um. Incidentally, considering the
practical operation of MBRs for actual facilities treating real and various types of

wastewater, irreversible or reversible fouling as well as total fouling development,
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including both of them, are the most important issues. In other words, the optimal pore
size (or range) for suppressing fouling development in MBRs and its mechanism are the
most valuable pieces of information that need to be determined. Several studies have
investigated the optimal pore size for suppressing fouling development in MBRs using
membranes a symmetric structure, similar to the CPVC membrane used in this study
[20,26]. van der Marel et al. investigated the influence of membrane pore size on
membrane fouling in a pilot-scale MBR using four symmetric mixed cellulose ester
(MCE) flat-sheet membranes [20]. They reported that membranes with pore sizes of 0.8
um had superior performance in terms of fouling suppression compared with membranes
with pore sizes of 0.1, 1.8, and 2.7 um. Nittami et al. also investigated the influence of
the pore size of membranes on fouling phenomena in a lab-scale MBR using symmetric
PTFE flat-sheet membranes with three different pore sizes [26]. They reported that the
optimum pore size of symmetrical flat-sheet membranes for suppressing fouling
development is in the range of 0.5-1.0 um. The results of these studies seem to agree with
the results in this study; thus, it is assumed that the optimal range of membrane pore size
for suppressing fouling development in an MBR seems to be similar when using
symmetric structure membranes. However, it is still unclear why there is an optimum pore
size or range. This can be considered to be well explained by the relationship between
irreversible fouling, reversible fouling, and total fouling development, which is
represented as irreversible filtration resistance, reversible filtration resistance, and total
filtration resistance (or the apparent TMP in an MBR operation). For instance, in this
study, the membrane with a pore size of 0.57 um had the lowest TMP and total filtration
resistance (R;), as presented in Table 4-3. Here, the R; value was obtained and added to

the reversible filtration resistance (R,), which mostly occurs on the membrane surface and
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irreversible filtration resistance (R;-), which mostly occurs inside the membrane; that is,
the total fouling development and TMP in the MBR are exposed to a combination of
fouling phenomena depending on R, and R;-. Further, the R, value of the M2 membrane
was smaller than that of M3, but the R;- value was higher and R, increased. In contrast,
the R;- value of M4 was much smaller than that of M3, but the R, value was higher;
furthermore, the R;- values were much smaller than R, and the R; value of M4 was almost
double that of M3. As a result, the order of TMP development in the MBR shown in Fig.
4-7 is clearly demonstrated. To the authors’ knowledge, this is the first report that
explained the reason for the optimal pore size for suppressing fouling development in
MBRs.

In the meantime, the above results and findings are all obtained from studies on
symmetric structure membranes; therefore, they may not be applicable to asymmetric
structure membranes because of the possibility that their membrane pore morphologies
are different [20]. In addition, most of the polymeric membranes used in MBR plants
have a pore size of 0.4 um or less because a membrane with a large pore size has a poor
solid—liquid separation performance [14]. However, the removal performances of DOC
were not much different for membranes with pore sizes in the range of 0.08-1.7 um, and
hence, this does not raise significant concern. It is considered that the reason for this result
is that the cake layer and gel layer on the membrane surface function as a dynamic

membrane, as noted in previous studies [5,56,67-69].

IV.5 Conclusions
The influence of membrane pore size on fouling development was investigated

using symmetric CPVC membranes with different pore sizes in submerged MBR. The
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optimal pore size for suppressing fouling development was estimated to be in the range
of 0.31-0.57 um under the conditions in this study. It was strongly suggested that the
irreversible fouling was caused by the capture of protein-like compounds inside the
membrane; in contrast, reversible fouling was caused by gel and cake layers formed on
the membrane surface. It was also indicated that the membrane pore size affected
reversible and irreversible fouling through the mutual relationship with other membrane
characteristics such as the surface roughness. Finally, the optimal membrane pore size for
suppressing fouling development in MBRs is determined by the total filtration resistance

caused by both irreversible and reversible fouling phenomena.
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Chapter V
Effect of surface hydrophilicity of symmetric
polytetrafluoroethylene flat-sheet membranes on membrane

fouling in a submerged membrane bioreactor

V.1 Introduction

A membrane bioreactor (MBR) is a newer wastewater treatment technique in
which the solid-liquid separation process is conducted by a membrane instead of a settling
tank. An MBR keeps most of the suspended solids, including microorganisms, in the
reactor by membrane microfiltration, allowing it to produce clearer treated water
compared to a conventional settling tank. Because of this advantage, MBRs have been
recently applied to various wastewater treatment plants [1,2]. In contrast, it is known that
MBR has an issue on the reduction in water permeability, which is caused by membrane
fouling. Membrane fouling is a phenomenon where suspended matter is deposited on the
membrane surface and captured in membrane pores, resulting in an increase in filtration
resistance over time [3]. When membrane fouling becomes severe, membrane module
cleaning or replacement is needed. They lead to an increase in operating and maintenance
costs [1,4]. Therefore, the reduction of fouling development is a major issue for the further
application of MBRs in the future.

There have been many studies on the reduction of membrane fouling in MBRs;
however, a significantly effective technology has not yet been established. Membrane
fouling is affected by many factors, such as the kind of the wastewater, the properties of
the activated sludge, operating conditions, and membrane characteristics. These factors
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and their combined effects complicate the membrane fouling phenomena [5,6]. As for the
membrane characteristics, the following factors have been studied; pore morphology,
hydrophilicity, surface charge, and surface roughness [2,7,8]. Among them, I focused on
the membrane hydrophilicity among the above membrane characteristics because the
membrane hydrophilicity has been famously considered as one of the important factors
contributing to the membrane fouling and there have been a lot of related studies.

It is generally considered that a hydrophobic membrane has a higher
development of membrane fouling than hydrophilic membrane on account of
hydrophobic interactions between foulants, like extracellular polymeric substances (EPS)
secreted from activated sludge, in the suspension liquid and membrane surface [1,2,8-11].
For this reason, many studies have focused on the hydrophilicity of membrane surfaces
in the development of antifouling membranes [12-15]. In contrast, many contradictory
results have been reported. For example, Miyoshi et al. reported that the fouling rate
increased in the order of cellulose acetate butyrate (CAB) > polyvinylidene fluoride
(PVDF) > polyvinyl butyral (PVB) membranes although PVDF was extremely
hydrophobic among them [16]. Chen et al. reported that the flux diminishing rate showed
in the order of cellulose acetate (CA) > PVDF > polyether sulfone (PES) membranes
although CA was the most hydrophilic among them [17] and similar results have also
been reported by other researchers [18,19]. Here it should be noted that the above studies
[9-11,16-19] used the membrane with not only different hydrophilicity but also different
other membrane characteristics for the experiments. That is, there is possibility that the
effect of membrane hydrophilicity on the membrane fouling was much smaller than other
membrane characteristics such as pore size and surface roughness, which led to

misinterpretation of the results. Therefore, I considered that it is necessary to carry out
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comparative experiments using membranes which have similar characteristics except
only hydrophilicity in order to confirm the effect of the hydrophilicity on the membrane
fouling as only a few previous similar kinds of studies [20]. With the above background,
this study aimed to demonstrate the effect of membrane hydrophilicity on the fouling
development through a comparative experiment in a laboratory-scale submerged MBR
when polytetrafluoroethylene (PTFE) flat-sheet membranes with the same membrane
characteristics except surface hydrophilicity was used. I also paid attention to the
concentration of protein and carbohydrate, which are considered to be the main
components of EPS, in mixed liquor and membrane permeate, and used them for this

verification.

V.2 Materials and methods
V.2.1 Membranes and module fabrication

This study utilized hydrophilic and hydrophobic PTFE flat-sheet membranes
with similar pore sizes of 0.1 pm, provided by a membrane supplier (Membrane Solutions,
USA), to compare the development of membrane fouling between hydrophilic and
hydrophobic membranes. The hydrophilic PTFE flat-sheet membrane was purchased
from a commercially available product for MBR applications. This hydrophilic
membrane was prepared by hydrophilizing the hydrophobic membrane by a membrane
supplier. Therefore, I obtained the hydrophobic membrane before hydrophilizing
treatment from the supplier. As a preprocess, the flat-sheet membranes were prepared by
a stretching method and laminated with non-woven polyester fabric as a support layer by
the supplier.

For application to MBR, a membrane module was fabricated with each of the
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Fig. 5-1 Schematic of flat-sheet membrane module.

hydrophilic and hydrophobic PTFE flat-sheet membranes [21]. Two sheets of the flat-
sheet membranes were placed on both sides of a corrugated plastic plate with punched
holes and fixed to a plastic frame of polyvinyl chloride by gluing the edges together. Each
side of the flat-sheet membrane was separated by polyester non-woven fabric spacers
from the corrugated plastic plate (Fig. 5-1). The effective filtration area of the membrane

module was approximately 0.11 m? (0.19 m x 0.29 m x 2 sides).

V2.2 Setup of laboratory-scale submerged membrane bioreactor

A schematic of the laboratory-scale submerged MBR used in this study is shown
in Fig. 5-2. A reactor was prepared for each of the hydrophilic and hydrophobic
membranes. In total, two reactors were prepared for this study. Both reactors had a 6.8 L
effective working volume and were made of clear polyvinyl chloride. A membrane
module with each of the hydrophilic and hydrophobic membranes was installed in each

reactor. There were two roller pumps (MP-2000, Tokyo Rikakikai, Co. Ltd., Japan) in the
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Fig. 5-2 Schematic figure of laboratory-scale submerged MBR apparatus.

