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CHAPTER|
INTRODUCTION

1.1 Statementsof problem

Textile industry is one of the most important export industries of Thailand. The
industries use large amount of water and chemicals for finishing and dying processes
[1]. Wastewater from dyeing and finishing factories is the significant source of
environmental pollution. Color is usually the first contaminant to be recognized in
these wastewaters. The high strength of colored effluents may become visual eyesores
and causes aesthetic pollution, eutrophication and perturbations in aquatic life. In
addition, color-containing dyestuffs have been found to be toxic and carcinogenic to
aquatic environments [2]. Due to their toxicity and slow degradation, these dyes are
classified as environmentally hazardous materials. The release of colored wastewater
poses a major problem for the industry as well as a threat to the environment.
Therefore, it is necessary to find an effective method for dye wastewater treatment in
order to remove color from textile effluents. The ozonation process has been
recommended in recent years as a potential alternative for decolorisation. Ozone
specifically attacks the conjugated chains that impart color to the dye molecule.
During the ozonation process, molecule is selective and attacks preferentially the
unsaturated bonds of the chromophores; as a result, color is removed. The process of
ozonation can take place in two ways: directly by ozone molecules, or induced by
hydroxyl radicals formed as a result of ozone decomposition in water. However, the
low solubility of ozone in water limits the mass transfer driving force of ozone gas
into the aqueous phase [3, 4]. In addition, conventional methods of gas—liquid contact
for the ozonation of wastewater, such as bubble columns and packed beds, are limited
by low mass transfer of ozone into the aqueous phase and low specific area.The
effectiveness of ozonation can be increased by the generation of smaller bubbles [5,
6]. However, the drawbacks of the bubble column are flooding, uploading, emulsion,
and foaming [7]. These problems can be solved by using a gas—liquid membrane

contactor [8], a method employing a combination of membrane with gas absorption



which has been developed for the effective absorption of CO, by liquid absorbents
[8]. Membrane-based equipment for bringing gas and liquid phases into contact could
be suitable for industrial wastewater ozonation. Membrane contactors are systems in
which hydrophobic porous membranes are used to promote gas—liquid or liquid—
liquid mass transfer without dispersion of one phase into the other [9]. The advantages
of the membrane contactors over conventional contactors are high interfacial area, the
hydrodynamic decoupling of the phases [10], thus the process is expected to be
simplified and requires small areas [11]. Also, increasing mass transfer coefficients
results in higher gas transfer rate and a smaller process volume for installation is one
advantage of this process [12]. Several studies have been conducted to use membrane
ozone contactors for oxidation of organic compounds such as humic substance,
phenol, acrylonitrile, nitrobenzene, dyes [7, 10, 12, 13]. However, there has been a
limited study on the application of membrane contacting process for treatment of dye

wastewater.

The membrane is a major component in the membrane contactor system. However,
the membrane adds additional resistance for mass transfer that can be compensated by
the increase in interfacial mass transfer area, especially, when the hollow fiber
membrane is employed. Efficient gas-liquid membrane contactor should be operated
in the dry mode in which there is no membrane wetting, the intrusion of liquid into
the pores. Membrane wetting is the problem for the membrane contactor operation
because it will reduce separation performance. It depends on the structural
characteristics of the porous material, especially hydrophobicity, porosity and
thickness. The potential hydrophobic membrane materials are polyethylene (PE),
polypropylene (PP), polyvinylidene fluoride (PVDF), and polytetrafluoroethylene
(PTFE). Based on the contact angle data, the hydrophobicity of the membrane is in
the order of PTFE > PE > PP > PVDF [14, 15].

In this work we would like to modify PVDF hollow fiber membrane to increase
hydrophobicity. However, most previous works have reported surface modification of
ceramic membrane to increase its hydrophobicity since ceramic membranes are

hydrophilic and they cannot be directly applied as membrane contactors. The methods



used to modify ceramic membranes, in principle, can also be applied to modify PVDF
membranes with some modification. Several types of surface modifying agents can
be used for modification, e.g. choloalkylsilanes, fluoroalkysilanes (FAS), alcohol,
polydimethylsiloxane (PDMS) [16-24]. Surface modification is usually performed
with silanes due to its high reactivity with hydroxyl groups on the surface.
Organosilanes have been recently used to prepare hydrophobic ceramic membrane
because they have hydrolysable groups and other hydrophobic ends in their structures.
The hydrolysable groups are coupled with hydroxyl groups (-OH) on the ceramic
surface, forming a chemically bound hydrophobic layer. Several factors including the
surface modifying agent, the length of hydrophobic tails, grafting time, and the
temperature play important roles in the surface grafting process [19, 20, 22, 23].

However, PVDF membranes have no hydroxyl groups. Therefore, hydroxyl groups
must be introduced on the membrane surface. There are several methods to produce
OH groups on the PVDF membrane surface. Examples are the chemical method
(alkaline treatment), plasma treatment, and radiation. Basically, the alkaline treatment
via NaOH is a simple method that has been investigated to introduce OH groups on
the membranes. Nevertheless, it was reported in the literature that the properties of
PVDF membrane were destroyed by NaOH solution because NaOH had chemically
attacked PVDF membrane and caused the dehydrofluorination in the polymer chain
[25, 26]. For example, the mechanical strength and crystallity of PVDF membranes
were decreased even at 4wt% NaOH solution at 70°C within 24 hours or in 10wt%
NaOH solution within 8 hours [25]. The reduction in mechanical strength of
membrane treated by NaOH was due to the degradation of membrane as a result of
the chemical reaction between PVDF membrane and NaOH. Liu et al. [26] also
reported the hydrophilic PVDF membrane modification by alkaline treatment. The
results showed that the alkaline treatment changed the membrane surface structure
based on the results of pore size distribution.

Plasma treatments can alter the surface energy of membranes and change the surface
polarity which is the less damaging method of membrane modification. During the

plasma treatment, the membranes were exposed to a reactive environment of excited



atomic, ionic, and free radical species by hydrogen abstraction and radical formation,
which resulted in modification of only the top-most nanometers of the membrane
structure being altered [27, 28]. Therefore, the surface can be selectively modified for
a specific application while the bulk properties of membrane are unaffected [27, 29].
Surface modification of membrane by plasma treatment is mainly achieved by using
different gases including oxygen, nitrogen, argon, helium, water vapor and air [27,
29-32]. The use of plasma to activate the surface to generate oxide or hydroxide
groups can be used in surface modification [33].

When the membranes are subjected to oxidizing agents, the deteriorative reaction may
occur during the operation, leading to deterioration of permeate water quality, flux
reduction and shortening of membrane life. Mori et al. [11] reported that the ozone
resistance of the polymeric membranes was in the following order PTFE > PVDF >
PE. Bamperng et al. [34] showed that PTFE could maintain stable ozone flux while
PVDF exhibited a lower flux in the long term operation indicating that PVDF
membrane may be wetted and oxidized by ozone. However, PTFE is much more
expensive than PVDF (10 times) and is limited in availability. After the membrane
deterioration, the membrane has to be replaced, resulting in the increase of the
operation cost. The degradation of polymeric membranes by sodium hypochlorite
solution (NaOCI) as the cleaning solution and oxidizing agent has been widely studied
in the literature [35-39]. However, little is known on the changes on chemical and
physical properties of membranes by ozone. Kukuzaki et al. [40] reported that the
modified Shirasu porous glass (SPG) membranes by an organosilane compound not
only increased the hydrophobicity but also resisted the ozone oxidation. To the best of
our knowledge, there is no research on the possible changes in morphology and
properties of hydrophobic membranes due to ozone contact. Therefore, the main
objective of this research is to modify the surface of PVDF membrane by
organosilanes, test membrane stability after ozone contact, then apply the modified
membrane for decolorization of dye solution by ozonation using membrane contacting

process.



1.2 Objectives
The aims of this research are to modify PVDF hollow fiber membranes to increase

hydrophobicity, ozone stability and apply the modified membranes for dye

wastewater treatment by membrane contacting process. To achieve these goals, this

thesis is divided into three specific aims:
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1.2.2

1.2.3

To modify PVDF hollow fiber membranes with different membrane
activations, organosilanes and grafting conditions to increase
hydrophobicity.

To examine the stability and durability of modified PVDF membranes
toward ozone, in comparison to PTFE membrane.

To determine the ozone flux and decolorization performance by
ozonation with membrane contactor of dye solutions using unmodified,

modified PVDF membranes, and PTFE membrane.

1.3 Hypotheses

The research is driven by the following hypotheses:
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1.3.2

Hydrophobicity and stability of PVDF membrane toward ozone can be
improved by membrane modification with organosilanes.

Ozonation by membrane contactor using modified PVDF membranes
can increase the decolorization performance of dye solutions, in

comparison to using unmodified PVDF membrane.

1.4 Scope of investigation

The schematic diagram of investigation is illustrated in Figure 1.1, which can be

explained below:
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1.4.2

Study the surface activations of PVDF hollow fiber membranes by
chemical activation (NaOH) and helium plasma activation.

Study the surface modification of PVDF hollow fiber membranes with
three different organoalkylsilanes i.e. Hexadecyltrimethoxysilane (AS-
C16), 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane (FAS-C8), and
1H, 1H, 2H, 2H-Perfluorooctyltriethoxysilane (FAS-C6).



1.4.3 Characterize the modified membranes by various techniques to obtain
important physical and chemical properties of grafted membranes
compared with the original membrane.

1.4.4 Study the stability of the original and modified membranes towards
ozone by examining the changes of physical and chemical properties of
membranes after ozone contact at various durations and
concentrations.

1.4.5 Study the decolorization performance by ozonation using the modified
membranes for dye wastewater containing Reactive black 5 and Basic
yellow 28, including COD and TOC removals, BODs/COD and pH

changes, and by-product generation.

15 Expected Results
1.5.1 The modified PVDF hollow fiber membrane with improved
hydrophobicity and ozone stability.
1.5.2 The efficient process for dye wastewater treatment.

1.6 Outlineof thesis

The dissertation is organized into six chapters. CHAPTER 1 presents the introduction,
including the objectives, hypotheses, scope of investigation and expected results.
CHAPTER 2 is reviews of the state-of-the-art focused in membrane contacting
process, hydrophobic membrane modification, ozonation process, and also the
membrane characterizations. In CHAPTER 3, the study on the hydrophobic
membrane modification by two different membrane activation, chemical and helium
plasma activations, followed by grafting with different organosilanes is presented.
The stability test of the modified membrane towards ozone is studied in CHAPTER 4.
CHAPTER 5 deals with application of modified membranes in ozonation process for
dye wastewater containing Reactive Black 5 and Basic Yellow 28. In this chapter, the
long-term ozone fluxes of membranes were investigated. The by-products of treated
dye wastewater were also determined. Finally, in CHAPTER 6, the main conclusions

are summarized and future research recommendations are proposed.
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CHAPTERII
THEORETICAL BACKGROUND AND LITERATURE REVIEWS

This chapter provides detailed information of dye wastewater from textile industries
and the harmful effects on environment and human health. Furthermore, the currently
available techniques for dye wastewater treatment are also reviewed. Membrane
contactor with ozonation process as the alternative method for dye wastewater
treatment, which is the research focus on this study, is presented. The hydrophobic
membrane modification in order to enhance hydrophobicity, and membrane stability
when exposed to oxidizing agents are also reviewed in detail. The membrane
characterization methods, including qualitative and quantitative analyses for physical
and chemical properties, are described.

2.1 Dyesand water pollution

By definition “Dyes” can be said to be coloured, ionizing and aromatic organic
compounds which show an affinity toward the substrate to which it is being applied. It
is generally applied in a solution that is aqueous. Both dyes and pigments appear to be
colored because they absorb some wavelengths of light more than others. In contrast
with a dye, a pigment generally is insoluble, and has no affinity for the substrate.
Dyes have many different and complex chemical structures such as acid, basic, direct,

reactive, disperse, azo dyes [41, 42].

Large amounts of dyes are annually produced and applied in many industries
including the textile, cosmetic, paper, leather, pharmaceutical, and food industries.
However, the textile industry consumes large quantities of water and chemicals,
producing the large volumes of effluent causing intense water pollution. The textile
wastewaters are highly colored by dye used which have attracted the most attention
since color in the effluent not only causes the environmental concerns, but also creates

a significance aesthetic problem in sewage treatment.


http://en.wikipedia.org/wiki/Light
http://en.wikipedia.org/wiki/Pigment

The main route of dye wastewater is from the textile industries which cause the
serious impacts when encountering the natural area. The dye wastewater has an
adverse effect on the flora and fauna biological cycles of ecosystem. The decrease of
transparency in water can prevent the penetration of solar radiation, resulting in the
decrease of photosynthetic activity and disruption of aquatic places [43-46]. Dyes can
remain for decades on aquatic environments endangering the stability and lives of
ecosystems. They are persistent and recalcitrant compounds to the microbial
degradation and their accumulation in certain forms of aquatic life which may lead to
toxic products and potentially carcinogenic compounds [46, 47]. The degradation
products of the dyes may be more harmful than dyes themselves. This is due to the
breaking of azo groups that could consist of aromatic amines potentially
carcinogenic/mutagenic [48]. In addition, the characteristics of textile wastewater
containing dye solution commonly present suspended solids (SS), high temperature,
unstable pH, high Chemical Oxygen Demand (COD), and low Biochemical Oxygen
demand (BOD) [45, 49-52].

2.2 Current dyewastewater treatment process

During the past years, many studies have been performed on three conventional
methods for dye wastewater treatment: biological, chemical, and physical methods.
Biological treatment of wastewater is the most economical method for the removal of
organic pollutant from wastewater. There are several microorganisms that are able to
decolorize such as white-rot fungi, Pseudomonas luteola, Bacillus gordonae,
Saccharomyces cerevisiae [53-55]. However, the long period needed for
microorganisms to become acclimated and many of dyes are xenobiotic and non-
biodegradable. Therefore, physical and chemical methods have been used as

alternatives.

Physical methods such as coagulation, carbon adsorption have been used currently for
the purification of textile dyeing wastewater. Coagulation is an economical method of
dye removal. It involves the addition of ferrous sulphate or ferric chloride, allowing
excellent removal of direct dyes from wastewaters. The optimum coagulant

concentration is dependent on the static charge of the dye in solution and difficulty in
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removing the sludge formed as part of the coagulation is a problem, results in high
disposal costs [56]. Adsorption is relevant in environment pollution and protection
with reference to water and wastewater treatment. Adsorption onto activated carbon
has been proven to be one of the most effective and reliable physicochemical
treatment techniques [57]. However, activated carbon adsorption has the associated

cost and difficulty of the regeneration process and a high waste disposal cost [58, 59].

Membrane technology, with its unique separation performance holds great promise in
the field of water reclamation. The recovery of the wastewaters to the degree of reuse
quality is often achieved by nanofiltration (NF) and reverse osmosis (RO) [60]. NF
membrane technology has been successfully used to obtain industrial water from
textile effluents and is able to reject dyes and other organic molecules, while NaCl
and other monovalent salts passed through the membrane [61]. NF is much more
efficient than ultrafiltration (UF) in term of rejection and also, it faces lesser fouling
problems than RO [62]. On the other hand, RO is not only suitable for ions removal
and larger species from the dye effluents but RO also removes the color and helps in
desalinating wastestream. The concentrated residue left after RO poses disposal
problems. High capital cost, the problem of fouling, and membrane replacements are
the disadvantages of most membrane processes. Membrane processes are suitable for
water recycling within a textile dye plant if the effluent contains low concentration of
dyes, but it is unable to reduce the dissolved solid content, which makes water reuse a
difficult task [63].

Advanced oxidation processes (AOPs), as the chemical treatment, are the most
commonly used methods for decolourisation by chemical means. This is mainly due
to its simplicity of application. These technologies generate hydroxyl radical (*OH)
which is a highly reactive oxidant. Chemical oxidation removes the dye from the dye-
containing effluent by oxidation resulting in aromatic ring cleavage of the dye
molecules. There are several works on dye removal by hydroxyl radical in different
techniques involving H,O./Fe?*(Fenton’s reagent), electro-Fenton, and H,0./O; as
chemical procuresses [63, 64], H,O./Fe**/UV as a photochemical treatment [65] and
TiO./UV, TiO»/UV/O; and Fe**/UV/O; as photocatalytic methods [66, 67]. AOPs can
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be effectively used to achieve complete color and partial COD removal from textile
effluent and thus an attractive option to prepare recalcitrant process streams compared
to conventional activated sludge treatment of the combined wastewater. However,
advanced oxidation products might be more toxic and/or inhibitory on the biological
treatment systems used for the post treatment than the original textile dyes. One major
disadvantage of Fenton process is sludge generation through the flocculation of the
reagent and the dye molecules. The sludge, which contains the concentrated
impurities, still requires disposal.

The ozonation process has been recommended for decolorizationin recent years as a
potential alternative for the following reasons [68-70]: (1) no chemical sludge in the
treated effluent, (2) ozone has high potential to remove color and reduce organic
matter in one step, (3) it requires little space and easy for installation, (4) ozone is less
harmful than other oxidizing agent, and (5) residual ozone can easily be decomposed
to oxygen. Ozone specifically attacks the conjugated chains that impart color to the
dye molecule. During the ozonation process, 0zone molecule is selective and attacks
preferentially the unsaturated bonds of the chromophores, as a result, color is
removed. The process of ozonation can take place in two ways which are directly by
ozone molecules, or induced by hydroxyl radicals formed as a result of ozone
decomposition in water. In addition, the efficiency of ozone mass transfer depends on
the hydrodynamic behavior of the fluid, solubility ratio, and mass transfer coefficient
[71]. The major drawback with ozonation is cost; continuous ozonation is required
due to its short half-life. In order to enhance the ozonation efficiency, the
effectiveness of ozonation can be increased by a higher surface area of ozone through
the generation of smaller bubbles [5, 6]. Koch et al. [72] studied the degradation of
hydrolyzed azo dye reactive yellow 84 (CI) by bubbling the ozone/air mixture and
found that the decolorization of hydrolyzed azo dye reactive yellow 84 (CI) was
almost complete after 60 and 90 min of ozonation with starting ozone concentrations
of 18.5 and 9.1 mg/l, respectively. Konsowa [73] studied the decolorization of
wastewater containing direct dye by ozonation in a batch bubble column reactor. The
results showed that the rate of dye removal increased with increasing ozone

concentration. The decolorization time increased with increasing initial dye
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concentration; in contrast, decreased with an increasing ozone concentration. Oguz,
Keskinler, and Celik [74] studied the removal of aqueous Bomaplex Red CR-L dye by
ozonation in a semi-batch reactor. They studied the effect of initial dye concentration,
temperature, ozone (air flow rate), pH, and ozone generation percentage. The results
showed that the efficiency of dye removal increased with increasing pH, ozone
generation rate, and decreased with increasing temperature, but did not change with

increasing ozone (air) flow rate and initial dye concentration.

However, the drawbacks of the bubble column are flooding, uploading, emulsion, and
foaming [7]. In addition, conventional methods of gas-liquid contact for the
ozonation of wastewater, such as bubble columns and packed beds, are limited by low
mass transfer of ozone into the aqueous phase. These problems can be solved by using
a gas-liquid membrane contactor [8], a method employing a combination of
membrane with the ozonation process which has been developed for the effective
absorption of CO, by liquid absorbents [8]. Membrane-based equipment for bringing
gas and liquid phases into contact could be suitable for industrial wastewater
ozonation. Membrane contactors are systems in which hydrophobic porous
membranes are used to promote gas—liquid or liquid-liquid mass transfer without
dispersion of one phase into the other [9]. The advantages of the contacting membrane
over conventional contactors are high interfacial area, the hydrodynamic decoupling
of the phases [10], and the prevention of membrane fouling, thus the process is simple
and requires small areas [11]. Also, increasing mass transfer coefficients results in
higher gas transfer rate and a smaller process volume for installation is another

advantage of this process [12].

Recently, Zhang et al.[3], Atchariyawut et al. [7], and Bamperng et al. [34]
investigated the use of hollow fiber membrane contactor with ozonation process for
decolorization. The influence of operating parameters on the decolorization of dye
solutions was studied in detail. The results indicated that the decolorization
performance increased with pH, temperature and liquid velocity, therefore, the main
mass transfer resistance was the liquid phase [3, 7, 34]. However, the results indicated

that the decolorization and the reduction of COD highly depended on the type of dye
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and dye auxiliary reagents [34].The COD removal efficiency was inhibited when the
Na,COswas added into the dye solution [7]. This is because ozone was scavenged
with CO5%, resulting in losing ozone oxidizing power with dye in the solution. The
decolorization performance of Acid blue 113 was higher than that of Direct red 23
[34]. The reason is that the pH of Acid blue 113 solution was lower than that of Direct
red 23, hence, ozone molecule was dominated, resulting in the preferential oxidation

at the unsaturated bonds of chromophores.

2.3 Principle of membrane contacting processes
The applications of G-L contactors are gas streams purification (gas absorption),
water ozonation, water deoxygenation, and so on. Both hydrophobic and hydrophilic
microporous membranes can be used to provide contact of gas with a liquid. The
membrane in this process acts as a barrier between two phases, for purpose of mass
transfer between the phases, without dispersing one phase into the other [75, 76]. The
concept of using membranes to bring two phases into contact with one another is not
new. Membrane contactors have the following features and advantages [8, 76]
— High surface area per volume. Membrane contactors can supply 20-100 times
more surface area per volume than conventional equipment.
— No flooding. Membrane contactors can reduce or avoid solvent and raffinate
entrainment, which can inhibit both packed towers and mixer-settlers.
— Direct scale up. Membrane contactors can be modified and designed when an

application requires several contactors in series or parallel.

There are two types of membrane contactor, gas-liquid (G-L), and liquid-liquid (L-L)
contactors. In the G - L contactors one phase is a gas or a vapor and the other phase is
a liquid while, the L - L contactors, both phases are liquids. Gas-liquid and liquid-gas
are G-L contactors applied for as absorption and stripping, respectively. G - L

contactors are shown in Figure 2.1,
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gas —— —— liquid

Figure 2.1 Schematic drawing of gas-liquid membrane contactors

2.3.1 Basic theory of the gas-liquid membrane contactor

There are two possible characteristic in G-L membrane contactors, dry mode and
wetted mode. For dry mode, the pores are filled with gas phase while in wetted mode,
liquid phase fills the membrane pores. Then hydrophobic and hydrophilic membranes
were used, respectively. Dry mode is usually preferred to take advantage of the higher
diffusivity in the gas; however, wetted mode may be preferred if there is a fast or
instantaneous liquid phase reaction, and as a result, the gas phase resistance controls
the process. Figure 2.2 shows the concentration profile for the transfer in dry mode

and wetted mode.

| Bulk liquid | Bouu?;i:ryi

layer

| Bulk liquid | ﬂ

Figure 2.2 Concentration profile for the transfer in dry mode (a) and wetted mode (b)
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In a gas-liquid membrane contactor, the gas and liquid phases flow on the opposite
sides of the hydrophobic membrane. The absorption occurs on the liquid side by
physical absorption, chemical reaction or a combination of these two processes. It is
advantageous to use the hollow fiber modules for this purpose. The direction of mass
transfer of any molecular species depends on the concentration driving force
maintained across the membrane for that species [75]. The overall process consists of
three steps. First, the transfer of the solute gas from the bulk gas phase to the
membrane surface. Second, transfer through the membrane pores and last, the transfer
from the membrane-liquid interface into the bulk of the liquid. Figure 2.3
demonstrates the mass transport of gas in dry operating mode of hollow fiber gas—
liqguid membrane contactor, for the liquid flow in the lumen side and gas flow in the
shell side (i.e., diffusion from the bulk gas through the membrane pores and
dissolution in the liquid absorbent). The gas flux (J(mol'm?s™)) can be calculated

from the following equation:

J = K|_ (CG-CL) 2.1
where K is the overall mass transfer coefficient based on liquid phase (m/s)
Ce is bulk concentration in gas phase (mol/m?)

C. is bulk concentration in liquid phase (mol/m®)

In addition, resistance in series model can be applied to analyze the overall mass

transfer resistance (Ki)of the process in terms of individual resistance by using
L

equation 2.2 [7, 34, 75, 76], when the hollow fiber membrane is used.

1 1 1 1

- 2.2
K.d, _ Ekd, " Hkndy & Hk,d,

where Ky, kmand ki are the individual mass transfer coefficients (m/s) of gas
phase, membrane and liquid phase, respectively,
do, diand di, are the outer, inner and log mean diameters of hollow
fiber membrane (m),

H is the Henry’s constant (mg/l)e/(mg/l),
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E is the enhancement factor which accounts for the effect
of reaction
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Figure 2.3 Mass transfer process in a hollow fiber membrane gas-liquid contactor for
dry mode [7, 34]

In the operation of a membrane contactor, either the gas phase or liquid phase can be
fed through the shell side or tube side of the hollow fiber membrane module. In this

work, liquid is fed through the tube side while gas is fed into the shell side.

. 1 f .
The membrane resistance (530, depends on membrane mode of operation, i.e. non-
m

wetted, wetted or partially wetted mode. For totally gas-filled pores or totally liquid-
filled pores, the membrane resistance depends on the diffusivity of the absorbing gas
in the gas phase and liquid phase, Dger, D), respectively, and on the geometrical
characteristics of the membrane, i.e. its thickness, |, porosity, en and tortuosity, .
For the non-wetted mode (gas filled pore), the membrane mass transfer coefficient is
given by the equation 2.3.
o= Dg,eff 'gm
m 2.3
[
Non wetted mode is the superior mode of operation for gas absorption in the

membrane contactor that can minimize the membrane resistance. In order to prevent
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wetting, some criteria such as balanced gas-liquid operating pressure, using highly
hydrophobic membrane materials, high surface tension liquid absorbent and

optimized membrane structure with small pore size can be taken into consideration.

2.3.2 Membrane wetting

Membrane wetting is the significant problem for mass transfer in gas-liquid
membrane contacting process. The operation in dry mode (gas-filled membrane pore)
is more advantageous than that in the wet mode (liquid-filled membrane pore)
because of the higher diffusivity of the gas. The liquid absorbents will not wet the
membrane when the pressure difference between liquid stream and the gas stream is

lower than the penetration pressure defined as the following equation 2.4:

e —20cos6 2.4
™
where AP = the penetration pressure or wetting pressure,
o = the surface tension of the liquid,
Mo = the membrane pore radius,
0 = the contact angle between membrane and liquid

The wetting pressure depends on the properties of both the membrane and the liquid
absorbent used. Normally, highly hydrophobic membranes are favorably selected to
be used in membrane contacting process since they can provide the large contact
angle between the membrane and the aqueous absorbent solution (in excess of 90°)

keeping the membrane contactor operated in dry mode.

2.3.3 Membrane materials

Typical membranes for contactors are prepared from hydrophobic polymer materials
possessing a high porosity, a membrane thickness of 10-300 pm and providing
microfiltration properties with pore size of 0.1-1um. The choice of membrane
material affects phenomena such as absorption and chemical stability under condition

of actual application. This implies that the requirements for the polymeric material are
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not primarily determined by the permeability and hydrophobicity but also by the

chemical and thermal properties of the material.

Among various hydrophobic polymers, PE, PP, PVDF and PTFE are the most popular
membrane materials. Chemical structures of the polymers are shown in Table 2.1, and

properties for these polymers are as follows:

Table 2.1 Lists polymers which are frequently fabricated for hydrophobic

membranes.

Membrane Chemical structure

H H
Polyethylene (PE) +[:_L:+
H H i

CHx

H
Polypropylene (PP) +!_!+
[I] [|1 i
F 1
Polyvinylidene fluoride (PVDF) ~[~u:|—c|+
||-' [|1 n
F F
Polytetrafluoroethylene (PTFE) +,;:_,;:+
F F J0

(a) Polyethylene: PE
Polyethylene or polythene is a thermoplastic commodity heavily used in consumer
products with the formula (C,H.),. PE has a glass transition temperature (Tg) of about
-120°C, and a melting point of about 100°C. In its liquid state, polyethylene serves as
a material that can be molded, injected, and cast in varying thicknesses and shapes to

create many different usable products.
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(b) Polypropylene: PP
Polypropylene or polypropene is a thermoplastic polymer with the formula (C3Heg),. It
is rugged and unusually resistant to many chemical solvents, bases and acids. PP has
good resistance to fatigue and naturally hydrophobic. PP has a T4 of about -15°C,
while melting point of about 160°C.