MBR. Roller pump-1 was utilized, and the membrane filtrate was removed from the
reactor. The filtration flux was constantly monitored and maintained by manually
controlling the rotation speed of the roller pump-1. Roller pump-2 was utilized to feed
synthetic wastewater from a stock solution vessel to the reactor. An air diffuser with six
holes of 1.5 mm diameter each was installed in the reactor, and the air was supplied by
an air pump with a pressure regulator (SCO-4-115L, Nippon Flow Cell Co., Japan) at 5
L/min to flow across both outside surfaces of the membrane module. The transmembrane
pressure (TMP) was periodically measured to evaluate the degree of membrane fouling

development using a digital pressure gauge (GC31-174, Nagano Keiki Co. Ltd., Japan)

V2.3 Synthetic wastewater and operating condition
Before the operation, the dry membrane modules were immersed in ethanol for

10 min to saturate the modules with ethanol. Then, they were removed from ethanol and
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immersed in tap water for 30 min to replace ethanol with tap water. Activated sludge from
a municipal wastewater treatment plant in Kumamoto City, Japan, was used as a seed
sludge. Synthetic wastewater fed to each reactor by the roller pump-2. The synthetic
wastewater was prepared with 250 mg/L D-glucose, 50 mg/L meat extract (Kyokuto
Pharmaceutical Industrial Co., Ltd., Japan), 40 mg/L polypeptone (FUJIFILM Wako Pure
Chemical Corp., Japan), 50 mg/L KoHPO4, 20 mg/L (NH4)H2PO4, 3.0 mg/L NaCl, 5.0
mg/L MgSOs4+7H,0, 2.5 mg/L CaCl,*2H>0, and 0.5 mg/L FeCl;*6H>0, and pH was
adjusted at 7.2 £ 0.2 with 2 mol/L NaOH solution. The concentration of total organic
carbon (TOC) in the synthetic wastewater was 120 mg/L. The concentration of mixed
liquor suspended solids (MLSS) was periodically measured and constantly maintained by
determining the appropriate volume of the sludge. The sludge retention time (SRT) was
approximately 30 days. The suspension liquids of both reactors were removed and stirred
every two days, and then returned to the reactors to equalize the MLSS concentration and
characteristics of the suspension liquid in both reactors. The operation was carried out at
room temperature (maintained at around 25 °C), the temperature in the reactors were not
controlled but periodically monitored with a thermometer, and pH was manually adjusted
at 7.2 with 2 mol/L. NaOH solution per day.

A constant filtration flux mode was carried out. This mode was based on the
general flux-step method to evaluate changes in TMP [22,23]. The filtration flux was
fixed at 0.3 m*/m?-d (12.5 L/m*-h) for the first run, 0.5 m*/m?-d (20.8 L/m*-h) for the
second run and 0.7 m*m?-d (29.2 L/m?-h) for the third run. These three runs were
repeated twice as the first and second operations, respectively. The membrane modules
were removed from the reactors once after the first operation, and then cleaned by

physical and chemical methods. Physical cleaning was carried out by wiping the
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membrane surfaces with a soft sponge and flushing with tap water. Chemical cleaning
was carried out by immersing the membrane modules into a 5000 mg/L sodium
hypochlorite solution for 2 h. The cleaned membrane modules were returned to the

reactors. Then, the second operation was conducted with the cleaned membrane modules.

V.2.4 Analytical methods

The contact angle was measured using a contact angle goniometer (DMs-401,
Kyowa Interface Science Co., Japan) at room temperature using the sessile drop technique
[24]. The pore size and distribution of the membranes were measured using a capillary
flow porometer (CFP-1200A, Porous Materials Inc., USA) [25]. The microstructures of
the pristine membranes were observed by a scanning electron microscope (SEM)
(TM3030, Hitachi High-Technologies Co., Japan). The surface porosity of the
membranes was calculated by binarizing the SEM images of the membrane surface. The
binarized images were obtained using image processing software (Image J, National
Institutes of Health, USA), and the surface porosity was determined by the ratio of open
area to the total surface area on the binarized images. The surface roughness of the
membranes was analyzed by an atomic force microscope (AFM) (AFM5100N, Hitachi
High-Technologies Co., Japan). The measurements were obtained in a dynamic force
mode using an SI-DF3P2 (spring constant = 2 N/m) cantilever with a silicon tip at room
temperature in air. The scanned size was 5 pm % 5 um. MLSS concentration was measured
using standard methods [26]. The concentrations of carbohydrates and proteins, which
are both major components of EPS, were measured using the phenol-sulfuric acid method
by Dubois et al. [27], with glucose used as a standard and bicinchonimic acid (BCA)

assay [28,29] (TaKaRa BCA Protein Assay kit, Takara-bio Inc., Japan) with bovine serum
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albumin used as a standard, respectively. Samples for the measurement were the
supernatant of the mixed liquor and membrane filtrate. The amount of proteins and
carbohydrates captured inside the membranes through membrane filtration were
compared. The reduced amounts of proteins and carbohydrates in the membranes as a

rejection percentage (RP), calculated using the following equation:
Cp
RP (%) = (1-2) x 100 5-1)
S

where Cs and C, are the concentrations of protein or carbohydrate in the supernatant of
the mixed liquor, and in the membrane permeate, respectively. The three-dimension
excitation-emission matrix (EEM) was observed from 220-500 nm excitation at 5 nm
intervals, and 230-550 nm emission at 2 nm intervals, using a fluorescence spectrometer
(F-2700, Hitachi High-Tech Science Co., Japan) for the identification of polymeric
compounds as candidates for foulants. The samples for measurement were taken once
from the point of 0.3 m?*/m?-d near the design flux [30-32] (approximately 0.3-0.5

m?/m?-d) in MBR using a flat-sheet membrane.

V.2.5 Membrane resistance measurement

The membrane modules were removed from the reactors after the second
operation. The membranes were cut into small disks with a diameter of 4.7 cm from the
modules and placed onto a dead-end filtration unit having an effective area of 13.8 cm?
(KP-47S, Toyo Roshi Kaisha Ltd., Japan). Distilled water was filtrated under a constant

pressure of 0.05 MPa, and the flow rate was measured. Filtration resistance R (1/m) was
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calculated using the following equation according to Darcy’s law [33,34]:

AP

R="7 (5 —2)

where AP is the transmembrane pressure difference (N/m?), u is the filtration viscosity
(Ns/m?), and J is the filtration flux (m/s). The total filtration resistance (R;) was calculated

as the sum of three components [19,35]:
Ri=Rp+R,+R, (5-3)

where Rm is the intrinsic membrane resistance, Ry is the pore fouling resistance, and R
is the cake layer resistance. Ry is caused by foulant deposition inside the membrane pores
and calculated from the difference between the resistance of the pristine membrane and
that of the membrane after physical cleaning. R. is caused by the formation of a sludge-
cake layer and is measured by the difference between the resistance of the membrane
fouled by the experiment and that of the membrane after physical cleaning. According to
Kimura et al., the pore fouling resistance was defined as irreversible fouling resistance
and cake layer resistance was defined as the reversible fouling resistance, and they were
measured by the same method conducted in this study. This definition was used in the

following results and discussion sections [36-38].

V.3 Results
V.3.1 Membrane characterization

Table 5-1 shows the characteristics of the hydrophilic and hydrophobic PTFE
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Table 5-1 Characteristics of PTFE flat-sheet membranes used in this study

Parameter Hydrophilic Hydrophobic
Nominal pore size (supplier data, pm)* 0.1 0.1
Contact angle (°)***** 66+7 125+2
Mean flow pore size (um)** 0.16 £0.1 0.16 £ 0.1
Surface porosity (%)** 37.6+0.8 38.4+0.9
Surface roughness (RMS, nm)** 38.1£11.5 39.3+6.1

Data are expressed as mean + standard deviation
* analyzed by membrane supplier

** analyzed in this study

*** supplemental data (Fig. S-1)

flat-sheet membranes. It was clear that the characteristics of both membranes were similar
except for the contact angles. The contact angle is an indication of the surface
hydrophilicity to evaluate the difference among the membranes; the smaller the contact
angle, the more hydrophilic the material is. As shown in Table 5-1, the contact angle of
the hydrophilic PTFE membrane was much smaller than that of the hydrophobic one.
Figure 5-3 shows SEM images and the three-dimensional surface images of the feed side
surface of the membranes. As shown in Fig. 5-3 (a) and (b), both membranes had similar

surface structures of polymer nodules connected by fibers and surface porosity.

V.3.2 Changes in transmembrane pressure during continuous operation of laboratory-
scale submerged membrane bioreactor

Figure 5-4 shows the changes in the TMP and MLSS concentration through the
whole experimental period, respectively. The MLSS concentrations were well maintained
within the range of 11000 to 12000 mg/L, and the variation was within 0.2% of the
variation coefficient in each reactor. The values of pH and temperature in the reactors

were maintained within the range of 6.9-7.1 and 20-23 °C, respectively. The removal
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@ Hydrophobic

Fig. 5-3 SEM images (a) and three-dimensional surface images (b) of the PTFE flat-sheet membranes.

efficiency of TOC was maintained at more than 98% in both reactors throughout the
experiment. I also confirmed that hydrophilicity was well maintained through the
experiment by measuring the contact angle.