(c) Polyvinylidenefluoride: PVDF

Polyvinylidene fluoride is a highly nonreactive and pure thermoplastic fluoropolymer.
PVDF formula is (CH,CF,),. PVDF is a specialty plastic material in the
fluoropolymer family; it is used generally in applications requiring the highest purity,
strength, and resistance to solvents, acids, bases, and heat and low smoke generation
during a fire event. Compared to other fluoropolymers, it has an easier melt process
because of its relatively low melting point of around 177°C. It has a low cost
compared to the other fluoropolymers. PVDF has a Tg of about -40°C and is typically
50-60% crystalline.

(d) Polytetrafluoroethylene: PTFE

Polytetrafluoroethylene is a synthetic fluoropolymer of tetrafluoroethylene which
finds numerous applications. Its molecular formula is C,Fan+2. PTFE is most well
known as Teflon. PTFE is a fluorocarbon solid, as it is a high molecular weight
compound consisting wholly of carbon and fluorine. Neither water and water-
containing substances nor oil and oil-containing substances are wetted by PTFE, as
fluorocarbons demonstrate mitigated London dispersion forces due to the high
electronegativity of fluorine. PTFE has a high melting point and T4 of about 327°C
and 126°C, respectively.

Table 2.2 shown below compares the hydrophobicity or water contact angle of major
polymers used for fabrication of porous hydrophobic membranes. However, PTFE is
much more expensive than PVDF due to the use of thermal method for fabrication.
On the contrary, PVDF has received much attention as a membrane material due to its
high mechanical strength, thermal stability and chemical resistance [77]. Fabrication

of PVDF membrane by phase inversion method is also much more simpler.
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Table 2.2 Contact angles between water and membranes

PP PE PVDF PTFE Reference

102.5+1.5° [78]
94+2° [78]
100° [14]
104° [14]
118° [14]
127+6° [15]

103.5+1° [78]

105+2° [78]

97+3.6° [15]

86.5+1.5° [78]

92E2%° [78]

100° [14]

P23 [14]

124+3.4° [15]

113° [14]

127° [14]

133.5° [14]

2.3.4 Application of gas-liquid membrane contactors
(a) Wastewater treatment

Gas-liquid membrane contactors have been used for several wastewater treatments.
PVDF and PTFE membranes were selected as the membrane materials for the
applications due to the highly hydrophobic membranes. Humic substance (HS) and
natural organic matter (NOM) are a problem in drinking water production. Jansen et
al. [10] applied the PVDF hollow fiber membrane contactor to produce drinking
water from HS contaminated water. The decolorization of Norwegian natural organic
matter in water source was also studied by Leiknes et al. [79]. The results showed that
the decolorization of NOM decreased by membrane contactor with ozonation process.

The decolourization rate constants obtained from the concentration—time (C-z) model
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for the ozonation membrane contactor were found to be in the range of 139.44-—
298.81M's™,

Dye wastewater treatment by membrane contacting process using ozonation was also
studied by Atchariyawut et al. [7] for C.I. reactive red 120 wastewater. The results
showed that using water and 300 mg/I dye solution as liquid phase, the ozone fluxes
increased with increasing liquid velocity. In contrast, increasing the gas flow rate did
not affect ozone flux. Therefore, it was concluded that the main mass transfer
resistance was in the liquid phase. In addition, the effect of auxiliary reagent was also
studied. The result showed that ozone flux increased when Na,CO3; was added into the
dye solution due to the increase of pH solution, therefore, the *OH radical was
generated by the decomposition of ozone molecule. In contrast, ozone flux decreased
with added NaCl due to the salting out effect. The COD removals were 32% and 23%
with Na,CO; and without Na,COs, respectively, because of COs* scavenging.
Bamperng et al. [34] studied the treatment of Direct red 23, Acid blue 113 and
Reactive red 120 solutions by ozone using hollow fiber membrane contactor of PVDF
and PTFE membranes. The results showed that PVDF membrane provided higher
ozone flux than PTFE, but PTFE membrane gave more stable and higher flux than
PVDF for a long operation period. The ozone flux of different types of dye was in the
following order: Direct red 23 > Reactive red 120 > Acid blue 113. While, the
decolorization performance of Acid blue 113 was higher than those of Direct red 23
and Reactive red 120. The treatment of Acid orange 52 was also studied by membrane
contacting process with ozonation using PVDF hollow fiber membrane [3].The results
showed that the decolorization efficiency increased with the increase of liquid

velocity.

Zhang et al. [3] studied the decomposition of 4-nitrophenol by ozonation in a hollow
fiber membrane. In this study, PVDF membrane was used, claiming to be ozone
resistant. The results showed that increasing initial pH of 4-nitrophenol, liquid flow
rate, gas flow rate, and ozone concentration, 4-nitrophenol removal was increased.

Moreover, ozone effectiveness, which defines as the ratio of 4-nitrophenol removal to
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ozone consumption, decreased with the increase of gas flow rate as well as ozone
concentration. However, 4-nitrophenol removal did not change when initial pH was
higher than 9.5.

(b) Gas absor ption
Gas-liquid membrane contactors have been widely studied for absorption of CO,,
S0O,, H,S, etc into aqueous or solutions. These acid gases are impurities which lower
the quality of the gas and cause corrosive problems. The membrane gas absorption
technology is not only technically feasible, but also an economical method for
capturing gas on a large scale [80]. Lv et al. [80] investigated simultaneous absorption
of SO, and CO; from coal-flue gas by monoethanolamine solution (MEA) in PP
hollow fiber membrane. Hedayat et al. [81] studied the absorption of H,S and CO,
gases from a gas mixture using PVDF and polysulfone (PSf) hollow fiber membrane
and used the alkanolamines as the liquid absorbents. Mavroudi et al. [82] reported
that the CO, removal by membrane contacting process using amine as the absorbent
was nearly complete (99%). Park et al. [83] eliminated SO, from the flue gas using
multi stage PVDF hollow fiber membrane contactor. The results showed that the SO,

removal efficiency of 85% was achieved with 2M NaOH solution.

2.3.5 Parameters affecting membrane contactor performance for ozonation
process
(&) Membrane material and properties
The membrane is the major component in the membrane contacting process. The
membrane should be produced from the hydrophobic materials such as PVDF or
PTFE in order to provide a wetting pressure high enough to prevent the water from
the wetting or entering the pores which would decrease ozone diffusion substantially.
According to Table 2.2, the hydrophobicity of major polymers for fabrication of
porous hydrophobic membranes is compared. It can be seen that PTFE has the highest
contact angle, 133.5°. The study of Pine et al. [13] showed that the mass transfer
coefficient (kn,) increased with increasing pore size and pore volume and decreasing
thickness for the teflon membranes. The mass transfer coefficient for the PTFE

membranes increased with decreasing membrane thickness. Comparison of the Pall
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membranes indicated that membrane material (porous PTFE, nonporous PTFE, and
porous PVDF) had limited effect on the ozone mass transfer [13]. In principle, ozone
is an oxidizing agent which does not only react with the pollutants or foulants, some
evidence has indicated the participation in the degradation of membrane material
(discussed in section 2.6). Mori et al. [11] reported that the ozone resistance of the
polymeric membranes was in the following order PTFE > PVDF > PE. Bamperng et
al. [34] showed that PTFE could maintain stable ozone flux while PVDF exhibited a
lower flux in the long term operation indicating that PVDF membrane may be wetted
and oxidized by ozone. Therefore, it is important that the membranes should be both

hydrophobic and ozone resistant.

(b) Liquid and gas velocities
The liquid velocity has a significant effect on the membrane contacting process which
is expressed by Reynolds number. Increasing liquid velocity would lead to the
increase of Re. The overall mass transfer coefficient (K.) would increase, meaning
more ozone molecules would transfer into the aqueous phase. The ozone flux
increased with increasing liquid velocity for physical and chemical experiments since
the liquid phase mass transfer coefficient (k;) was enhanced with the liquid velocity.
For the mass transfer system with the presence of chemical reaction, the mass transfer
rate can be improved as the liquid mass transfer coefficient was increased. The study
of Pine et al. [13] showed that increasing the Reynolds number from 60 to 2000
increased the mass transfer coefficient by about an order of magnitude. In contrast,
the ozone flux did not change with the gas phase velocity for both water and dye
solution used as the liquid phase [7, 34]. Therefore, it is likely that ozone mass
transfer is liquid phase controlled with the membrane’s properties having a secondary

effect.

(c) pH
Generally, ozone reacts with organic pollutants via either direct ozone attack or
indirect free radical attack. At lower pH, the direct reaction is dominant and depends
strongly on the nature of organic molecules. When pH exceeds 9.5, the free radical

reaction would become dominant since hydroxyl radicals are generated from ozone
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decomposition catalyzed by hydroxide ion. The study of Zhang et al. [4] showed that
the increase of pH, the degree of dissociation of 4-nitrophenol was higher, and the
removal rate increased. On the contrary, the study of Zhang et al. [3] found that pH
(5.6-8.6) had little effect on the decolorization efficiency.

(d) Temperature
The increase of chemical reaction rate between ozone and dye is due to the increase of
temperature. Conversely, in case of using water as liquid phase, the ozone flux
decreases as the operating temperature was increased owing to the decrease of gas
solubility in the water [34]. Leiknes et al. [79] studied the Norwegian natural organic
matter (NOM) decolorization in tubular membrane contactor. The results showed that
the increase in liquid temperature reduced ozone fluxes into pure water, but raised the
ozone fluxes into NaNO, solutions. In addition, the increase of the ozone flux with

temperature was observed until approximately 40°C.

(e) Ozone concentration
The mass transfer rate of ozone from the gas phase to the liquid phase is the directly
dependent on mass transfer driving force. The mass transfer driving force is the
difference between the equilibrium concentration and bulk concentration of ozone in
the liquid phase. Increasing gaseous ozone concentration would increase the
equilibrium concentration of ozone based on Henry’s law, and the mass transfer
driving force would increase accordingly. This would result in the increase of mass

transfer rate of ozone, and more ozone is available in the liquid [4].

2.4 Hydrophobic membrane modification

Recently, several studies have shown success in ceramic membrane modification to
improve hydrophobicity since ceramic membranes are hydrophilic and are not
suitable for use as membrane contactor. The methods used for modification of
ceramic membranes were applied to modified PVDF membranes. According the study
of Bamperng et al. [34], the result showed that PTFE could maintain stable O3 flux. In
contrast, PVDF exhibited a lower flux in long term operation indicating that PVDF
has lower ozone resistance than PTFE. Nevertheless, the application of PTFE is
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limited for its high cost and availability. So, in this work we would like to modify
PVDF hollow fiber membrane to increase the hydrophobicity. However, PVDF
membranes have no hydroxyl groups. Therefore, hydroxyl groups must be introduced
on the membrane surface. There are several methods to produce OH groups on the
PVDF membrane surface. Examples are the chemical method (alkaline treatment) and

plasma treatment as described below.

2.4.1 Alkaline treatment
Chemical grafting between organosilanes and membranes requires that there are
hydroxyl groups on the membrane surface. Hydroxyl groups can be introduced into
the PVDF membranes by alkaline treatment. Although PVVDF membrane is highly
chemically resistant, it is susceptible to be attacked by concentrated sodium
hydroxide. Previous investigations of the composition of such surface layers formed
as a result of alkaline degradation of PVDF, all concluded that the following reaction
occurs [84-86]:

-(CH,-CFp)-  + XOH — -(CH=CF)- + XF + H,0

Where X = Li or Na.

This mechanism is generally accepted, but has been generated on the basis of the
experimental data. There were studies that expanded this mechanism to include the
formation of hydroxide and carbonyl groups on the polyene chain. The possible
mechanism of defluorination and oxygenation of PVDF in an aqueous solution is
shown by deprotonation, elimination, hydroxylation and carbonyl formation

reactions, respectively [84-89].

(a) Deprotonation
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As a result of the high alkalinity of the aqueous solution and high temperature,
deprotonisation of CH, group in the chain will occur quite readily to achieve the

above equilibrium.
(b) Elimination

oo [CF - CHNCF-CH NP _FO, s [CF5-CH=CF-CH gl + FO
F
The above chain fragment can rearrange to yield in the chain C=C double bond, this is
known as elimination reaction. The F ion is stable as the reaction occurs in agueous
solution and the driving force is the formation of a carbon—carbon double bond. This
process then, continues to yield a conjugated structure containing up to nine carbon
double bonds. Step (a) and (b) may also occur simultaneously via an E2 (elimination

and bimolecular) in the chain reaction.

T‘;{

HSOF
G
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However, this is unlikely as it is part of a long polymer chain, then again in this case
the hydroxide ion is associated with the phosphonium ion or ammonium ion in

guestion.

(c) Hydroxylation
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In this step, there are two ways to generate HO-C—F in the treated PVDF surface,
however there is no CF, remaining. It is concluded that all the CF, was removed but
HO-C-F remains, as shown above. The attacking hydroxide is associated with a
quaternary onium cation. The HO-C—F group can also be an intermediate group

leading to the formation of hydroxide groups as shown above.

(d) Carbonyl formation

H
CF: —I.:('—{'I[; = — {F— LT . CHy— + D
0 5H @
=T
©0H T H I

Step c)

In the presence of an alkaline environment, deprotonisation of the incorporated
hydroxide will occur to generate carbonyl group. The resultant structure is resonance
stabilized as shown, and will lose fluoride, which is stable in aqueous solutions.

Again, the driving force is the formation of a carbon—-carbon double bond.