The TMPs were maintained at low values less than 1.0 kPa at a flux of 0.3
m?/m?-d, which is the safety flux in practical use, in both the first and second operations.
With the flux of 0.3 m*/m?-d, it was continued for 8 days in operation 1 and for 12 days
in operation 2. However, when the flux was raised to 0.5 m*/m?-d, the TMPs rapidly
increased in both operations. It is considered that this rapid increases in TMP were caused

by the flux of exceeding the critical flux [39,40]. In addition, the tendency of increases
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Fig. 5-4 Changes in TMP and MLSS concentration over the course of the experiment.

in TMP were not significantly different between hydrophilic and hydrophobic
membranes. Finally, at 0.7 m’/m?-d, the TMPs of hydrophilic and hydrophobic
membranes reached 26 kPa and 25 kPa over 6 days in first operation, and 23 kPa and 24
kPa over only two days in second operation, respectively. Thus, the TMP values were
almost same even if the surface hydrophilicity of the membranes was different. This

suggested that changing behavior in the TMPs of both hydrophilic and hydrophobic PTFE
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Fig. 5-5 Membrane resistance of fouled PTFE flat-sheet membranes after experiment.

Figure 5-5 shows the filtration resistances (Rm, Rp, Rc) of the membranes after all
experiments. The total filtration resistances of the hydrophilic and hydrophobic
membranes were 9.5 x 10! and 9.4 x 10'! 1/m, respectively. As shown in Fig. 5-5, Rn
was quite small, which contributed only 4-5% to the total filtration resistance in both
membranes and the R» value showed no change over the course of the experiment.
Therefore, it was considered that the intrinsic membrane resistance (R») did not contribute
to the fouling phenomena. In contrast, the R, value of the hydrophilic membrane was
slightly lower than that of the hydrophobic one. This suggests the possibility that the high
hydrophilicity contributed to the prevention of irreversible fouling. Nevertheless, the Ry
value was much smaller than the R. value; thus, the dominant factor of membrane fouling
was the cake layer resistance (Rc) for both PTFE membranes. In addition, the difference
in R. values between the membranes was small, which suggests that there was no
remarkable effect of membrane hydrophilicity on the value of total filtration resistances
(Ry).
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It is commonly understood that the irreversible fouling was caused by EPS
components, which were protein and carbohydrate. Therefore, the amount and
characteristics of proteins and carbohydrates captured inside the membranes through
membrane filtration were compared. Table 5-2 shows the concentrations of protein and
carbohydrate (average value) in supernatant of the mixed liquor and membrane permeate,
and Fig. 5-6 shows the reduced amounts of proteins and carbohydrates in the membranes
as a RP. As shown in Fig. 5-6, the RP values of carbohydrates in both membranes were
approximately the same, but the RP value of protein for the hydrophobic membrane was
slightly higher than that of the hydrophilic membrane, which suggests that more proteins
were captured inside the hydrophobic membrane. These results might indicate that the
difference in pore fouling resistance between the membranes was affected by protein
adsorption on the membrane surfaces. However, it should be noted that there is possibility
that proteins and carbohydrates may also be removed by the cake layer as well as the
membrane.

Figure 5-7 shows EEM fluorescence spectra for the dissolved components of the
supernatant of liquid suspension and the membrane filtrate in two laboratory-scale MBRs
with hydrophilic and hydrophobic PTFE flat-sheet membranes. The EEM spectra for all
samples were similar and showed two major peaks of A at excitation/emission
wavelengths (Ex/Em): 275/340 nm and B at Ex/Em: 225/340 nm. The two peaks were
both assumed to be protein-like compounds based on the previous literature [41-47]. In
addition, the fluorescence intensities of these two major peaks in the membrane filtrates
were significantly less than that of the peaks in the supernatant; thus, protein-like
compounds in the supernatant were adsorbed on the membrane surface and/or pore wall

as mentioned above.
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Table 5-2 Protein and carbohydrate concentration in supernatant and membrane permeate

Component Hydrophilic Hydrophobic
Protein (mg/L) Supernatant 12.8 12.4
Membrane permeate 9.0 7.8
Carbohydrate (mg/L) Supernatant 9.1 11.8
Membrane permeate 1.4 1.7
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Fig. 5-6 Rejection of protein and carbohydrate on hydrophilic and hydrophobic PTFE membranes.

Error bar means standard deviation.

V.4 Discussion

In this study, we investigated the difference in the membrane fouling behaviors
of two types of PTFE flat-sheet membranes, which differed only in their hydrophilicities,
by using continuous laboratory-scale submerged MBRs with synthetic wastewater.
Therefore, there was no remarkable difference in TMPs between the membranes,
regardless of the membrane flux in the continuous operations. This result was not always

consistent with some previous studies conducted using membranes with similar
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Fig. 5-7 EEM fluorescence spectra of supernatant and effluent in laboratory-scale MBR with PTFE

flat-sheet membranes

characteristics, except for hydrophilicity [9,20]. Marel et al. reported that the critical flux
for a hydrophobic membrane was half that of a hydrophilic membrane using asymmetrical
PVDF membranes with activated sludge [9]. Nittami et al. also reported that hydrophilic
membranes required longer periods to reach a certain TMP value than a hydrophobic
membrane in a comparison study using symmetrical PTFE membranes [20]. However,
the opposite results have also been reported. Chen et al. reported that the flux decline rate

of CA membrane with the lowest contact angle was more rapid than that of PVDF and
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PES membranes with higher contact angles [17]. Choo et al. also reported similar results
using PVDF, CA, and polysulfone (PSf) membranes [18]. In contrast, there have been
several studies that concluded that there was no clear relationship between the membrane
hydrophilicity and the development of membrane fouling [35,48,49], which was
consistent with the results of this study. Zhang et al. reported that the membrane surface
hydrophilicity was not directly correlated with membrane fouling and suggested that
membrane fouling was influenced by the zeta potential and the surface roughness of the
membranes [49].

The R, caused by irreversible fouling (pore plugging) for the hydrophilic
membrane was slightly lower than that of the hydrophobic membrane. In contrast, the
protein rejection when filtrating using the hydrophilic membrane was relatively lower
than that of the hydrophobic membrane, although the carbohydrate rejection of both
membranes was approximately the same. Furthermore, significant removal of protein was
confirmed in both membranes using EEM analysis. Therefore, it was clear that the slight
difference in R, between the hydrophilic and hydrophobic membranes was caused by the
protein. As mentioned in the results section, there is possibility that proteins and
carbohydrates were also removed in the cake layer. However, since the resistance of the
cake layers of the both membranes was almost the same, thus it is considered that the
influence on the difference in the rejection percentage between the membranes is
negligible. These results may indicate that the hydrophilicity of the membrane surface
contributed to the prevention of irreversible fouling caused by the protein. Masimous et
al. reported that pore plugging for the hydrophobic membrane was more severe than that
for the hydrophilic membrane and showed that the protein rejection with filtration using

a hydrophilic membrane was quite low [10]. Chang et al. also reported that the
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hydrophobic membrane (PES) demonstrated more solute rejection than the hydrophilic
membrane (regenerated cellulose) [11]. Thus, the results obtained in this study agree with

those of previous studies.

V.5 Conclusions

This study investigated the influence of membrane hydrophilicity on membrane
fouling by using laboratory-scale submerged MBRs with hydrophilic and hydrophobic
PTFE flat-sheet membranes and continuously supplied synthetic wastewater. There was
no remarkable difference in the changes in TMP between the two types of membranes. In
addition, the total filtration resistances of the both membranes were almost the same. In
conclusion, the membrane hydrophilicity had little influence on the prevention of
membrane fouling development. From the detailed breakdown of resistance, it was
suggested that irreversible fouling was mainly caused by protein adsorption, not
carbohydrate. In contrast, reversible fouling was caused by cake layer formation on the
membrane surface. The cake layer resistance was the dominant factor in the total filtration

resistance.

Supplemental data
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Fig. S-1 Comparison of the contact angle of water drops on the membrane surface
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Chapter VI
Eftfects of Pluronic TR-702 on chlorinated poly(vinyl chloride)
flat-sheet membranes prepared by water vapor

induced phase separation

VI.1 introduction

Membrane bioreactors (MBRs) are a wastewater treatment process that
combines a solid-liquid separation process using membranes and a biological degradation
process using activated sludge. In MBRs, compared with conventional activated sludge
processes, suspension solids including microorganisms mostly remain in the reactor and
reasonably clear water is produced by membrane filtration. Thus, MBRs have been
widely applied for a variety of wastewater treatments [1]. However, similar to other water
treatment processes that use membranes, MBRs are limited by permeation flux decline
caused by membrane fouling. When serious membrane fouling occurs, membrane
cleaning or replacement is necessary, which leads to an increase in operating and
maintenance costs [1,2]. Therefore, the mitigation of membrane fouling remains an
important issue for the future application of MBRs.

Many studies have focused on mitigating membrane fouling in MBRs [3-6], but
a definite effective technique has not yet been established. Membrane fouling is
influenced by various factors such as the characteristics of feed water, the characteristics
of activated sludge, operating conditions, and membrane properties. These interrelated
factors complicate the membrane fouling phenomena [7,8]. In the case of membrane
properties, membrane fouling is influenced by membrane properties such as surface
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hydrophilicity, pure water permeability, pore size and distribution, surface porosity, and
surface roughness. van der Marel et al. investigated the influence of membrane pore size,
surface porosity, pore morphology, and hydrophilicity on membrane fouling using
polymeric flat-sheet membranes with activated sludge from a pilot-scale MBR [9]. They
reported that increasing the pore size and surface porosity mitigated membrane fouling
by reducing the local flux through the pores and the retention of feed water components.
In other studies, membranes with higher pure water permeability exhibited lower fouling
propensity [10,11]. Thus, controlling membrane properties has been shown to contribute
to the reduction of fouling development. On the other hand, many studies have modified
membrane properties by blending amphiphilic polymers such as Pluronic F127 and
Tween-80 to fabricate membranes with hydrophilicity and antifouling properties [12-17].
These studies reported that amphiphilic polymers not only provided hydrophilicity and
antifouling properties to the membrane surface, but also played a role in changing
membrane properties such as pore size and pure water permeability. Zhao et al. reported
that the pore size of the skin layer on polyethersulfone (PES) ultrafiltration membranes
blended with Pluronic F127 was enlarged with an increase in surfactant content [12]. Loh
et al. reported that the pure water permeability of PES ultrafiltration membranes was
increased by blending with an adequate amount of Pluronic F127 [14]. Rabiee et al.
reported that the porosity of polyvinyl chloride (PVC) ultrafiltration membranes blended
with Tween 80 increased with an increase in additive content [15]. These results indicated
that amphiphilic polymers are a key material in the development of low-fouling
membranes in MBRs.

The majority of membranes applied in MBRs are polymeric membranes

prepared by the phase inversion method or stretching method. Polyvinylidene fluoride
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(PVDF), polytetrafluoroethylene (PTFE), chlorinated polyvinyl chloride (CPVC),
polyethylene (PE), and PES are popular materials for polymeric membranes [18-25].
Among these materials, CPVC has been widely applied in MBRs because of its excellent
chemical and mechanical properties [26-29]. The CPVC membranes applied in MBRs
have been flat-sheet microfiltration membranes with symmetrical structures prepared by
water vapor induced phase separation using polyester non-woven fabrics as a support
layer [30,31]. However, the majority of studies including those described above [12-17]
have reported the blending of amphiphilic polymers to ultrafiltration membranes with
asymmetric structures prepared by non-solvent induced phase separation [32-35]. On the
other hand, few studies have reported the application of amphiphilic polymers for
microfiltration membranes with symmetric structures prepared by water vapor induced
phase separation [36,37]. Therefore, establishing a technique for controlling membrane
properties such as pore size and pure water permeability by blending amphiphilic
polymers with CPVC membranes with symmetric structures is necessary for the future
development of MBRs.

On the other hand, some studies reported that the properties of membranes that
contained polymeric additives such as pure water permeability changed after the
membrane was treated with sodium hypochlorite solution [38-41]. Qin et al. reported that
polyvinylpyrrolidone (PVP) contents in a PES/PVP blended membrane were partially
removed with hypochlorite [39]. Arahman et al. also reported that hypochlorite treatment
caused partial decomposition and leaching of Tetronic 1307 components from a
PES/Tetronic 1307 blended membrane [40]. In practical MBRs, the surfactant additive in
the membrane is removed during operation because the membrane is periodically exposed

to a chemical cleaning solution (i.e., sodium hypochlorite solution) [42]. Furthermore,
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polyethylene oxide (PEO) chains in non-ionic surfactants such as Pluronic and Tetronic
is selectively degraded by microorganisms [43]. Therefore, it is hypothesized that
polymeric additives such as Pluronic and Tetronic do not remain in the membrane matrix
during long-term operation of the MBR. Thus, in the development of a membrane for
applications in MBRs, it is necessary to evaluate membranes without polymeric additives.
However, prior reports on blended membranes with amphiphilic polymers have focused
on hydrophilicity and antifouling properties. As such, no studies have evaluated the
membrane properties of blended membranes without amphiphilic polymers. Pluronic TR-
702 is an amphiphilic polymer that is commercially available and has a structure similar
to that of Tetronic 1307. This study aimed to establish a technique for preparing
membranes with properties appropriate for MBRs by adding Pluronic TR-702 to a
symmetrical CPVC membrane.

In this study, CPVC flat-sheet membranes blended with Pluronic TR-702 as an
amphiphilic polymer additive were prepared by water vapor induced phase separation,
which revealed the influence of Pluronic TR-702 on the membrane properties after the

Pluronic TR-702 was removed.

V1.2 Materials and methods
V12.1 Materials

CPVC with a polymerization degree of approximately 800 was purchased from
KANEKA Corp., Japan and used to form a membrane. Tetrahydrofuran (THF) and 2-
propanol (IPA) were purchased from FUJIFILM Wako Pure Chemical Corp., Japan and
used as the solvent and non-solvent, respectively. Pluronic TR-702 (ethylenediamine

polyethylene oxide-polypropylene oxide-polyethylene oxide triblock copolymer) which
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was kindly provided by Adeka Corp., Japan was used as the additive polymer. The

chemical structure of Pluronic TR-702 is shown in Fig. 6-1.

VI2.2 Membrane preparation

Membranes were prepared from dope solutions containing CPVC, THF, IPA, and
Pluronic TR-702 according to the compositions listed in Table 6-1. The procedure for
preparing the dope solution is as follows. CPVC was dissolved in THF and stirred at 40 °C
for 8 h in a water bath to obtain a homogeneous solution. The solution was brought to
25 °C, then IPA and Pluronic TR-702 were added and stirred for over 24 h until they
dissolved completely.

The membranes were prepared via water vapor induced phase separation in a
room with constant temperature and humidity. Non-woven polyester fabric which have a
density of 0.55 g/cm® and a thickness of 130 um was dipped into a vessel containing the
dope solution as a support layer, then removed through a clearance gap between two
stainless steel rolls that were adjusted to a constant distance. The temperature and
humidity were maintained at approximately 30 °C and 70% in the room, respectively. The
non-woven polyester fabric impregnated with the dope solution was kept in the room for
over 2 h to dry completely and solidify the membrane structure.

Before evaluating the membranes, it was confirmed that Pluronic TR-702 was
easily and completely soluble in ethanol. Therefore, in this study, prior to the
measurements, Pluronic TR-702 was removed from the prepared membranes by soaking
in ethanol. From the results of energy dispersive X-ray spectroscopy analysis, it was
confirmed that membranes had no Pluronic TR-702 after soaking. The procedure was as

follows. The dry prepared membranes were soaked in ethanol for 10 min, then removed
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H(O-CH;-CHy),-(0-CH-CHy), (CHy-CH-0),-(CHy-CH,-O) H
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Fig. 6-1 Chemical structure of Pluronic TR-702.

Table 6-1 Composition of dope solution for preparation of CPVC/Pluronic TR-702 membranes

CPVC THF IPA TR-702 TR-702/CPVC
@ &) @ &) wt/wt (%)

20 125 55 0 0

20 125 55 5 25

20 125 55 10 50

20 125 55 20 100

from the ethanol and soaked in distilled water for 30 min to replace the ethanol with
distilled water. The membranes from which Pluronic TR-702 was removed were used for
all evaluations. These membranes were used as prepared for measurements of pure water
permeability, but when other membrane properties were measured, they were completely
dried at 40 °C for 2 h before use.

The turbidity of the dope solutions was measured using a laboratory turbidimeter
(2100N, Hach Co., USA). The measurements were carried out at a constant temperature

of 25 °C.

V1.2.3 Membrane characterization
V1.2.3.1 Membrane thickness

The thickness of the prepared membranes was measured by using a digital
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micrometer (MDC-25MX, Mitutoyo Co., Japan). For each membrane, six measurements
at different locations in the membranes were taken, and the average was calculated.
V12.3.2 Pure water permeability

The pure water permeability through the membranes was measured by filtrating
distilled water using the wetted membranes. The prepared membranes were cut into small
disks with a diameter of 4.7 cm and placed onto a dead-end filtration unit with a 13.8 cm?
effective area (KP-47S, Toyo Roshi Kaisha Ltd., Japan). Distilled water was filtrated
under a constant pressure of 0.5 bar and temperature of 25 °C, and the filtration time was
measured at a permeate volume of 100 mL. The pure water permeability, L (ml/cm?-bar-

min), was calculated using the following equation [44]:

Q

L= atxap (6-1)

where Q is the permeate volume (mL), 4 is the effective membrane area (cm?), 4t is the
filtration time (min), and AP is the applied transmembrane pressure (bar). For each
membrane, the pure water permeability was measured three times due to minimize the
experimental errors and the average was calculated.
V1.2.3.3 Pore size and distribution

The pore size and distribution of the prepared membranes were measured using
a capillary flow porometer (CFP-1200A, Porous Materials Inc., USA). This apparatus
was used to determine the pore diameter of the membrane by the liquid-gas displacement
process. The prepared membranes were cut into small disks with a diameter of 25 mm
and were fully wetted with Galwick (Porous Materials Inc., USA) which has a low surface

tension of 1.59 x 102 N/m. Then, the fully wetted membrane was placed in the sample
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chamber. The liquid was extruded from the membrane pores by gradually increasing the
air pressure. The air flow rate extruded from the membrane pores was measured using a
flow meter placed in the apparatus. The mean flow pore diameter, d, was calculated using

the following equation [45,46]:

d=— (6-2)

where C'is a constant, y is Galwick surface tension and p is differential pressure when wet
flow was one half the dry flow.
V1.2.3.4 Membrane morphology and porosity

The surface and cross-section morphologies of the prepared membranes were
observed using a scanning electron microscope (SEM; TM3030, Hitachi High-
Technologies Co., Japan). The prepared membranes were cut into small pieces so that
they could be placed on the sample table and then sputtered with gold to produce electrical
conductivity prior to the SEM measurements. The surface porosity of the membranes was
calculated by binarizing the SEM images of the membrane surface. The binarized images
were obtained using image processing software (Image J, National Institutes of Health,
USA). The binarized images had their open areas designated as black and closed areas
designated as white, and the surface porosity was determined by the ratio between the

open areas and the total surface area [30].