2.4.2 Plasma activation

Plasma treatments can alter the surface energy of membranes and change the surface
polarity which is the less damaging method of membrane modification. Plasma
treatment of membranes was used in order to increase hydrophilicity by the reaction
between hydrophilic monomers and membrane [28, 33, 90]. During the plasma
treatment, the surface energy and polarity of membrane surface are changed by
exposing to the reactive environment of excited atomic, ionic, and free radical species
by hydrogen abstraction and radical formation, which resulted in modification of only
the top-most nanometers of the membrane structure being altered [27, 28] as

illustrated in Figure 2.4.
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Figure 2.4 Surface modification process using plasma activation

The excited species are also uniformly created on the membrane surface since the
surface is bombarded by energetic particles and high energy radiation [91]. Therefore,
the surface can be selectively modified for a specific application while the bulk
properties of membrane are unaffected [27, 29]. Usually, surface modification of
membrane by plasma treatment is mainly achieved by using different gases including
oxygen, nitrogen, argon, helium, water vapor and air [27, 29-32]. The use of plasma
to activate the surface to generate oxide or hydroxide groups can be used in surface
modification [33]. Modification of membrane surfaces can be rapidly and cleanly
achieved by plasma treatment due to the possibility of formation various actives on

the surface.

2.4.3 Grafting of membrane by organosilanes

The modification of hydrophobic membranes was mostly developed for ceramic
membranes because conventional ceramic microporous and mesoporous membranes
are hydrophilic by nature. The hydroxyl groups present in the structure and on the
pore surface are the main sources of hydrophilicity, which can link very easily to

water molecules. This may lead to pore blocking at ambient conditions and will in any
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case have a major effect on the separation properties of the membranes. The originally

hydrophilic character of ceramic membrane can be changed by grafting process,

leading to the increase of the hydrophobic properties that can be performed by

reaction between OH" surface groups of the ceramic membranes and ethoxy groups

(O-Et) present in organosilane compounds [22, 23].

Organosilanes have the ability to form a durable bond between organic and inorganic

materials. A general structure of organosilane typically presents the two classes of

functionality as below:

X—(CH3),~—Si—(OR);

where X is an organofunctional group such as amino, methacryloxy, epoxy
RO is a hydrolysable group such as methoxy, ethoxy, or acetoxy, etc.
CH, is a linker

Si issilicon atom

There are two general strategies that can be pursued to bring about a hydrophobic

modification of hydrophilic membranes as follows:

First strategy: is to make a hydrophobic layer by hydrolysis and condensation
of alkoxide precursors with hydrophobic side groups, such as organosilanes.
The silane coupling treatment method is based on the derivatization of surface
of UF and MF membranes with an organosilane in order to modify

hydrophobic character.

Second strategy: is to post-modify a mesoporous inorganic membrane by
grafting both surface and the internal pore surface with organosilanes. This
process is illustrated in Figure 2.5 and 2.6. A hydrolysable group of the
organosilane undergoes coupling with the hydroxyl groups of the mesoporous
layer, forming a chemically bound monolayer initially, which imparts the
desired hydrophobicity as shown in Figure 2.5. Organosilanes with two or
more hydrolysable groups can undergo further coupling with other

organosilanes, forming a polymeric layer as shown in Figure 2.6 that case 1 is
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monofuctional precursor anchoring to a hydroxyl site, case 2a and 2b are
difunctional precursor anchoring to a hydroxyl site and forming a polymerized
chain, respectively, and case 3 is trifunctional precursor forming a

polymerized layer on a hydroxyl-terminated surface [19, 24].
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Figure 2.5 Schematic diagram showing monolayer deposition of

a monofunctional hydrophobic agent.
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Figure 2.6 Surface structures of organosilanes grafted on

hydroxyl-terminated surfaces

2.4.4 Parameter s affecting membrane grafting
(@ The length of hydrophobic tail and type of functional group of
organosilanes
The high hydrophobicity can be achieved by using agents with long organic tails. The
use of organosilanes with two or more reactive groups can give rise to effective
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membrane hydrophobicity. As these agents may couple with two adjacent OH’
groups, they may be more effectively reduce the number of vicinal OH™ groups that
are responsible for the strongest hydrophilic interaction. Values of contact angle
increase with increasing length of fluorinated chains. The study of Picard et al. [23]
showed that increasing the length of fluorinated chains from C10Me ((3,3,3-
trifluoropropyl)trimethoxysilane) to C60Et (1H, 1H, 2H, 2H-
erfluorooctyltriethoxysialne) or C8 (1H, 1H, 2H, 2H-perfluorodecyltriethoxysialne),
the contact angles were increased. The solvent permeability coefficients of hexane for
C8F (fluoroalkylsilane)-modified membrane were greater than C8H (alkylsilane)-
modified membrane which is more hydrophobic membrane. In contrast, water
permeability coefficient for C8F)-modified membrane was lower than C8H)-modified

membrane [16].

(b) Grafting time and number of soakings
Multiplication of soakings results in an increase in fluorine concentration on the
samples as and consequently an increase in the number of grafted molecules. Fluorine
concentration appears to be very high when compared with carbon concentration and,
especially with the concentration of carbon atoms bonded to fluorine. Picard et al.
[22] confirmed that grafting time was important to reach a highest hydrophobicity of
the material. The highest contact angle was 149° by 13 soakings with a grafting time
between 6 and 20 hours [22]. Zhang et al. [92, 93] found that the contact angles were
increased by a longer modification time of modifying agent for PAI and PEI
membranes. This was because more reaction sites (hydroxyl groups) were generated
on the membrane surface, and hence more molecules of modifying agents were able
to graft and crosslink, leading to a higher hydrophobicity. Increasing number of
soakings and sufficient grafting time, water permeability was decreased [22, 23].
Additionally, the decrease of permeability confirmed the importance of grafting time

to improve the hydrophobicity.

(¢) Number of hydroxyl groupsor active groups
Factors that contribute to the ability of an organosilane to generate a hydrophobic

surface are its organic substitution, the extent of surface coverage, residual unreacted
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groups (both from the organosilane and the surface) and the distribution of the
organosilane on the surface as illustrates in Figure 2.7. Therefore, the strategies for
organosianes depend on the number of hydroxyl groups and their accessibility for
bonding. A simple conceptual case is the reaction of organosilanes to form
monolayer. If all hydroxyl groups are reacted by the organosilane, a hydrophobic
surface is achieved. Practically, not all of the hydroxyl groups may react, leaving the
residual hydroxyl groups. Furthermore, there may not be enough anchor points on the
surface to allow the organic substituent to the surface. Thus, the substrate reactive
groups of organosilane, the condition of deposition, the ability of the organosilane to
form monomeric or polymeric layer and the nature of the organic substitution, all play
a role in surface hydrophobicity. The replacement of hydroxyl groups by
hydrolytically stable groups with a hydrophobic character inhibits the adsorption of

water.
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2.4.5 Application of modified membranein gas-liquid membrane contactor

Rahbari-Sisakht et al. [94, 95] studied the CO, absorption by membrane contactor
using modified PVDF and polysulfone (PSf) membranes with surface modified
macromolecule (SMM). The results showed that the performance of modified
membrane was higher compared to the unmodified membranes which were the
increase of CO, flux. The initial flux reduction of modified membranes was lower
than that of unmodified membranes. The surface modified polyamide-imide (PAI)
and polyetherimide (PEI) membranes also had higher CO, absorption flux than the
unmodified membranes due to the increase hydrophobicity, larger pore size and
reduction of thickness [92, 93, 96]. The modified PVDF-HFP membranes also
presented the higher CO, absorption flux and membrane mass transfer coefficient
than the unmodified membranes [97]. The study of Lv et al. [98] found that the
modified polypropylene membranes (PP) in the long-term operation, the modified
membrane in membrane contactor exhibited more stable and efficient performance

than the unmodified PP membranes.

2.5 Ozone oxidation

Ozone is an allotropic of oxygen which can be generated from air or pure oxygen
when a high voltage is applied across the gap of a narrowly-spaced electrode. The
high energy corona dissociates one oxygen molecule into twp atomic oxygen which
then combines with two other oxygen molecules to form two ozone molecules as

shown in reaction 2.1 and 2.2.

0, +0 == O3 Reaction 2.1
30; =——= 20, Reaction 2.2

Ozone is highly unstable and must be generated on site. Its oxidation potential (-
2.07V) is greater than that of hypochlorite acid (-1.49V) or chlorine (-1.36V). The
ozone is widely used in water treatment. Ozone molecule breaks down to oxygen
molecules and oxygen atoms which have high oxidation potential. The oxidation
power of ozone by measuring the REDOX potential is about 5 times higher than

oxygen and about 2 times higher than chlorine. These higher potential increases its
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reactivity with other elements and compounds which is about 20 to 50 times more
reactive than chlorine and permanganates as it is well documented in the case of the
high death rate of microorganism. Ozone is generated as a gas, therefore, treatment of
aqueous contaminants requires the transfer from the gas to liquid phase.

The process of ozonation in aqueous solution takes place by two possible mechanisms
[52, 99-101]:

— Direct reaction (important at low pH), where the oxidizing agent is the
molecular ozone, in a slow and highly selective attack to organic matter,
especially in the case of unsaturated organic compounds.

— Indirect reaction pathways, initiated by the ozone decomposition, in
which free radicals, primary hydroxyl radicals (OHe) or hydroperoxide
radicals (OHz¢). In this manner, the indirect mechanism can be
significantly promoted in basic media, where hydroxide ions would
initiate ozone decomposition entailing the following free radical

mechanism.

It is now widely assumed that ozone reacts in aqueous solution with various organic
and inorganic compounds, either a direct reaction or through a radical type reaction as

shown in Figure 2.8.

Consequently, most ozone reactions involve a chain involving OHe or OHye, the
reaction rate constant for the destruction of organics by OHe is typically several
orders of magnitude greater than for O3 alone. Ozone decomposition proceeds with
chain reactions including initiation steps, propagation steps and chain breakdown. The
fundamental role played by the hydroxide ions (OHY) in initiating the ozone
decomposition process in water is well known [101]. In fact, for a typical aqueous
solution, there are:

— Initiators: promote decomposition of ozone to form radicals (i.e.

hydrogen peroxide (H.O,), humics, reduced metals, formate).
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— Promoters: react with OHe to form radical species, resulting in
propagation of reactions (i.e. primary and secondary alcohols, humics,
ozone itself).

— Scavenger: react with OHe to form secondary radicals which do not
promote reaction but rather quench the chain reaction (i.e. tertiary

alcohols, carbonate).
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Figure 2.8 Proposed mechanism of ozone oxidation [102]
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The ozonation of azo reactive dyes is known to create mainly two types of by-
products such as aldehydes and carboxylic acids with hydroxyl functional groups. For
example, Zhang et al. [103] studied the decomposition pathways and reaction
intermediate formation of azo reactive dye C.l. Reactive Red 120 by ozonation. It is
believed that the azo-linkage of purified, hydrolyzed RR 120 during ozonation was
reduced to a hydrogenated azo-linkage, resulting in the production of substituted
benzene and naphthalene as shown in Figure 2.9. These substituted products can be
further oxidized and finally mineralized to produce carbon dioxide. There are six
sulfonic, four amino, two triazine and two azo groups in purified, hydrolyzed RR 120.
The azo group was decomposed due to the elimination of molecular nitrogen such as
ammonia and nitrate. After the electrophilic attack of ozone, a 1,3-dipolar cyclo
addition of ozone proceeds to open the aromatic ring and ozonation intermediates
with carbon—carbon double bonds are formed. These intermediates are assumed to be

alcohols, aldehydes or ketones and carboxylic acid.
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Figure 2.9 The products of ozonation of purified, hydrolyzed RR 120 and its
simplified reaction pathway
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2.6 Durability and stability of membranes when exposed to oxidizing
conditions

The application of membrane process is impeded by membrane fouling that leads to
deterioration of permeate water quality, flux reduction and shortening of membrane
life. Among the various probabilities that could lead to membrane degradation, the
use of chemicals for membrane cleaning is the main cause for membrane damage. The
cleaning or oxidizing agents (i.e. NaOCI solution, ozone and chlorine gases) can be
used to remove in organic fouling because they were powerful oxidant. Nevertheless,
the oxidizing agents can affect the membrane structure, resulting in changes in the
permeation properties. If the backbone of polymer chains is broken, the membranes
are degraded. The change of membranes can be detected by exposing the membranes
to the relevant agents, i.e. chlorine, ozone gas or acidic condition, over the time and
concentration, and then measure the changes including flux, sorption and by
analyzing membrane structures, leading to providing the information of membrane

stability.

Sodium hypochlorite solution (NaOCI) is widely used as cleaning solution for
membranes. Arkhangelsky et al. [35] found that The ultimate tensile strength,
ultimate elongation and elasticity modulus of UF membranes were decreased after
exposed to NaOCI, additionally, the degree of degradation being directly related to the
dosage of oxidant and being more intense for cellulose acetate than for
polyethersulfone membranes. Wang et al. [36] also reported that the tensile strength
and the elongation of PVDF membranes became more weaker and flexible,
additionally, the contact angles of membrane decreased after NaOCI cleaning. The
results of ATR-FTIR indicated that the NaOCI cleaning did not damage to the
chemical structure of PVDF membrane, but affected the surface properties. The study
of Puspitasari et al. [37]also showed that NaOCI could cause ageing on membrane
after prolonged exposure and changes in membrane chemical groups, hydraulic
performances, mechanical properties and physical structures. The water flux
increased, whereas, the salt rejection decreased due to the chlorination, resulting in
the increased fragility and resultant defects of the oxidized fully-aromatic polyamide
network [38].
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It has been reported that the flux of membrane declined after exposed to chlorine,
resulting in membrane degradation and decrease of membrane lifetime [104, 105].
Glater et al.[106] studied the sensitivity of reverse osmosis membranes to ozone and
halogen disinfectants. The results showed that cellulose acetate membranes were
resistant to halogens but polyamide membranes were sensitive to chlorine and
bromide. The polyamide membranes were very sensitive to ozone in which the salt
rejection declined within the first few hours of exposure and membrane failure
completely occurred after 15 hours [106]. Bamperng et al. [34] reported that the
ozone flux of PVDF membranes decreased, as a result of the membrane wetting and

possibly due to the change of membrane morphology because of the ozone oxidation.

2.7 Membrane Characterization

Membranes need to be characterized to determine the suitability for the applications.
Membrane characterization methods allow determining of the physical and chemical
properties of the membranes. In this section, the most familiar methods used for

characterization of membranes are described.

2.7.1 Contact angle

Contact angle measurement, which is the quantitative analysis, is the most commonly
used method of solid surface tension measurement. The contact angle value is an
angle between liquid and solid, which describes the edge of the two-phase boundary,
where it ends at a third phase. The wettability of a solid surface by a liquid surface
decreases as the contact angle increases. For the hollow fiber membrane, the contact
angles can be measured in form of the dynamic contact angle based on the Wilhelmy
method by tensiometer as presented in Figure 2.10. Dynamic contact angle is the
contact angle when the three phase line is in controlled motion. It can be divided into
the advancing and receding contact angles. The advancing contact angle is the contact
angle when three phase line is moving over and wetting the surface or pushing away
the gas phase, while the receding contact angle is the contact angle when the three
phase line is withdraw over a pre-wetted surface or pushing a way the liquid phase. A
contact angle of less than 90° means that the liquid tends to wet the substrate

(hydrophilic), whereas with a contact angle of greater than 90° the liquid tends to wet
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the surface (hydrophobic). If a dry microporous hydrophobic hollow fiber membrane
with air-filled pores is surrounded by water, the water cannot penetrate into the pores
until the water pressure exceeds a certain critical breakthrough pressure as expressed
by equation 2.4.

Figure 2.10 Tensiometer for the contact angle measurement
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2.7.2 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is a quantitative spectroscopic technique that
measures the elemental composition, empirical formula, chemical state and electronic
state of the elements that exist within a material. XPS is a highly surface-specific
analytical technique (3-10 nm) used to obtain the chemical structure and atomic
composition of a material. XPS utilizes photo-ionization and energy-dispersive
analysis of the emitted photoelectrons to study the composition and electronic state of
the surface region of a sample. The atomic sensitivity of XPS is 10°-107%, therefore,
0.1-1.0% can be detected (except H and He).The photon is absorbed by an atom on
the surface, leading to ionization and the emission of a core (inner shell) electron. The
kinetic energy distribution of the emitted photoelectrons can be measured using any
appropriate electron energy analyzer and a photoelectron spectrum can thus be
recorded. For each element, there is a characteristic binding energy associated with
each core atomic orbital. The presence of peaks at particular energies therefore
indicates the presence of a specific element in the sample under study. XPS has been
commonly used to confirm the chemical reaction of the membrane after surface
modification [19, 23, 24, 87].

2.7.3 Fourier Transform-Infrared Spectroscopy (FT-IR)

Fourier Transform Infrared Spectroscopy (FTIR) technique provides excellent quality
data in conjunction with the best possible reproducibility of any IR sampling
technique. FT-IR is a single beam instrument which is based on the absorption or
reflection of electromagnetic radiation with the wavelength in the rage of 1 to 1000
um. In this frequency domain, the absorption bands present from a molecular
fingerprint, thus allowing the detection of compounds and the deduction of the
structural details. The spectral composition of the reflected beam depends on the
variation of the reflection index of the compound with the wavelength. This can lead
to attenuated total reflection (ATR). By the angle of incidence and difference in the
refractive indices of the media, the sample is penetrated only half a wavelength at
each reflection of the radiation. The accumulation of absorption comes from the

succession of many total reflections attenuated. Then, the final spectrum is identical to
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the spectrum obtained by transmission. FT-IR has been commonly used to confirm

the chemical reaction of the membrane after surface modification [107-109].

2.7.4 Scanning Electron Microscopy (SEM) or FE-SEM

SEM provides a very convenient and simple method for characterizing and
investigating the structure of microporous membranes. In a scanning electron
microscope (SEM), a fine beam of electrons scans the membrane surface. This causes
several kinds of interactions generating different signals, of which secondary
electrons (SE) and back scattered electrons (BSE) are used in the image forming.
Secondary electron images can be used in membrane characterization in imaging of
membrane morphology, for example, pore geometry, pore size, pore size distribution,
and surface porosity. Due to the large depth of field, the SE images visualize the
membrane surface morphology three-dimensionally. The lateral resolution of a
conventional SEM is 10-50 nm. However, with Field Emission Scanning Electron
Microscopy (FE-SEM), which has a resolution of 1-5 nm, also visualization of the
fine morphology of ultrafiltration membranes is possible. The depth resolution in SE
imaging is 1-10 nm and in BSE imaging 10—-1000 nm. To observe cross sections of
flat-sheet membranes or the inner surfaces of hollow-fiber membranes, the samples
are usually briefly frozen in liquid nitrogen and then broken manually. In addition to
the visualization of the sample surface, SE and BSE images provide information on
sample topography and chemical composition of the sample (BSE images).

Polymers are generally insulators, therefore, polymeric membrane samples (and other
non-conducting samples) have to be coated with a conductive coating (carbon, gold,
platinum, or palladium) to eliminate surface charging and to minimize sample damage
caused by the electron beam. However, the electron beam might still damage the
polymeric membrane sample, and the coating process might cause artificial changes
to the membrane surface. Furthermore, the coating layer can lead to an
underestimation of the pore size [110].

2.7.5 Poresizeand poresizedistribution
The main methods used to determine pore size and pore size distribution are gas-

liquid displacement. This method is based on the fact that a pressure is needed to
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force a non-wetting liquid to flow through the pore of a membrane. The gas pressure
differential across the membrane should be able to overcome the capillary force
caused by the surface tension of the liquid. This force can be calculated by Laplace-
Yong equation, as indicated by equation 2.4. Pure nitrogen is allowed to flow into the
chamber gradually. When the increased nitrogen pressure reaches a point that
overcomes the capillary flow of the fluid within the largest pore, the bubble point is
found. After determining the bubble point, the pressure is increased continuously and
the nitrogen permeation rate is measured until all pores are empty of solution, and the
sample is considered dry. Nitrogen pressure and permeation flow rates through the
dry sample are also recorded. Based on the nitrogen flow rates through the wet and

dry membranes, the pore size distribution is calculated.

2.7.6 Surface roughness (Atomic Force Microscopy)

AFM has been widely used to study the morphology of membrane surface. This
method is operated by measuring attractive and repulsive forces between a sharp tip
and the sample. The advantage of this technique is that the membranes can be scanned
without the pretreatment. AFM has a resolution of 1 nm and provide information
about the mean surface roughness. In general, roughness of the surfaces is related
with the membrane hydrophobicity in term of contact angle. The roughness of the
membrane surfaces increases with contact angles leading to high membrane
hydrophobicity [111]. Zhang et al. [93] studied the outer surfaces of modified PAI
hollow fiber membranes by AFM. The results showed that the surface roughness and
contact angle of modified PAI membrane surface were increased with the

modification time.

2.7.7 Mechanical strength

The mechanical strength is the test in material properties that determines the tensile
strength and elongation at fracture as a toughness measurement of the material. The
tensile strength is the maximum test force applying to the sample until its fails, while
the elongation at fracture is the change in length of the sample compared with its
original length which is the degree of deformation. It is necessary to observe the

change in tensile properties of the membrane after modification.



CHAPTER 111
HYDROPHOBIC SURFACE MODIFICAITON OF
PVDF HOLLOW FIBER MEMBRANE

3.1 Introduction

The membranes applied in membrane contactors are typically fabricated from
hydrophobic polymers to reduce the membrane wetting. Even though the membranes
are highly hydrophobic, the membrane wetting can occur leading to the reduction in
the performance. Membrane wetting depends on the structural characteristics of the
porous material and hydrophobicity. The common hydrophobic membrane materials
are polyethylene (PE), polypropylene (PP), polyvinylidene fluoride (PVDF), and
polytetrafluoroethylene (PTFE). Based on the contact angle data, the hydrophobicity
of the membranes is in the order of PTFE > PE > PP > PVDF [112, 113]. However,
PTFE is much more expensive than PVDF due to the use of thermal method for
fabrication. On the contrary, PVDF has received much attention as a membrane
material due to its high mechanical strength, thermal stability and chemical resistance
[77]. Fabrication of PVDF membrane by phase inversion method is also much more

simpler.

Recently, several studies have shown success in ceramic membrane modification to
improve hydrophobicity since ceramic membranes are hydrophilic. The ceramic
membranes had been successfully grafted by fluoroalkylsilanes (FAS) [114-121].
FAS are the group of compounds, which can be efficiently used to create the
hydrophobicity. Grafting process, leading to the increase of the hydrophobic
properties, can be performed by the reaction between OH groups of the ceramic

membrane and ethoxy groups (O-Et) presented in organosilane compounds.

The methods used for modification of ceramic membranes can be applied to modify
PVDF membranes. However, PVDF membranes have no hydroxyl groups. Therefore,

hydroxyl groups must be introduced on the membrane surface. There are several
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methods to produce OH groups on the PVDF membrane surface. Examples are the
chemical method (alkaline treatment), plasma treatment, and radiation. Basically, the
alkaline treatment is a simple method that has been investigated to introduce OH
groups on the membranes. However, it was reported in the literature that the
properties of PVDF membrane were destroyed by NaOH solution because NaOH had
chemically attacked PVDF membrane and caused the dehydrofluorination in the
polymer chain [25, 26]. For example, the mechanical strength and crystallity of
PVDF membranes were decreased even at 4wt% NaOH solution at 70°C within 24h
or in 10wt% NaOH solution within 8h [25]. The reduction in mechanical strength of
membrane treated by NaOH was due to the degradation of membrane as a result of
the chemical reaction between PVDF membrane and NaOH. Liu et al. [26] also
reported the hydrophilic PVDF membrane modification by alkaline treatment. The
results showed that the alkaline treatment changed the membrane surface structure

based on the results of pore size distribution.

Plasma treatments can alter the surface energy of membranes and change the surface
polarity which is the less damaging method of membrane modification. Plasma
treatment of membranes was used in order to increase hydrophilicity by the reaction
between hydrophilic monomers and membrane [28, 33, 90]. During the plasma
treatment, the membranes were exposed to a reactive environment of excited atomic,
ionic, and free radical species by hydrogen abstraction and radical formation, which
resulted in modification of only the top-most nanometers of the membrane structure
being altered [27, 28]. Therefore, the surface can be selectively modified for a specific
application while the bulk properties of membrane are unaffected [27, 29].

As mentioned above, plasma treatment can be used to activate the PVDF membrane
surface in order to have the reaction with modifying agent which can replace the
alkaline treatment. There is no work reported on the surface modification of PVDF
membrane using plasma activation, followed by grafting with organosilane. This work
aimed to modify PVDF hollow fiber membranes to increase hydrophobicity using two
different activation methods, alkaline treatment and plasma activation, followed by

grafting with organosilanes. Three organosilanes, i.e., hexadecyltrimethoxysilane, 1H,
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1H, 2H, 2H-perfluorooctyltriethoxysilane and 1H, 1H, 2H, 2H-
perfluorodecyltriethoxysilane, were selected for the study. To the best of our
knowledge, these organosilanes have not been used to modify PVDF membranes.
Effects of NaOH concentration and grafting time were investigated. The chemical and
physical changes of original and modified membranes were investigated. The stability
of the modified membranes was examined by testing the CO, absorption flux by 2M
Taurine sodium for 15 days. The modified membranes were expected to be the

potential membranes for membrane contactor applications.

3.2 Methodology

3.2.1 Materialsand chemicals

PVDF hollow fiber membrane was supplied by Altrateck (China). The specifications
of the membrane were reported by the manufacturer as listed in Table 3.1. The PVDF
hollow fiber membranes are shown in Figure 3.1. Aqueous sodium hydroxide (NaOH)
solutions were prepared from NaOH pellets (Carlo Erba, 97%). The different
organosilanes used in this study are listed in Table 3.2. Hexane (AR® (ACS), 98.5%)

was used as a solvent and deionized water was used in aqueous solution.

Table 3.1 Specifications of the PVDF hollow fiber membrane

Fiber 0.d. (mm) 1.16
Fiber i.d. (mm) 0.8
Membrane pore size (um) 0.16

Membrane porosity 70%
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Figure 3.1 PVDF hollow fiber membranes

Table 3.2 Description of organosilanes used

Name Formula Code Supplier
Hexadecyltrimethoxysilane ~ CysH33Si(OCHa)3 AS-C16 (Sigma-

Aldrich, 85%)
1H, 1H, 2H, 2H- CeF13C2H4SI(OCH,CH3); FAS-C6  (Sigma-
perfluorooctyltriethoxysilane Aldrich, 98%)
1H, 1H, 2H, 2H- CgF17C,H4SI(OCH,CH3);  FAS-C8  (Sigma-
perfluorodecyltriethoxysilane Aldrich, 97%)
3.2.2 Methods

In order to increase hydrophobicity of PVDF hollow fiber membranes, two surface
modification methods were applied to modify the original PVDF hollow fiber
membrane as follows.

— Chemical modification (CM)
The chemical modification involves the hydroxylation of the PVDF membrane,
namely alkaline treatment, by an aqueous NaOH solution followed by immersing in
organosilane solution. Firstly, the PVDF hollow fiber membranes (30 cm in length)

were immersed in NaOH aqueous solution (2—-7.5M) under magnetic stirring for 3-
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12h in the plastic container by putting in the water bath for controlling the
temperature, then the membranes were rinsed with deionized (DI) water for five times
in order to stop reaction. After rinsing, the membranes were immersed in an
organosilane solution at fixed concentration using hexane as solvent for 6-24h in the
plastic container. Then, the grafted membranes were rinsed with pure hexane for 5
times to remove any unreacted chemicals from the membranes and were hung in an
oven at 100°C for 2h in order to dry the membranes. Finally, the membranes were
kept at room temperature (25°C) before characterization.

— Plasma-activated modification (PAM)
Plasma activation of the original PVDF hollow fiber membranes was conducted using
a Plasma Enhancement machine (Model HD-1B) from Chang Zhou Zhongke
Changtai Plasma Technology Ltd. Power was inductively supplied at a power of 80W
and the sample chamber (30cmx30cmx30cm) was kept under vacuum. Plasma was
sustained by a radio frequency (13.56 MHz) generator and was induced to the sample
chamber. The plasma modification involved two steps: (1) the 30 hollow fiber
membranes were exposed for surface activation by plasma wave with helium gas for
180 seconds and working pressure at 10Pa by hanging in the chamber and (2) the
membranes were immersed in organosilane solution with the same method as

chemical modification.