V1.3 Results
V1.3.1 Turbidity of the dope solutions

Table 6-2 shows the turbidity of the dope solutions consisting of CPVC, THF,
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Table 6-2 Turbidity of the dope solutions

TR-702/CPVC (wt/wt%) 0 25 50 100
Turbidity (NTU) 8 16 40 1847

IPA, and Pluronic TR-702. The turbidity of the dope solutions gradually increased when
the concentration of Pluronic TR-702 increased from 0 to 50 wt/wt%. However, the
turbidity of the dope solution dramatically increased and reached 1847 NTU when the
concentration of Pluronic TR-702 was 100 wt/wt%. Further, it was visually confirmed

that the dope solution was cloudy at this concentration.

V13.2 Effect of Pluronic TR-702 concentration on the thickness of the prepared
membranes

Table 6-3 shows the effect of the concentration of Pluronic TR-702 on the
thickness of the prepared membranes. The thickness of the membranes continuously
increased with the increase in Pluronic TR-702 concentration in the dope solution. All the
membranes were removed from the clearance gap between two rolls adjusted to the same
distances regardless of the concentration of Pluronic TR-702. Therefore, the larger the
concentration of Pluronic TR-702, the thicker the membrane after removal from the

clearance gap between the rolls

V1.3.3 Effect of Pluronic TR-702 concentration on the pure water permeability of the
prepared membranes
Table 6-3 shows the effect of the concentration of Pluronic TR-702 on the pure

water permeability of the prepared membranes. The pure water permeability of the
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Table 6-3 Membrane properties of the prepared membranes

TR-702/CPVC (wt/wt%) 0 25 50 100
Thickness (um) 143 150 156 164
Pure water permeability (ml/cm’* bar- min) 49.4 67.9 90.0 435
Mean flow pore size (um) 0.32 0.46 0.65 2.1
Pore size Bubble point pore size (um) 0.91 1.3 2.1 5.8
Half width x10” (um) 1.9 2.4 3.0 55
Surface porosity (%) 52.4 48.5 45.7 62.5

prepared membranes continuously increased with the increase in Pluronic TR-702
concentration in the dope solution. The pure water permeability gradually increased
approximately two-fold from 49.4 to 90.0 ml/cm?-bar-min when the concentration of
Pluronic TR-702 increased from 0 to 50 wt/wt%. However, the pure water permeability
dramatically increased approximately five-fold from 90.0 to 435 ml/cm?-bar*min when
the concentration of Pluronic TR-702 increased from 50 to 100 wt/wt%. An increase in
the pure water permeability indicated a decrease in the filtration resistance of the
membrane. If all the prepared membranes had the same membrane porosity, the resistance
of the membranes should have increased as the thickness of the membrane increased due
to the increasing distance for filtration. However, the opposite result was obtained. Thus,
it was concluded that the membrane porosity was increased by the addition of Pluronic

TR-702.

VI.3.4 Effect of Pluronic TR-702 concentration on the pore size and distribution of the
prepared membranes

Table 6-3 shows the effect of the concentration of Pluronic TR-702 on the mean
flow pore size and bubble point pore size of the prepared membranes. The mean flow

pore size and bubble point pore size of the prepared membranes continuously increased
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with the increase in Pluronic TR-702 concentration in the dope solution. In general, the
mean flow pore size is the average pore size and the bubble point pore size is the
maximum pore size. Similar to the pure water permeability, the mean flow pore size and
bubble point pore size both gradually increased when the concentration of Pluronic TR-
702 increased from 0 to 50 wt/wt% and dramatically increased when the concentration
increased from 50 to 100 wt/wt%. The pore size distribution curves of the prepared
membranes are shown in Fig. 6-2. It was clear that the membranes with a concentration
of Pluronic TR-702 from 0 to 50 wt/wt% exhibited a sharper size distribution, while the
membranes with concentrations of 100 wt/wt% exhibited a broader size distribution. The
narrowness of the pore size distribution peak was quantified as the half width of the
distribution peak. The mean flow and bubble point pore sizes together with the half widths
of their peaks are listed in Table 6-3. The half width of a peak also increased with the
mean flow pore size and bubble point pore size depending on the concentration of

Pluronic TR-702.

V13.5 Effect of Pluronic TR-702 concentration on the morphology of the prepared
membranes

Figure 6-3 shows the surface and cross-section morphologies of the prepared
membranes with non-woven fabric polyester. The SEM photographs exhibited a porous
structure on the membrane surface for all prepared membranes. It was clear that the
surface pore size on the membrane expanded to an extent that differed from that of other
contents when the concentration of Pluronic TR-702 was 100 wt/wt%. Furthermore,
except when the concentration of Pluronic TR-702 was 100 wt/wt%, as Pluronic TR-702

concentration increased, the widths of the polymers surrounding the open pore of the
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Fig. 6-2 Pore size distribution curves as a function of pore size for the membranes from CPVC

solutions with different ratios of Pluronic TR-702/CPVC (wt/wt%).

membrane surfaces became thicker. However, when the concentration of Pluronic TR-
702 was 100 wt/wt%, the width of the polymers seemed to be thinner than when the
concentration was 50 wt/wt%. The surface porosities of the prepared membranes
calculated using the binary images are shown in Table 6-3. When the concentration of
Pluronic TR-702 increased from 0 to 50 wt/wt%, the surface porosity of the membranes
decreased. On the other hand, the surface porosity of the membranes increased when the
concentration of Pluronic TR-702 was 100 wt/wt%. The area occupied by the open pores
of the membrane surface decreased or increased, respectively, as the widths of the
polymers surrounding the open pore increased or decreased. The cross-section
morphologies of the prepared membranes appeared to become more porous as the
concentration of Pluronic TR-702 increased. In particular, when the concentration of
Pluronic TR-702 was 100 wt/wt%, the membrane was significantly more porous

compared to the other concentrations.

152



Chapter VI

m surface = cross section

Fig. 6-3 SEM images of the surfaces and cross-sections of the prepared membranes with different

concentrations of Pluronic TR-702 at a) 0 wt/wt%, b) 25 wt/wt%, c) 50 wt/wt%, and d) 100 wt/wt%.
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V1.4 Discussion

The drastic increases in pore size and porosity were observed in the membrane with a
Pluronic TR-702 concentration of 100 wt/wt% compared to other concentrations. As the
reason for this result, it was inferred that the porosity of the membrane with a Pluronic
TR-702 concentration of 100 wt/wt% increased significantly, which led to an enhanced
pure water permeability of the membrane. The significant increase in porosity of the
membrane with a Pluronic TR-702 concentration of 100 wt/wt% could be explained by
the change in turbidity of the dope solution. When the concentration of Pluronic TR-702
was 100 wt/wt%, the turbidity of the dope solution was surprisingly high compared to
that of the dope solutions with other concentrations. This phenomenon indicated that a
part of the Pluronic TR-702 added to the dope solution was not dissolved and was present
as particles in the dope solution. PES membranes prepared from a homogenous dope
solution with added Pluronic F127 tend to have PEO units located in the external layers
and polypropylene oxide (PPO) units located in the membrane matrix, as reported by
Zhao et al. and Loh et al. [12,14]. In this study, the dope solution with a Pluronic TR-702
concentration of 100 wt/wt% was a heterogeneous solution in which undissolved Pluronic
TR-702 particles remained. It was hypothesized that these particles remained in the
internal pores of the membrane as independent particles without being incorporated into
the membrane matrix when the membrane structure was prepared by phase separation.
Therefore, it was probable that these particles leached out of the membrane when the
membranes were immersed in ethanol and the particle sites became larger pores. Several
reports have stated that microfiltration membranes with symmetric structures have an
optimal pore size for suppressing fouling in MBRs [9,47]. van der Marel et al.

investigated the influence of the pore size of membranes on membrane fouling in a pilot-
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scale MBR using four different pore sizes of symmetric mixed cellulose ester (MCE) flat-
sheet membranes [9]. They reported that the membrane with a pore size of 0.8 um
exhibited superior performance compared to the membranes with pore sizes of 0.1, 1.8,
and 2.7 pm. Nittami et al. investigated the influence of membrane pore size on membrane
fouling in a lab-scale MBR using three different pore sizes of symmetric PTFE flat-sheet
membranes [47]. They reported that the optimal pore size of symmetric flat-sheet
membranes for mitigating membrane fouling in MBRs was 0.5-1.0 um. These results
suggested that the optimal pore size of symmetric flat-sheet membranes for MBRs was
slightly less than 1.0 pum. The structure of the CPVC membranes prepared in this study
was also symmetric. In this study, it was concluded that the membrane with a Pluronic
TR-702 concentration of 100 wt/wt% was not appropriate for MBRs because its pore size
was 2.1 um, which was much larger than 1.0 um. In other words, it was assumed that
membrane fouling was more likely to develop.