3.2.3 Membrane characterizations

Dynamic contact angle was measured using a tensiometer (DCAT11 Dataphysics,
Germany) as illustrated in Figure 2.10. The sample fibers were cut into the small
pieces with 1-2 cm in length and a lumen of fiber was glued by epoxy to measure only
the outer surface contact angle. A piece of hollow fiber membrane was hung to the
sample holder on the arm of the electro-balance. Then, the sample was immersed into
Milli-Q water with 5 cycles of immersion and the contact angle was calculated from
the wetting force based on the Wilhelmy method. The membrane morphology was
observed by scanning electron microscopy (SEM) (ZEISS EVO 50), dried membrane
samples were fractured in liquid nitrogen and sputtered with a thin layer of gold. The

surface infrared spectra were recorded between 650 cm™ and 4000 cm™ on an IR
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Prestige-21 Fourier transform infrared (FTIR) spectrophotometer (SHIMADZU). All
spectra were required by signal averaging 50 scans at a resolution of 4 cm™ in

attenuated total reflection (ATR) mode.

The chemical composition of sample surface was investigated by X-ray photoelectron
spectrometer (XPS; AXIS ULTRAP'P, Kratos analytical, Manchester UK.). The base
pressure in the XPS analysis chamber was about 5x10 torr. The samples were
excited with X-ray hybrid mode 700x300 pm spot area with a monochromatic Al K,
1oradiation at 1.4 keV. X-ray anode was run at 15 kV 10 mA 150 W. The
photoelectrons were detected with a hemispherical analyzer positioned at an angle of
45° with respect to the normal to the sample surface. The mean pore size and pore size
distribution of the fibers were measured using a capillary flow porometer (Porous
Materials Inc., model CFP-1500A), of which working principle is based on gas
permeation and bubble point tests. The samples were potted into the sample holder
and soaked in the Galwick® solution as the wetting liquid till completely wet. The
surface tension of Galwick® solution is 16 mJ/m?. During the test, the gas flow rate
was increased stepwise and passed through the saturated sample until the applied
pressure exceeded the capillary attraction of the fluid in the pores. By comparing the
gas flow rates of a wet and dry sample at the same pressures, the percentage of flow
passing through the pores larger than or equal to the specified size can be calculated

from the pressure-size relationship.

The mechanical strength of the fibers was measured using a Zwick/Roell BT1-
FRO.5TN.D14 testing machine under room temperature. The tensile strength and
tensile modulus were measured in order to examine the mechanical strength and
deformation of membranes. The sample fiber was clamped at both ends and pulled
under tension at a constant elongation. The surface roughness of the membrane was
recorded by atomic force microscopy (AFM, SPA 400, SEIKO instrument) operated
in tapping mode. Silicon nitride tips coated with Al on the reflective side, resonance
frequency of 200-400 kHz and a spring constant of 25-75N/m were used. The rate of

2um x 2um images was 1Hz.
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3.24 Long-term stability study of modified PVDF membranes for CO,
absor ption
In order to examine the stability of the modified membranes, long term performance
test for 15 days of operation was conducted. The membrane modules were made to
test the CO, flux. The module consisted of four fibers with an effective length of 20
cm and inner diameter of 7.4 mm as presented in the Figure 3.2. The liquid absorbent,
2M Taurine sodium, flowed on the shell side and CO; in the lumen side of the hollow
fiber membrane under counter current mode at room temperature. The feed gas flow
rate was adjusted by mass flow controllers (Cole-Parmer) and measured by digital
bubble meters (Bios Dender 510L). A digital peristaltic pump (MasterFlex) was used
to control the liquid flow and pumped the liquid into the shell side of the hollow fibers
from a 10 L container. The CO, flux was calculated by the difference of CO, flow rate
before and after the membrane module. Experimental data were recorded after the
contactor system was stabilized. The experimental setup of CO, absorption in the

membrane contactor over 15 days is presented in Figure 3.3.

Figure 3.2 Hollow fiber membrane modules
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Figure 3.3 Experimental setup of CO, absorption in a membrane contactor

3.3 Resultsand discussion
3.3.1 Effect of NaOH Concentrations and Organosilanes
— Contact Angle

The contact angle of the original membrane was 68.91°. By increasing the
concentration of NaOH from 2.5M to 7.5M, the contact angle of membranes was
decreased from 44.23° to 31.27°, respectively as shown in Figure 3.4. Zheng et
al.[122] reported that with the concentration of 7.5M NaOH and treatment time for
3h, the contact angle gradually decreased with more hydroxide and carbonyl groups
found on the membrane. Dehydrofluorination mechanisms of PVDF occur by the
reactions of defluorination and oxygenation, formation of hydroxide and carbonyl

groups as shown in Figure 3.5 [123, 124].
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After membrane modification by organosilanes, the results showed that the modified
membranes had higher contact angles than original membrane because organosilane
with three inorganic reactive groups on silicon (ethoxy) reacted with OH groups on
the membrane surface. Increasing the concentration of NaOH, the contact angles of
membranes were increased as shown in Figure 3.6a. This was because more OH
groups were generated on PVDF membrane surface. Therefore, more organosilane
molecules reacted with OH groups. As the results, the modified membranes showed
higher hydrophobicity. The contact angles of the modified membrane by FAS-C8
were higher than 90 (increasing hydrophobicity) compared to AS-C16 and FAS-C6
because the FAS-C8 has higher molecular weight, carbon and fluorine atoms than
AS-C16 and FAS-C6.

The C-F bonds of FAS-C8 act as the hydrophobic part of the molecule and the Si-
(OR)3 act as anchor at the membrane. In contrast, the element compositions of AS-
C16 have no F atoms. Picard et al.[114] found that the contact angle should increase
with increasing length of fluorinated chains. However, the contact angles of FAS-C6
modified membranes were decreased. This is likely due to the unsuccessful FAS-C6
grafting by a self assembly of FAS-C6 molecules. Therefore, FAS-C6 molecules were
not grafted with the OH groups on the treated membrane, resulting in the reduction of
contact angles.
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In addition, it was observed that increasing the grafting time of organosilane, the
contact angles were increased as shown in Figure 3.6b. Lu et al. [117] reported that
after increasing multiplicity of grafting time, the contact angles were also increased.
Zhang et al. [125] reported that the contact angles of the modified PAl membrane by
3-aminopropyltrimethoxysilane (APTMS) were increased from 108° to 118° with the
increase in grafting time from 30 to 120 min. The highest contact angle of modified
membrane in this study was 100.2° under the condition of 7.5M NaOH at 60°C for
3h, followed by grafting 0.01M FAS-C8 for 24h. The contact angles from this study
were lower than those of Zheng et al. [122], Yang et al.[126] and Wongchitpimon et
al. [127], which were in range of 110°-135°. Zheng et al. [122] used mixed
organosilanes (DDS and MTS) which were more hydrophobic. Yang et al.[126]
performed the alkaline treatment at lower NaOH concentration (2M). Wongchitpimon
et al. [127] used mixed solution of cross-linking agent and organosilane which was

also more hydrophobic.

— SEM Images
The SEM images of the cross section and outer surface of the original and modified
membranes are as shown in Figures 3.7 and 3.8. The needle-like structures were
formed on the modified membrane surface by 7.5M NaOH treatment, followed by
grafting with 0.01M FAS-C8 for 24h, which are randomly arranged and intertwined
together as shown in Figures 3.7 and 3.8. It is known that a needle-like structure is
one of the ideal surfaces for hydrophobicity [117]. Additionally, the surface of AS-
C16 modified membrane was the same as original membrane. In contrast, there were
some needle-like structure on AS-C16 but they were very small compared to FAS-C8
because AS-C16 molecules have no F atoms, leading to a lower hydrophobicity. FAS
molecules were hydrolyzed to a silanol, which can react with OH groups on the
PVDF membrane, resulting in the formation of a self-assembled needle like structures
on the membrane. It was reported in the literature that FAS molecules are covalently
attached and the nanometer-scale aggregates are generated through the further
polymerization and the FAS-C8 molecular axis is predominantly oriented
perpendicular to the membrane surface (needle like structure) and partly oriented
parallel on the surface. Zheng et al. [89] also reported that the frosts or needle like
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structure were also found on the modified membrane by DDS/MTS. Meanwhile the
vertical polymerization to form grafted polysiloxane could be induced on the surface.
Lu et al. [117] reported that for the membrane surface modified with FAS many
needle-like structures were formed that is responsible of the superhydrophobicity of

the surface.

— Pore Sizeand Pore Size Distribution
The membrane pore size and pore size distributions of modified membrane were
analyzed. Compared to the original membrane which had a maximum pore size of
0.282 um and mean pore size of 0.1305 um, the mean pore size and maximum pore
size of modified membranes were in the range of 0.136-0.147 um and 0.283-0.3 pum,

respectively. In other words, no significant change was observed.

- FT-IR
The FT-IR spectra of the modified PVDF membrane with organosilanes compared to
the spectrum of the original membrane were given in Figure 3.9 and Figure 3.10.
There were three new peaks detected in the spectra of Figure 3.9. The 1634 cm™ was
assigned to the Si-O-Si bending. This was due to the difunctional or trifunctional
silanes forming a polymerized chain on the OH groups of membrane surface [115,
128]. The 2890-2970 cm™ broad band of medium intensity was CH, asymmetric
stretching. The 3480 cm™ was OH group. However, there were OH groups on the
modified membrane surface indicating that all OH may not react with the silanols in
the FAS molecules. The OH peak was smaller under the higher FAS concentration
because the more FAS-C8 molecules were able to react and graft with OH groups
more completely. The presence of Si and CH; implied that there were FAS molecules
and the grafting was successful. From Figure 3.10, the peak of Si-O-Si and CH, were
found on the modified membranes by three organosilanes modification. The CH,
peaks of AS-C16 modification were stronger than FAS-C6 and FAS-C8 modifications
due to the composition of AS-C16 which is consisted of CH, groups on its structure.
Organosilanes with three reactive groups on silicon (usually methoxy, ethoxy or
acetoxy) bond well to the hydroxyl groups on the treated membrane. The alkoxy

groups on silicon were hydrolyzed to silanols, either through the addition of water or
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from residual water. Then, the silanols coordinate with hydroxyl groups on the
membrane surface to form an oxane bond and eliminate water as shown in Figure
3.11.

- XPS
The presence of FAS on the membrane was confirmed by XPS analysis as shown in
Table 3.3. The fluorine (F) content on the surface of modified PVDF membranes
decreased compared to the original membranes, except for 0.02M of FAS-C8. This is
caused by the elimination of H-F during the alkaline treatment. In case of AS-C16
modification, F content was lowest because it has no F atom on its structure. In
addition, oxygen (O) content of modified membranes was found because of the
silanols formed. On the other hand, the amount of silicon (Si) was also found on the
modified membranes. The XPS results implied that there were organosilane
molecules and the grafting was successful even after rinsing with hexane for five

times.

— Mechanical strength

The mechanical properties of the original and modified PVDF hollow fiber
membranes are summarized in Table 3.4. The results showed that the tensile modulus
and tensile stress of modified membranes were increased by 11-18% and 0.4-7%,
respectively, in contrast, the strain at break of modified membranes was decreased by
4-17%. This implied that the rigidity of modified membranes was increased, whereas,
the elasticity of modified membranes was decreased. In addition, the tensile modulus
and tensile stress of modified membranes were higher than those reported by Yang et
al. [126] and Wongchitphimol et al. [97].
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Figure 3.7 Cross section morphology of PVDF membrane: a) original membrane; b) AS-C16 modified membrane; c) FAS-C6 modified
membrane; d) FAS-C8 modified membrane
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Figure 3.8 Outer surface morphology of PVDF membrane: a) original membrane; b) AS-C16 modified membrane; ¢) FAS-C6 modified

membrane; d) FAS-C8 modified membrane
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Figure 3.9 FT-IR spectra of PVDF membrane: a) original membrane; b) 2.5M NaOH,
0.01M FAS-C8 for 24h; ¢) 5M NaOH, 0.01M FAS-C8 for 24h; d) 7.5M NaOH,
0.01M FAS-CS8 for 24h; €) 7.5M NaOH, 0.02M FAS-C8 for 24h
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Figure 3.10 FT-IR spectra of modified PVDF membrane by 7.5M NaOH: a) 0.01M
FAS-C8 for 24h; b) 0.01M FAS-C6 for 24h; ¢) 0.01M AS-C16 for 24h
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Figure 3.11 The hydrolysis reaction of the organosilane and the addition of the silanol

groups onto the PVDF membrane surface

Table 3.3 Changes of the chemical structure of membrane surface

Surface Atomic concentration (%)

& F O Si
Original 52.5 38.9 7.1 -
Alkaline treatment: 7.5M NaOH at 60°C for 3h
0.01M AS-C16 for 24h 58 7.3 27.6 1.3
0.01M FAS-C6 for 24h 48.1 29.9 14.6 2.0
0.01M FAS-C8 for 24h 48.7 32.9 14.6 1.9
0.02M FAS-C8 for 24h 36.4 49.8 8.5 3.8




60

Table 3.4 Mechanical properties of original and modified P\VVDF membranes

Membrane TensileModulus  Tenslestress Strain at break
(MPa) (MPa) (%)

Original PVDF 50.5+2.1 2.81+0.05 219.4+10.2
Alkaline treatment: 7.5M NaOH at 60°C for 3h

0.01M AS-C16 for 24h 56.5£3.2 2.84+0.05 188.6+9.8
0.01M FAS-C6 for 24h 59.6+0.9 2.89+0.06 191.9+10.1
0.01M FAS-C8 for 24h 58.8+5.8 3.01+0.07 180.618.5
0.02M FAS-C8 for 24h 56.3£2.3 2.82+0.06 208+11.2

3.3.2 Comparison of chemical modification (CM) and plasma-activation
modification (PAM)

The grafting conditions, 0.0LM FAS-C8 for 24h, were selected to modify PVDF
hollow fiber membrane in order to increase hydrophobicity. The two chemical
modifications, which were 2M NaOH under room temperature for 12h and 7.5M
NaOH at 60°C for 3h, namely PVDF-CM2 and PVDF-CM?7.5, respectively, were
selected to compare with original membrane and plasma-activation modification
(PAM).

— Contact Angle

The contact angles of modified membrane treated by CM and PAM are summarized
in Table 3.5. Overall, the contact angles of the modified membranes were increased.
Both conditions of chemical modification (PVDF-CM2 and PVDF-CM7.5) resulted
increased the contact angle but the PVDF-CM2 showed higher contact angle than
PVDF-CM?7.5. The contact angles of the modified by PVDF-CM2 and PVDF-PAM
were 119.46° and 145.61°, respectively. Wongchitphimon et al. [127] found that the
contact angle of modified membranes at 2.5M NaOH concentration was higher than
7.5M NaOH.

Additionally, Yang et al.[126] reported that the contact angles of the modified
membrane using chemical and plasma modifications, compared to the original

membranes were increased by 20% and 30%, respectively. The contact angles of
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modified membrane by PVDF-CM2 and PVDF-PAM in this study were higher than
the study of Yang et al. [126], which were 105° and 115° by plasma modification and
chemical modification, respectively. The membranes of Yang et al. [126] were
modified by plasma polymerization that the monomers were added in the plasma
enhancement machine for 21ms; while the membranes in this study were immersed in
FAS-CS8 for 24h.

Hashim et al. [25] reported that the PVDF membrane was attacked by NaOH solution
which led to the decrease in the melting temperature, melting enthalpy and
crystallinity. Additionally, the decrease was accelerated by either a high temperature,
or a concentrated NaOH solution. The degree of crysallinity of PVDF membranes was
reduced after the NaOH treatment. In contrast, plasma activated modification showed
the highest contact angle. PAM is the less damaging method of membrane
modification compared to the alkaline treatment. Plasma only activates the surface of

membrane to generate oxide or hydroxide groups without membrane destruction.

Table 3.5 Contact angle and surface roughness of the original and the modified
membranes by 0.01M FAS-C8 (24h) after chemical and plasma

activations
Membrane modification Contact Rrms (nmM)
angle (°)
Original membrane 68.91+0.89 31.13
2M NaOH at room temperature for 12h (PVDF- 119.46+1.64 49.67
CM2)
7.5M NaOH at 60°C for 3h (PVDF-CM7.5) 100.20+2.97 48.77

Plasma-activated modification (PVDF-PAM) 145.61+3.11 53.65
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- FT-IR

In Figure 3.12, the FT-IR spectra of the original membrane and the modified
membrane with organosilanes by PVDF-CM and PVDF-PAM are compared. There
were three new peaks detected in the spectrum of Figure 3.12. The 1634 cm™ was
assigned to the Si-O-Si bending. The 2890-2970 cm™ broad band of medium intensity
was CH, asymmetric stretching. The 3480 cm™ was OH™ group. For the PVDF-
CM7.5, there were OH groups on the membrane surface since all OH groups may not
react with silanol of the FAS molecules. Under the PVDF-PAM, membrane surfaces
were activated by helium plasma activation, which followed by grafting with FAS-
C8. Polar functional groups can be introduced on membrane surface after breaking C-
C and C-H bonds [30]. The OH peak was undetected due to the complete chemical
reaction between OH and silanol forms. As a result, the contact angles of membrane
modified by PVDF-PAM were higher than by PVDF-CM.
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*The membranes were modified in 0.01M FAS-C8 for 24h

Figure 3.12 FT-IR spectra of the PVDF membrane: a) original membrane; b) PVDF-
CM2; ¢) PVDF-CMT7.5; d) PVDF-PAM

600
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- XPS
The XPS analytical results were shown in Table 3.6. The fluorine (F) content on the
surface of modified PVDF membranes increased compared with that of the original
membranes, except the PVDF-CM7.5. This is caused by the elimination of H-F
during the alkaline treatment due to high NaOH concentration in which F atoms were

released from the PVDF membrane.

In case of PVDF-PAM, Si content was higher and the XPS results implied that there
were organosilane molecules and the grafting was successful. The exposure of the He
plasma treated membrane to atmosphere caused the attachment of oxygen molecules
on the PVDF membranes resulting in the OH groups on the membrane surface.
Wavhal and Fisher [90] and Liu et al. [77] reported that when the membrane was
exposed to argon plasma, and then to air, there were the formations of oxide and
peroxide. Figure 3.13 shows XPS spectra obtained from the PVDF membrane surface
grafted with FAS-C8 solution. Three elemental compositions (Si 2s at 153 eV, Si 2p
at 102.4-102.7 eV, C 1s at 284.8 eV and O 1s at 531.71-533.12eV) were clearly
observed. The Si 2p, Si 2s, C 1s and O 1s components originated from the Si—CHs,
Si—0O, CH3-Si and O-Si groups, respectively. The Si 2p and Si 2s were from FAS-C8.
Zheng et al. [122] reported that the Si—CHg3, Si-O, CH3-Si and O-Si groups were
found on the membrane surface modified by polydimethylsiloxane and
polymethylsiloxane solution. Additionally, Na was found on the membrane surface as
shown in Figure 3.13d due to the residue of NaOH in the cleaning step which due to
high concentration of NaOH. The O 1s spectra in Figure 3.13b showed that the
membranes were activated by helium plasma, and then were attacked by the oxygen
in the atmosphere followed by the reaction with the silanol of FAS-C8, which is
indicated by a stronger increase of the corresponding peak at 531.71 eV than the
original membrane. In contrast, there was a significant increase in the intensity of O
1s in 7.5M NaOH treated membrane as shown in Figure 3.13d. This may be the
results of oxygen in the ether group at 533.12 eV [90].



Table 3.6 Changes of the chemical structure of membrane surface
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Membr ane modification

Atomic concentration (%)

C F @) S
Original membrane 52.5 38.9 7.1 -
PVDF-CM2 43.99 48.98 4.85 1.07
PVDF-CM7.5 48.7 32.9 14.6 19
PVDF-PAM 39.44 46.96 10.21 2.7
*The membranes were modified in 0.01M FAS-CS8 for 24h
O ) ” Ch i
a) b)
s sy = aaaatuia m.
c) d)

Figure 3.13 XPS spectra: a) original membrane; b) PVDF-PAM; ¢) PVDF-CM2; d)

PVDF-CM7.5
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— Pore Sizeand Pore Size Distribution
The membrane pore size and pore size distributions were illustrated in Figure 3.14.
Compared to the original membrane which had a maximum pore size of 0.282 um and
mean pore size of 0.1305 pm, the pore size and pore size distribution after
modification were in the range of 0.136-0.1396 pm and 0.2361-0.3 um, respectively.

— SEM Images
Figure 3.15 displays the morphology observations of the outer surface of the original
and modified membranes. The outer surfaces of the modified membrane from both
PVDF-CM2 and PVDF-PAM were not significantly different.

— AFM Images

The effect of modification on surface roughness was shown in Figure 3.16 at a scan
size 2 um x 2 um. The root-mean-squared roughness (Rmms) Was used to report the
data in Table 3.5. The 3D images indicated that the surface modifications increased
the surface roughness of membrane. The R;ms of membrane was increased from 31.13
nm for original membrane to 53.65 nm for modified membranes. The modified
membrane surfaces were covered by many small peaks. The modified surfaces
became rougher and revealed numerous bumps. The increase of surface roughness
after modification can confirm the grafting of organosilane on the surface that also led
to the increase in the contact angles. The roughness of the membrane surfaces

increases with contact angles leading to high membrane hydrophobicity [111].
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Figure 3.14 Pore size and pore size distribution of the original and modified

membranes: a) original membrane; b), PVDF-PAM; c) PVDF-CMZ2; d) PVDF-CM7.5
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Figure 3.15 SEM images of the original membrane and modified membrane: a)
original membrane; b) PVDF-CM2; d) PVDF-PAM
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Figure 3.16 AFM 3D images of membranes: a) original membrane; b) PVDF-CM2,;
c) PVDF-CM7.5; d) PVDF-PAM (all modified by 0.01M FAS-C8 (24h)

Table 3.7 shows the comparison of modified membrane’s properties with reported
ones by different groups in the literature. The contact angle of modified membrane by
the condition of PVDF-CM7.5 was 100.2°, which was lower than those of Zheng et
al. [89] and Yang et al. [126], which were in range of 105°-135°. Zheng et al. [89]
used mixed organosilanes (DDS and MTS) which were more hydrophobic. Yang et

al. [126] performed the alkaline treatment at lower NaOH concentration (2M), while
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Rahbari-Sisakht et al. [94] used surface modifying macromolecule which was also

more hydrophobic.

However, both conditions of PVDF-CM2 and PVDF-PAM in the current work
resulted in an increased contact angle higher than PVDF-CM7.5. The contact angles
of the modified by PVDF-CM2 and PVDF-PAM were 119.46° and 145.61°,
respectively which were higher than those of Zheng et al. [89] and Yang et al. [126].

Moreover, the modified membranes in this study presented good performance of
mechanical strength in term of tensile modulus and tensile strength which are similar
to the study of Zheng et al. [89]. However, the strain at break of membrane in this
study was decreased while the modified membranes of Yang et al. [126] were
increased. It is worthy to mention that the mean pore sizes of modified membranes in
this study show an insignificant change, whereas the modified membrane of Yang et
al. [126] and Rahbari-Sisakhtet al. [94] became bigger, which may play an adverse

impact on the membrane performance.

3.3.3 Stability test of modified PVDF membranes for CO, absor ption

The modified membranes were applied to study that used as membrane contactor for
CO; absorption. The CO, absorption flux of original and modified membranes is
shown in Figure 3.17. The CO; flux of the original membranes decreased from
7.7x10 to 3.1x10"° mol/m?.s, which is 40.3% of the initial value during the 15 days
operation. In the case of modified membrane by PVDF-PAM and PVDF-CM2, the
CO; fluxes were stable during 15 days operation. The CO, flux of PVDF-PAM was
higher than PVDF-CM2. This is because the modified membranes were more
hydrophobic than the original membranes in term of contact angle; the modified
membranes can reduce the membrane wetting. Therefore, the grafted hydrophobic
layer (the chain side of organosilane) can resist the water penetration to the
membrane. According to the results, the membrane showed a stable performance for
15 days, suggesting that the reactions between membrane and organosilane were

relatively stable within this period of time.



Table 3.7 Comparison of various PVDF hydrophobic membrane modifications
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Reference Membrane Treatment Contact M echanical properties M ean pore
condition angle Tensile Tensile Strain at size
) Modulus stress break
[89] PVDF 7.5M NaOH at 157 - - - -
film 60°C for 3h,
20%DDS/MTS
for 30 min
[94] PVDF Surface 92+1.25 - - - Bigger
hollow modifying
fiber macromolecule
[126] PVDF (1) 1-2M fides Increase - Increase Bigger
hollow NaOH for 12h,
fiber grafting with
perfluoropolyet
her with
ethoxysilane 105 Decrease - Increase Bigger
)
polymerization
with 1H, 1H,
2H, 2H-
perfluorodecyl
acrylate
Current PVDF (1) 7.5M 100.2 Increase  Increase Decrease No
work  hollow NaOH for 3hat  +2.97 significant
fiber 60°C, 0.01M change
FAS-C8 for

24h (CM7.5)
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(2) 2M NaOH  119.46x Increase Increase Decrease No
for 12h, 0.01M 1.64 significant
FAS-C8 for change
24h (CM2)

(3) Helium 145.61+ Increase Increase Decrease No
plasma 3.11 significant
activation, change
0.01M FAS-C8

for 24h (PAM)
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6.0E-03 - ——PVDF-PAM
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Time (day)

Figure 3.17 Membrane performances for CO, absorption over 15 days of operation
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3.4 Conclusions

The modification conditions of this study by chemical and plasma-activated
modifications were investigated by varying the modification parameters including
NaOH and organosilane concentrations, types of organosilanes and grafting time.
The original and modified membranes were characterized for FT-IR, XPS, contact
angle, SEM and AFM images, pore size and pore size distribution, and mechanical
strength. The results showed that the contact angle of original membrane (68.91°)
were decreased after alkaline treatment from 44° to 31° with increasing NaOH
concentration from 2.5M to 7.5M at 60°C for 3h. For the chemical modification, the
contact angle of NaOH treated membranes was increased to 100.2° after modification
with 0.01M FAS-C8 for 24h. Additionally, the contact angles increased with grafting
time and number of functional groups of organosilanes. A need-like structure was
observed on membrane surface after modification while there was no significant
change in pore size and pore size distribution. Moreover, FT-IR and XPS data showed
the peak and chemical composition of Si. The mechanical strength of membranes was
also improved after modification. In contrast, the contact angle of the modified
membrane was increased to 119.46° after decreasing NaOH concentration from 7.5M
to 2M and immersing the membrane for 12h under room condition, followed by
grafting of 0.01M of FAS-C8 for 24h.

The comparison between chemical modification and helium plasma activation
followed by grafting 0.01M FAS-C8 for 24h showed that the contact angle of
modified membrane under helium plasma activation followed by grafting 0.01M
FAS-C8 for 24h (145.61°) was higher than the 2M NaOH followed by grafting 0.01M
FAS-C8 for 24h (119.46). The mechanical strength and surface roughness of modified

membranes were also enhanced while other physical properties did not change.

In the long-term performance, the modified PVDF membranes were more stable and
durable than the original PVDF membranes. This result clearly indicated the
feasibility of improving the membrane performance in membrane contactor by surface

modification.



CHAPTER IV
THE STABILITY OF MODIFIED MEMBRANES EXPOSED TO
OZONE

4.1 Introduction

The membrane is a major component in the membrane contactor. Under the extreme
oxidizing agent as ozonation oxidation in membrane contactor for wastewater
treatment, the formation of hydroxyl radicals and reactive ozone which aim to
degrade the pollutants may change the properties of membranes. PTFE and PVDF
membranes are widely used for membrane contacting process, which are hydrophobic
membranes, because the main chains consist the chemically strong bonding between
carbon and fluorine. Mori et al. [11] reported that the Os resistance of PTFE
membranes was higher than that of PVDF and PE membranes. Bamperng et al. [34]
presented the changes in SEM image of PVDF membrane after long-term testing by
ozonation with membrane contactor. Glater et al. [106] found that the membranes
were damaged during ozone exposure by decrease of salt rejection in reverse 0smosis.
Recently, the degradation of polymeric membranes by sodium hypochlorite solution
(NaOCl) as the cleaning solution and oxidizing agent have been widely studied in the
literature [35-39], little is known on the changes on chemical and physical properties

of membranes by ozone.