It was clear that the pure water permeability and pore size of the prepared
membranes continuously and gradually increased with increasing Pluronic TR-702
concentration from 0 to 50 wt/wt% as shown in Table 6-3. When the concentration of
Pluronic TR-702 was 50 wt/wt%, the membrane with the pore size of 0.65 um, which
was within the range of suitable pore size for the use in MBR (0.5-1.0 um) in previous
studies, was prepared. Several reports have shown that the pure water permeability and
pore size of blended membranes typically increased with an increase in the additive
polymer content in dope solutions [12,16,32,48-50]. Our results with respect to the pure
water permeability and pore size are in good agreement with these previous reports. As
shown in Table 7-3, the pure water permeabilities were correlated with the pore size.

Therefore, the enhanced pure water permeabilities in this study were attributed to the
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increased pore size of the prepared membranes. Kang et al. investigated the effect of
hydrophilic PVP as an additive on the pore size and distribution of the membrane surface
in the preparation of CPVC membranes by water vapor induced phase separation [36].
They reported that PVP in the dope solution promoted the incorporation of atmospheric
water vapor into the dope solution resulting in an increase in the pore size because of
spontaneous phase separation. Based on their discussion, it was concluded that the
introduction of Pluronic TR-702 with hydrophilic PEO units in the dope solution
accelerated the incorporation of atmospheric water vapor into the dope solution with non-
woven polyester fabric as a support layer. As a result, the pore size and distribution
increased due to the introduction of a large amount of water vapor into the dope solution.
Simultaneously, an increased amount of incorporated water vapor caused an increase in
membrane thickness [51]. Furthermore, in their investigation, although not shown as
numerical data, it was obvious from SEM photographs that the surface porosity decreased
with an increase in the amount of PVP added. This tendency was consistent with the
changes in the surface porosity of the membranes prepared with a concentration of
Pluronic TR-702 in the range of 0 to 50 wt/wt%. Tsai et al. investigated the influence of
exposure time on the pore structure in the preparation of polysulfone (PSf) membranes
by water vapor induced phase separation [52]. They reported that longer exposure times
to water vapor resulted in evolution from a lacy structure to cell-like pores due to the
coarsening of the polymer-rich phase. A similar tendency was also observed in the work
of Su et al. [53]. I compared the SEM photographs in their results with those of this study.
Consequently, I concluded that the phenomenon of the increased width of polymers
surrounding the open pores in this study was the same phenomenon as the evolution of

the pore structure due to the coarsening of the polymer-rich phase in the previous studies.
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Although the reason for this was unknown, it is possible that all these phenomena were
caused by an increase in the amount of water vapor incorporated into the dope solution.
Tsai et al. also suggested that coarsening and coalescence of the polymer-rich phase could
lead to the formation of a dense layer [52]. I also considered this phenomenon to be
observed in this study. Therefore, it was determined that Pluronic TR-702 added to the
dope solution played an important role in forming a membrane with a more porous

structure and denser surface.

VL5 Conclusions

The excessive addition of Pluronic TR-702 to the dope solution could lead to the
preparation of membranes with large pore sizes that were unsuitable for applications in
MBRs. On the other hand, with the addition of an appropriate amount of Pluronic TR-
702 to the dope solution, it was found that the pore size and thickness of the membranes
increased with an increase in the concentration of Pluronic TR-702 and the porosity of
the membranes decreased with an increase in the concentration of Pluronic TR-702. In
particular, the increase in pore size and thickness of the membranes led to an increased
porosity of the membrane structure. Therefore, this method of adding Pluronic TR-702
was demonstrated to be appropriate for controlling the pore structure of the membrane.
This improved technique for the preparation of CPVC flat-sheet membranes may

contribute to the further development of MBRs due to its resulting antifouling properties.
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Chapter VII
Fabrication of high-performance chlorinated poly(vinyl chloride)
flat-sheet membranes using commercially available

fluoropolymers as membrane-property modifiers

VII.1 Introduction

Membrane bioreactors (MBRs) have been adopted widely in different types of
wastewater treatment plants all over the world, resulting in a significant increase in their
market share [1,2]. However, MBRs continue to be plagued by membrane fouling which
can significantly reduce the permeation flux. In the case of extreme membrane fouling, it
becomes necessary to clean or replace the membrane module, which can increase the
operation and maintenance costs [1,3]. In general, the fouling propensities of membranes
are determined by their characteristics such as the type of material used, surface
hydrophilicity, pure water permeability, pore size and distribution, surface porosity,
membrane morphology, and surface roughness [4-9]. Therefore, to mitigate membrane
fouling, it is essential to develop techniques for controlling the properties of the
membranes.

Chlorinated poly(vinyl chloride) (CPVC) flat-sheet microfiltration membranes
with a nonwoven polyester fabric as a support layer are used extensively in MBRs [10-
13] because of their excellent chemical and mechanical properties. CPVC flat-sheet
membranes are generally prepared via water vapor induced phase separation (VIPS),
which results in the formation of a symmetric structure both within and on the support
layer [11,12]. On the other hand, several studies have reported that blending an
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amphiphilic polymer in ultrafiltration and microfiltration membranes can improve the
membrane properties such as the surface hydrophilicity and antifouling characteristics
[14-17]. Pluronic polymers such as poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) triblock copolymer are typical commercially available amphiphilic
polymers. Therefore, Pluronic polymers are often used as additives in membranes
[14,16,17]. However, apart from Pluronic polymers, numerous other types of polymers
are also commercially available that can used as polymer additives in membranes.
Therefore, to develop a suitable technique for controlling the membrane properties and
optimizing their fabrication procedure, it is important to elucidate the differences in the
properties of membranes that are prepared using different polymers as additives. In this
study, I focused on fluoropolymers whose chemical structures are significantly different
from those of Pluronic polymers [18,19]. Thus, fluoropolymers may show unique
characteristics as membrane-property modifiers.

With the aim of developing an effective method for controlling the properties of
membrane, in this study, CPVC flat-sheet membranes containing commercially available
fluoropolymers as additives were prepared by the VIPS method, and their effects on the

membrane properties were analyzed.

VII.2 Materials and methods
VIl.2.1 Materials

CPVC with a polymerization degree of approximately 800 was purchased from
KANEKA Corp., Japan and used to form a membrane. Tetrahydrofuran (THF) and 2-
propanol (IPA) were purchased from FUJIFILM Wako Pure Chemical Corp., Japan and

used as the solvent and non-solvent, respectively. Unidyne DSN-403N (a perfluoroalkyl
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poly(ethylene oxide) adduct compound) and Surflon S-420 (a perfluoroalkyl compound)
which were kindly provided by Daikin Industries Ltd., and AGC Seimi Chemical Co.,
Japan were used as the additive polymers, respectively. For comparison, Pluronic F-108
and L-64 which was kindly provided by Adeka Corp., Japan were used as the Pluronic

polymer additives.

VIL.2.2 Membrane fabrication

The membranes were prepared from a dope solution containing CPVC, THF,
IPA, and different types of additive polymers. The corresponding solution compositions
are listed in Table 7-1. The dope solution was prepared by the following procedure. CPVC
was dissolved in THF, and the mixture was stirred at 40 °C for 8 h in a water bath to
obtain a homogenous solution. This solution was subsequently cooled to 25 °C, followed
by adding IPA and the polymer additives to it. The resulting solution was stirred for more
than 24 h until a homogenous solution was obtained.

The membranes were prepared via the VIPS method in a room under constant
temperature and humidity. A nonwoven polyester fabric with a density of 0.55 g/cm? and
thickness of 130 pum was used as the support layer. This fabric was dipped into a vessel
containing the dope solution and then removed through a clearance gap between two
stainless steel rolls that were adjusted to be at a constant distance. The temperature and
humidity in the room were maintained at approximately 30 °C and 70%, respectively. The
nonwoven polyester fabric impregnated with the dope solution was kept in the room for
more than 2 h till it was completely dry, and the membrane structure had solidified.

The viscosities of the dope solutions were measured by a viscometer (BL II,

Toki Sangyo Co., Ltd., Japan). All measurements were performed at a constant
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Table 7-1 Composition of the dope solutions used for preparing CPVC/polymer-additive membranes

CPVC THF IPA Polymer additive
(8) (g) (g) Type Amount (g)
20 125 55 Control 0
20 125 55 F-108 5
20 125 55 L-64 5
20 125 55 DSN-403N 5
20 125 55 S-420 5

temperature of 25 °C.

Vil.2.3 Membrane characterization
VIII.2.3.1 Surface hydrophilicity
The hydrophilicities of the membranes were determined by measuring their
contact angles via the sessile drop method by using a contact angle goniometer (DMs-
401, Kyowa Interface Science Co., Japan) at a constant temperature of 25 °C.
VIL.2.3.2 Pure water permeability
The pure water permeabilities of the membranes were measured by wetting the
membranes and using them to filter distilled water. The prepared membranes were placed
in a dead-end filtration unit, and distilled water was filtered under a constant pressure of
0.5 bar and temperature of 25 °C. Subsequently, the filtration time for a 100 mL permeate
volume was measured. The pure water permeability, L (mL/cm?-bar-min), was calculated

using the following equation [20]:

Q

b= arxap

(7-1)

where Q is the permeate volume (mL), 4 is the effective membrane area (cm?), 4t is the
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filtration time (min), and AP is the applied transmembrane pressure (bar).
VIl.2.3.3 Pore size and distribution

The pore sizes and size distributions of the fabricated membranes were measured
by a capillary flow porometer (CFP-1200A, Porous Materials Inc., USA). This apparatus
was used to determine the pore diameters of the membranes via the liquid-gas
displacement process. The membranes were fully wetted with Galwick which has a low
surface tension. The fully wetted membrane was then placed in the sample chamber, and
the liquid was extruded from the membrane pores by gradually increasing the air pressure.
The flow rate of the air extruded from the membrane pores was measured by a flow meter
placed in the apparatus. The mean flow pore diameter, d, was calculated by using the

following equation [21]:

d=— (7-2)

where C'is a constant, y is the surface tension of Galwick, and p is the differential pressure
when the wet flow is half of the dry flow.
Vil.2.3.4 Surface morphology and porosity

The surface morphologies of the fabricated membranes were observed via a
scanning electron microscope (SEM, TM3030, Hitachi High-Technologies Co., Japan).
The surface porosities of the membranes were calculated by binarizing the SEM images
of the membrane surfaces by using an image processing software (Image J, National
Institutes of Health, USA). In the binarized images, the open-pore areas were designated
with black color and the nonporous areas were designated with white color. The surface

porosity was determined by the ratio of the total open-pore area to the total surface area.
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VIL.2.3.5 Surface roughness

The surface roughness of the fabricated membranes were measured by using a
portable surface roughness tester (Surftest SJ-410, Mitutoyo Corp., Japan) which uses a
contact stylus to make physical contact with the membrane surface. The measurements
were performed at a contact force of 7.5x10* N and a measurement speed of 0.5 mm/s
by using a diamond stylus tip. The sampling length was 4 mm. Furthermore, the surface
roughness also were analyzed in a narrow area by atomic force microscopy (AFM,
AFMS5100N, Hitachi High-Technologies Corp., Japan) in the dynamic force mode by
suing an SI-DF3P2 (spring constant = 2 N/m) cantilever silicon tip. The scan area was 5

x 5 um. Both type of measurements were performed in air at room temperature.

VII.3 Results
VIL.3.1 Viscosities of dope solutions

Table 7-2 lists the viscosities of the used dope solutions which consisted of
CPVC, THF, IPA, and one of the polymer additives. The viscosities of all the dope
solutions containing the polymer additives were higher than that of the control solution.
Moreover, the viscosities of the dope solutions containing the fluoropolymers as additives
were higher than those of the dope solutions containing the Pluronic polymers as additives.

In particular, the dope solution containing Surflon S-420 exhibited the highest viscosity.

Vil.3.2 Hydrophilicities of fabricated membranes
Table 7-3 lists the water contact angles of the membranes fabricated with and
without the different polymer additives. The contact angles of the membranes containing

the polymer additives were significantly lower than that of the control membrane.
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Table 7-2 Viscosities of the dope solutions

Polymer additive Control F-108 L-64 DSN-403N  S-420
Viscosity (mPa-s) 60 66 65 70 84

Table 7-3 Water contact angles of the fabricated membranes after 0 and 180 s

Contact angle (°)

Polymer additive

time Os 180 s
Control 119 117
F-108 33 0
L-64 10 0
DSN-403N 14 0
S-420 35 0

the polymer additives were significantly lower than that of the control membrane.
Moreover, the contact angles of all the membranes containing polymer additives reduced
to 0° after 180 s. Therefore, it can be concluded that the hydrophilicity of the membranes
enhanced due to the polymer additives. However, the hydrophilicities of the membranes
with the fluoropolymers were not significantly different from those of the membranes

with the Pluronic polymers.

VII.3.3 Pure water permeability of fabricated membranes

Figure 7-1 shows the pure water permeabilities of the membranes with and
without the different polymer additives. The pure water permeability of the membrane
containing Surflon S-420 was the highest. In contrast, the pure water permeabilities of
the membranes with the other polymer additives were lower than that of the control
membrane. However, the difference was slight, with the exception of the membrane with

Pluronic F-108. According to the Hagen-Poiseuille law, for a constant transmembrane
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Fig. 7-1 Pure water permeabilities of membranes fabricated using different polymer additives.

pressure, water viscosity, and membrane thickness, the pure water permeability of a
membrane is determined by its porosity. In our case, the transmembrane pressure was
constant. Furthermore, the viscosity of the water during the measurements also was
constant because the measurements were performed at the same temperature. In addition,
the membrane thicknesses were also similar (data not shown). Therefore, it can be
assumed that the enhanced pure water permeability of the membrane containing Surflon

S-420 additive is due to an increase in the porosity of the membrane.

VII.3.4 Pore size and distribution of fabricated membranes

Figure 7-2 shows the mean flow pore sizes of the membranes with and without
the different polymer additives. In general, the mean flow pore size is indicative of the
average pore size. The pore sizes of all the membranes with the polymer additives were

larger than that of the control membrane with the exception of the Pluronic F-108-added
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Fig. 7-2 Pore sizes of membranes fabricated using different polymer additives.

membrane. In particular, the pore size of the membrane with Surflon S-420 was
significantly larger than those of the other membranes. In contrast, the pore size of the
membrane with Pluronic F-108 was slightly smaller than that of the control membrane.
The pore size distribution curves of the membranes with and without the polymer
additives are shown in Fig. 7-3. The membrane with Surflon S-420 exhibited a broad size
distribution, whereas the membranes with the other polymer additives exhibited narrow

size distributions.

VIL.3.5 Surface morphologies and porosities of fabricated membranes

Figure 7-4 shows the surface morphologies of the membranes with and without
the polymer additives. The SEM images show that all the membranes exhibited porous
surfaces. In addition, the surface pores of the fluoropolymer-added membranes were

much smaller than those of the other membranes. Furthermore, the widths of the additive
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Fig. 7-3 Pore size distributions of membranes fabricated using different polymer additives.

Fig. 7-4 SEM images of the surfaces of membranes fabricated using different polymer additives: a)

control membrane, b) Pluronic F-108, c¢) Pluronic L-64, d) Unidyne DSN-403N, e) Surflon S-420.

polymers surrounding the open pores on the membrane surfaces were greater in the case
of Pluronic polymer-added membranes than that in the control membrane.

The surface porosities of the fabricated membranes as calculated from their
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Fig. 7-5 Surface porosities of membranes fabricated using different polymer additives.

binarized images are shown in Fig. 7-5. It was observed that the surface porosities of all
the membranes containing the polymer additives were lower than that of the control
membrane. This indicates that the area occupied by the pores on the membrane surface
decreased. In particular, the surface porosities of the membranes with the fluoropolymers

were significantly lower than those of the other membranes containing different additives.

VII.3.6 Surface roughness of fabricated membranes

Figure 7-6 shows the surface roughness line profiles of the membranes with and
without the different polymer additives. The surface roughness of the membranes
containing the Pluronic polymers were more pronounced than that of the control
membrane. Conversely, the fluoropolymer-added membrane surfaces were smoother than
that of the control membrane. In particular, the membrane containing Unidyne DSN-

403N exhibited the smoothest surface. Figure 7-7 shows AFM images of the fabricated
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determined using surface roughness tester.
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Fig. 7-7 AFM images of membranes fabricated using different polymer additives: a) control membrane,

b) Pluronic F-108, ¢) Pluronic L-64, d) Unidyne DSN-403N, e) Surflon S-420.

membranes. It is clear that the membranes prepared using the fluoropolymers have
smoother surfaces. These results are similar to those of the line profile measurements

using portable surface roughness tester.

VII1.4 Discussion

The membranes that were prepared using the fluoropolymers exhibited
structures different from that of the control membrane as well as those of the membranes
prepared using the Pluronic polymers. When Surflon S-420 was used as the additive, the
surface porosity of the membrane was lower (i.e., the surface was denser), and the surface

was smoother than those of the control membrane and the membranes prepared using the
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Pluronic polymers. This was observed despite the fact that the Surflon S-420-added
membrane showed the highest porosity. Conversely, when Unidyne DSN-403N was used
as the additive, the surface porosity of the membrane was the lowest (i.e., the surface was
the densest), and the surface was the smoothest, even though this membrane was as
porous as the control membrane. In addition, the surface pore sizes of these two
membranes were smaller than those of the other membranes. Therefore, it can be
concluded that the addition of the fluoropolymers produced membranes that have
smoother and denser surfaces as well as show high porosity. 1 believe that the
phenomenon of the formation of a dense membrane surface observed in this study is
similar to the evolution of the pore structure because of the coarsening of the polymer-
rich phase, as observed in a previous study [17]. The viscosities of the fluoropolymer-
mixed dope solutions were higher than those of the other solutions; this may have also
contributed to the formation of a dense surface. It is likely that the high viscosities of the
former solutions hindered the diffusion of atmospheric water vapor into the dope solution,
resulting in a delay in the phase separation and consequently the formation of a denser
membrane surface. However, it is known that, when used as leveling agents,
fluoropolymers can significantly lower the surface tension in solvent systems. Therefore,
this functionality of the fluoropolymers may have aided the formation of smoother
membrane surfaces. In general, membranes with denser and smoother surfaces are
considered less susceptible to membrane fouling [22,23]. Thus, it can be expected that
the membranes containing the fluoropolymers as additives would show excellent
antifouling properties in MBRs. The primary purpose of blending Pluronic polymers in
membranes is to improve their surface hydrophilicity [14,16]. Considering this aspect,

the addition of the fluoropolymers also improved the hydrophilicity of the membrane
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surfaces.

Numerous studies have investigated the relationship between the properties of
membranes and their fouling propensity. Based on the results of such studies, it is believed
that membranes with a higher pure water permeability have a lower fouling propensity in
MBRs [20,23]. In our case, only the membrane prepared using Surflon S-420 as an
additive showed a higher pure water permeability than that of the control membrane;
therefore, it can be expected that of all the membranes fabricated in this study, the Surflon

S-420 added membrane would exhibit the best antifouling characteristics in MBRs.

VIL.S Conclusions

In this study, I investigated the effects of different polymer additives on the
properties of membranes for MBR applications. I used commercially available
fluoropolymers instead of the commonly used amphiphilic polymers such as Pluronic
polymers to prepare CPVC membranes by the VIPS method. The addition of
fluoropolymers such as Unidyne DSN-403N and Surflon S-420 to the dope solution
resulted in membranes that had dense and smooth surfaces and thus would be suitable for
MBR applications. Furthermore, it was confirmed that the blending of the fluoropolymers
in the dope solution improved the surface hydrophilicity of the fabricated membranes,
similar to the case when Pluronic polymers are added. Therefore, this method of using
fluoropolymers as additives is suitable for controlling the surface properties of
membranes and can be used to fabricate high-performance CPVC flat-sheet membranes
that show excellent antifouling properties in MBRs. Thus, this method will aid in

developing improved MBRs.
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Conclusions

Membrane bioreactors (MBRs) are promising treatment techniques, especially
for wastewater, including dense suspensions and high salinity. However, membrane
fouling is still a critical issue for continuous application and has hampered the further
spread of MBRs. Establishing membrane fouling mitigation techniques for MBRs is
essential for the further spread of MBRs. On the other hand, I believe that the
development of membrane fouling mitigation technique alone is not enough for the
further spread of MBRs. One of the solutions for this problem is to create new roles for
MBRs. I focus on the removal of microplastics, which has become a major environmental
issue in recent years. MBRs have excellent microplastics removal performance compared
to conventional wastewater treatment plants. Therefore, to further popularize MBRs, I
studied the development of a membrane suitable for removing microplastics. In the first
part of this study (Chapters II, II1, IV, and V), I investigated the membrane properties that
have sufficient durability to remove microplastics and mitigate membrane fouling. In the
latter part of this study (Chapters VI and VII), I developed a technique for preparing a
membrane with such membrane properties.

In Chapter II, the relationship between fouling development in a continuous
laboratory-scale MBR and the membrane material was investigated using flat-sheet
membranes prepared from four materials: polyvinylidene difluoride (PVDF), chlorinated
poly(vinyl chloride) (CPVC), polytetrafluoroethylene (PTFE), and polyethersulfone
(PES). Furthermore, the characteristics of the suspension liquid in a laboratory-scale
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MBR were compared with those of samples from actual wastewater treatment plants. In
addition to the characteristics of the membrane material, the structural vulnerability of
the membranes had a determining effect on fouling development. The PVDF membrane
showed the highest transmembrane pressure during MBR operation and its surface
experienced significant damage because of the shearing stress caused by aeration,
resulting in the penetration of the membrane by the fouling compounds. The
characteristics of the suspension liquid in the laboratory-scale MBR were similar to those
in the MBR at a night-soil treatment plant and the aeration tank of a sewage treatment
plant.

In Chapter III, I investigated in detail the three types of membranes except for
PVDF membrane used in Chapter II and clarified the mechanical durability and
antifouling property of these membranes. Its purpose is to indicate the type of membrane
suitable for removing microplastics in MBR. Microplastics have received increasing
attention as substances of potential risk due to their adverse effect on ecosystems and
human health in recent years. MBRs have excellent microplastic removal performance
compared to conventional wastewater treatment plants (WWTPs). Meanwhile, there is a
possibility that the membrane materials themselves become the source of microplastics
when they deteriorate. Therefore, it is important to consider not only the antifouling
performance for wastewater treatment but also the mechanical durability of the
membranes to reduce microplastic production; thus; promoting application of MBRs. In
this study, the mechanical durability and antifouling performance of the three kinds of
membranes, CPVC, PTFE, and PES used in a laboratory-scale submerged MBR for
almost two months, was explored. The experiment was carried out in a laboratory-scale

submerged MBR with effective working volume of 6.8 L. Synthetic wastewater was
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prepared with D-glucose, meat extract, polypeptone, and inorganic salts, and was fed to
the reactor. The mixed liquor suspended solids (MLSS) was constantly maintained within
11000-12500 mg/L. Significant breakage and rupture on the surface of the PES membrane
and notable changes in the parameters such as pore size and surface roughness related to
the membrane structure were observed through MBR operation. Contrarily, for the CPVC
and PTFE membranes, only a slight change in the membrane structure and properties was
observed. These results indicated that the PES membrane was more susceptible to damage
by the shearing force with aeration for MBR than the other membranes. Therefore, the
durability of the PES membrane was the lowest among the membranes studied, indicating
high microplastic production risk, even though all three membranes have the same
antifouling performance. This is the first report of changes in the membrane
characteristics and morphology related to mechanical durability and the membrane
fouling problem under MBR operation.

In Chapter 1V, the relationship between membrane fouling development was
investigated using originally prepared CPVC flat-sheet membranes with different pore
sizes in MBRs, and fouling development mechanism was demonstrated. Under the
conditions in this study, the optimal membrane pore size for suppressing fouling
development was determined to be in the range of 0.31-0.57 um. Further, irreversible
fouling is closely related to the capture of protein-like compounds inside the membrane;
in contrast, reversible fouling was due to gel and cake layers formed on the membrane
surface. Moreover, the membrane pore size directly and indirectly affected both reversible
and irreversible fouling through the mutual relationship with other membrane
characteristics such as the surface roughness. Finally, the optimal pore size of the

membrane for suppressing fouling development is determined by the total filtration
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resistance caused by irreversible and reversible fouling phenomena.

In Chapter V, the influence of the surface hydrophilicity of the membranes on
fouling development in a continuous laboratory-scale MBR was investigated using two
types of symmetric PTFE flat-sheet membranes with similar membrane properties, except
for surface hydrophilicity. The hydrophilicity of a membrane has so far been considered
an important factor contributing to fouling phenomena. In general, a hydrophobic
membrane has a higher fouling development than a hydrophobic membrane; however,
there is no conclusion in this matter because many contradictory results have also been
reported. In addition, only a few studies have revealed the influence of membrane
hydrophilicity on fouling development in an MBR for a long operation period. Therefore,
in this chapter, the influence of the surface hydrophilicity of the membrane on fouling
development was investigated using a laboratory-scale MBR with PTFE flat-sheet
membranes to confirm the influence of membrane hydrophilicity on fouling development.
No remarkable difference in the change in transmembrane pressure was observed between
hydrophilic and hydrophobic PTFE membranes, indicating that the hydrophilicity of the
membrane had little influence on the fouling phenomena. The relationship between
hydrophilicity and pore-forming resistance was suggested; however, the dominant factor
in membrane fouling was cake layer resistance. The adsorption of protein-like compounds,
which were present in the suspension liquid, inside the membrane contributed to the pore
fouling resistance based on the results of extracellular polymeric substance measurement
and three-dimensional excitation-emission matrix analysis.

In Chapter VI, a method for improving the membrane properties by adding an
amphiphilic Pluronic block copolymer to the membrane was developed. In general,

membrane properties such as porosity and surface morphology significantly affect fouling
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in MBRs. Amphiphilic Pluronic block copolymers have attracted attention in recent years
due to their use during membrane preparation, which has resulted in improved membrane
properties. This chapter focuses on establishing a technique to improve membrane
properties by adding Pluronic TR-702 to prepare a CPVC flat-sheet membrane suitable
for use in an MBR. The deterioration of Pluronic TR-702 was expected during long-term
MBR applications. Therefore, Pluronic TR-702 was removed from the membranes before
evaluation. The pure water permeability, pore size and distribution, surface morphology,
surface porosity, and the influence of the additive on the membrane thickness were
investigated. Excessive addition of Pluronic TR-702 to the dope solution led to the
preparation of membranes with larger pore sizes that were unsuitable for MBRs. On the
contrary, appropriate addition increased the pore size and thickness of the membranes and
decreased the surface porosity with increasing additive content. When the concentration
of Pluronic TR-702 was 50 wt/wt%, a membrane with a suitable pore size for use in
MBRs was prepared. This method is a useful technique for improving the properties of
membranes used in MBRs.

In Chapter VII, a method for improving the membrane properties by adding a
fluoropolymer to the membrane was developed. The porosity, surface hydrophilicity, and
morphology of the membranes significantly affect their fouling propensity in MBRs. The
use of polymers as additives is an effective strategy for improving the properties of
membranes. In this chapter, I developed a technique to improve the membrane properties
by using Unidyne DSN-403N and Surflon S-420, which are fluoropolymers, as novel
polymer additives to prepare CPVC flat-sheet membranes suitable for MBR applications.
The blending of these fluoropolymers in the dope solution produced membranes that

exhibited dense and smooth surfaces and were appropriate for use in MBRs. The
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membrane prepared using Surflon S-420 showed a higher pure water permeability than
that of the membrane prepared using Unidyne DSN-403N. Thus, the former membrane
would exhibit better antifouling properties. This method of blending a fluoropolymer is

useful for preparing high-performance CPVC flat-sheet membranes for MBRs.
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