The results in CHAPTER 3 showed that the hollow fiber PVDF membranes activated
by 2M NaOH, at 60°C for 12h and by helium plasma, followed by grafting with
0.01M FAS-C8 for 24h (referred to as PVDF-CM2, and PVDF-PAM, respectively)
exhibited increased hydrophobicity. The CO, absorption fluxes were also more stable
than original membranes. Kukuzaki et al. [40] reported that the modified Shirasu
porous glass (SPG) membranes by an organosilane compound not only increased the
hydrophobicity but also resisted the ozone oxidation. Therefore, examination of

changes of membrane of membrane hydrophobicity and ozone resistance after ozone
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exposure would give useful results for the application of membrane contactor for

ozonation process.

In this chapter, we performed a systematic experiment to investigate the effect of
ozone concentration and time on the membrane structure and properties using the
modified membranes (PVDF-CM2 and PVDF-PAM), in comparison with the original
PVDF and commercial PTFE hollow fiber membranes. Detailed characterizations

were performed for all membranes before and after ozone contact.

4.2 Methodology

4.2.1 Materialsand chemicals

The PVDF membranes selected for in this study were PVDF-CM2 and PVDF-PAM
which was obtained from the CHAPTER 3. The PTFE hollow fiber membrane was
supplied by Markel Corporation (U.S.A). The specifications of the membranes are
listed in Table 4.1.

4.2.2 Methods
— Thestability test of membranes exposed to ozone

The experimental setup is illustrated in Figure 4.1. The ozone was produced with
ozone generator (Model: VGsa 010, Siamese twins Ltd., Thailand) using pure oxygen.
The ozone concentration in the gas phase was measured by the ozone analyzer
(OLD/DL-5, Canada). The membrane module was prepared using 5 hollow fibers
assembled in a glass tube with an inner diameter of 10 mm and an effective length of
25 cm. The fiber ends were completely sealed with the epoxy. The ozone gas at a
fixed concentration (0-60 ppm) was continuously fed in the shell side or on the outer
surface of the fibers for a fixed period of time (0-36h).



Table 4.1 Specifications of the hollow fiber membranes
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Original PVDF- PVDF- PTFE
Membranes
PVDF CM2 PAM
Fiber 0.d. (mm) 1.16 1.16 1.16 2
Fiber i.d. (mm) 0.8 0.8 0.8 1.6
Membrane pore size (um) 0.13 0.14 0.14 0.089
Membrane porosity (%) 85 83 80 50
Contact angle (°) 68 119 145 105
- N
zZone
MFC D<) Gene?ator P
[ H
Ozone
- Analyzer | I > ”
8., Water Trap
>
<
O
—_

Figure 4.1 Schematic diagram of the stability test of membranes exposed to ozone
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After testing, the membranes were taken out of the modules and then were
characterized for the contact angles using a tensiometer (DCAT11 Dataphysics,
Germany). A lumen of fiber was glued by epoxy to measure only the outer surface
contact angle. The sample was immersed into Milli-Q water and the contact angle was
calculated from the wetting force based on the Wilhelmy method. The membrane
morphology was observed by Field Emission Scanning Electron Microscopy (FE-
SEM) (JSM-7001F). The surface infrared spectra were recorded using an IR Prestige-
21 Fourier transform infrared (FTIR) spectrophotometer (SHIMADZU) at a

resolution of 4 cm™ in attenuated total reflection (ATR) mode.

The pore sizes of the fibers were measured using a capillary flow porometer (Porous
Materials Inc., model CFP-1500A). The pores of the samples were filled with the
Galwick® solution as the wetting liquid. The mechanical strength of the fibers was
measured using a Zwick/Roell BT1-FR0.5TN.D14 testing machine at a constant

elongation under room temperature.

4.3 Resultsand discussion

4.3.1 Change of membrane properties and structures

The contact angles of PVDF membranes exposed to ozone from 0 to 36h for 0-60
ppm are as shown in Figure 4.2. The contact angle of original PVDF membranes
increased approximately 26% after 2h of ozone treatment and remained relatively
constant afterwards, as illustrated in Figure 2a. It is possible that some additive groups
on the membrane surface used by the manufacturer to make the membranes were
removed, resulting in the observed increase of contact angle [37]. The result of FT-IR
spectra to be discussed. In contrast, Figure 2b and c present the contact angles of the
PVDF-CM2 and PVDF-PAM membranes which decreased approximately 10% and
20%, respectively, after 2h of ozone treatment, followed by insignificant change with
time and ozone concentrations. Based on this result, the contact angles of all ozone
treated membranes did not change significantly after 20 ppm ozone concentration and
2h ozonation time. Levitsky et al. [129] and Wang et al. [36] reported that the contact
angles of PVDF membranes decreased with time after cleaning by NaOCI solution

(hypochlorite), even though the oxidation potential of hypochlorite (E°=1.48V) is
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lower than that of ozone (E°=2.08V) [70, 130, 131]. On the contrary, the contact
angles of original and PTFE membranes, for 60 ppm ozone, 36h, were 108°+0.86 and
108°£1.8, respectively, or were rather constant. This is because the PTFE membrane
consists of the strong carbon-fluorine (C-F) bonds which contribute to excellent
chemical resistance including ozone oxidation. Basically, the role of fluorine and C-F
bond in achieving a high degree of solvent resistance and stability is well known in
organic polymers. Although the contact angles of PVDF-PAM membrane decreased,
the PVDF-PAM membrane still showed the higher hydrophobicity than the original
PVDF and PTFE membranes in term of contact angle due to surface modification
using FAS-CS8, resulting in the changes of intramolecular bonding with C-F and layer

during grafting.
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The changes in the chemical functionality of membrane surface after exposing to
ozone were confirmed by observing the changes in the position of hydroxyl and
carbonyl bands. Figure 4.3 shows the FT-IR spectra of PVDF and PTFE membranes
exposed to ozone under ozone concentration of 60 ppm for 36h. In the commercial
PVDF membrane manufacturing process, the solvent for the post-treatment (e.g.
water, isopropanol), is used to wash membranes to remove the impurity from the
membranes that may contain the OH group on the membrane surface. As shown in
Figure 4.3, the functional groups of original PVDF membrane presented a very strong
band at 3313 cm™. Original PVDF membranes exposed to ozone did not exhibit a
broad band from 3300 cm™ to 3400 cm™ which may be attributed to the stretching
hydroxyl group (-OH), but presented a broad band from 2850 cm™ to 3000 cm™
which may be attributed to the stretching alkyl groups (C-H) after ozone oxidation of
hydroxyl groups. As -OH groups were destroyed, the membranes became more
hydrophobic, as seen by the increase in the contact angle in Figure 4.2a. This is
similar to the study of Puspitasari et al. [37] that the —OH groups were destroyed after
cleaning membrane with NaOCI solution. Comparing the spectra of unexposed and
ozone exposed PVDF-PAM at 60 ppm for 36h, the main difference was the strong
broad band at 1644 cm™and 1740 cm™ during the ozone exposure. These two bands
are characteristics for the stretching carbonyl groups (C=0). The C=0 groups most
likely impart the hydrophilic character to the PVDF membranes. As C=0 groups were
found, the membrane became more hydrophilic, as seen by the decrease in contact
angle in Figure 4.2b. These observations suggested that the modified PVDF
membrane using FAS-C8 as a modifying agent may be degraded by ozone oxidation.
In addition, the unsaturated bond after modification may be effectively degraded on
the membrane surface by ozone oxidation because ozone is highly powerful to modify
the hydrophilicity and can form free oxygen groups on the membrane surface. Figure
4.4 illustrates the bond energy of modified P\VDF membranes. The bond energies of
C-F, C-H and Si-O are higher than that of Si-C and C-C [132, 133]. As the result, part
of Si-C bond may be oxidized and C-C bond may be changed to C=0 or C-O bond by
ozone oxidation. In contrast, the FT-IR spectra of PTFE membranes exposed to ozone

showed no significant change. This result indicated that the PTFE membranes were
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not oxidized by ozone due to the high bond energy of C-F which is resistant to ozone

oxidation.
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Figure 4.3 FT-IR spectra of membranes before and after exposing to ozone, 60 ppm
for 60h: a) original PVDF; b) Os-original PVDF; ¢) PVDF-PAM,; d) O3-PVDF-PAM
membranes; e) PTFE; f) Os3-PTFE membrane
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Figure 4.4 lllustration of intra-chain energy of modified PVDF using FAS-C8 as
modifying agent

The membrane resistance to ozone oxidation was also observed from the physical
appearance of membrane surface. The mean and maximum pore sizes of membranes
were measured to examine any changes of pore sizes due to the ozone oxidation and
the results can be observed in Figure 4.5. The mean pore sizes of original and
modified membranes exposed to ozone did not show obvious change, but the
maximum pore sizes were increased, except PVDF-CM2 membrane. Increasing ozone
concentration and time to those higher than 20 ppm and 2h did not influence the pore
size. It was also observed by FE-SEM images that the outer surface of the original and
modified PVDF membranes exposed to ozone became a bit rougher, as a result of

partial oxidation on the membrane surface as illustrated in Figure 4.6.

Mechanical stability of the membranes after exposing to ozone was tested to indicate
the membrane’s mechanical strength and deformation as shown in Figure 4.7. There
were fluctuations in the results, however, it may be concluded that the changes in
tensile modulus were small. Additionally, the grafted layer (the side chain of
organosilane) can resist the ozone destruction to the membranes because of the intra
chain energy of modifying agent. However, the study of Wang et al. [36] reported that
the interaction between polymer molecules was weakened and easier to crack after
NaOCI solution cleaning [36]. Arkhangelsky et al. [35] also found that the ultimate
tensile strength, ultimate elongation and elasticity modulus of UF membranes exposed
to NaOCI solution decreased with the degree of degradation being directly related to
the dosage of oxidant and being more intense.
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Figure 4.6 FE-SEM images of membranes before and after exposing to ozone
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Figure 4.7 Tensile modulus of PVDF membranes after exposing to ozone

4.4 Conclusions

An investigation of the stability and durability of PVDF hollow fiber membranes
exposed to ozone has been presented. The original PVDF membrane, the modified
PVDF-CM2 and PVDF-PAM membranes, and PTFE membrane were selected to
study. According to the stability test of membranes exposed to ozone at different
ozone concentrations and durations, the results showed that the contact angles of the
PVDF-PAM and PVDF-CM2 membranes decreased at the initial period of ozone
exposure (2h, 20 ppm) and remained constant afterwards. In contrast, the contact
angles of original membranes increased. The reduction of hydroxyl peak and presence
of carbonyl peak were confirmed by FT-IR. The mean pore size and outer surface of
membranes exposed to ozone showed insignificant change but the tensile modulus of
PVDF-PAM membranes exhibited more stability than that of original PVDF and

PVDF-CM2 membranes. The properties of PTFE membranes showed insignificant
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change after ozone exposure. The modified PVDF membrane showed the increase in
hydrophobicity, the membrane stability, and durability towards ozone. The stability of
modified PVDF membranes was due to the enhancement of C-F bonding of FAS-C8,
which resisted the ozone oxidation.



CHAPTER YV
APPLICATION OF MODIFED MEMBRANE IN MEMBRANE
CONTACTOR FOR DYE SOLUTION TREATMENT

5.1 Introduction

Wastewater from the textile industries is the significant source of environmental
pollution. Color is usually the first contaminant to be recognized in textile
wastewaters. The high strength colored effluents are visual eyesore, cause aesthetic
pollution, eutrophication and perturbations in aquatic life which have been found to
be toxic and carcinogenic to aquatic environments [2, 45, 134-136]. The ozonation
process has been recommended in recent years as a potential alternative method for
decolorization. Ozone specifically attacks the conjugated chains that show color to the
dye molecule. During the ozonation process, ozone molecule is selective and attacks
preferentially the unsaturated bonds of the chromophores, as a result, the color is
removed [41, 70, 99, 136, 137]. The process of ozonation can take place in two ways
which are directly by ozone molecule itself or indirectly by changing to hydroxyl
radicals [41, 70, 99, 136, 137]. The conventional methods of gas—liquid contact for
the ozonation of wastewater, such as bubble columns and packed beds, are limited by
low mass transfer of ozone into the aqueous phase [9]. In addition, the efficiency of
ozone mass transfer depends on the hydrodynamic behavior of the fluid, solubility
ratio, and mass transfer coefficient [71]. The effectiveness of ozonation can be
increased by increasing surface area of ozone through the generation of smaller
bubbles [5, 6]. However, the drawbacks of the bubble column are flooding, uploading,
emulsion, and foaming [7, 8]. These problems can be solved by using a gas-liquid
membrane contactor [8, 13], a method employing a combination of membrane with
ozonation which has been developed for the effective absorption of CO, by liquid
absorbents [8].

Membrane contactors are systems in which hydrophobic porous membranes are used

to promote gas—liquid or liquid—liquid mass transfer without dispersion of one phase
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into the other [9]. The advantages of the membrane contactors over conventional
contactors are given by the fact that contacting membrane provides much higher
interfacial area [13, 138], the hydrodynamic decoupling of the phases [10], and
requires small areas [11, 13]. Also, increasing mass transfer coefficients results in
higher gas transfer rate and a smaller process volume for installation [12]. Several
studies have been conducted on use of ozonation by membrane contactor for
oxidation of organic compounds such as humic substance, phenol, acrylonitrile,
nitrobenzene, dyes [7, 10, 12, 13]. However, there has been a limited study on the

application of the membrane contactor for treatment of dye wastewater.

Recently, several studies have shown success of using modified hydrophobic
membranes in membrane contactor applications. Wongchitphimon et al. [97]
reported that the modified PVDF-HFP had a higher CO, absorption flux than the
original membranes due to higher hydrophobicity. Sisakht et al. [95] found that the
CO; fluxes of modified polysulfone membranes by surface modifying macromolecule
were higher than those of unmodified membranes. Razmjou et al. [139] modified
PVDF membranes via coating TiO, on the membrane surface followed by
perflorododecyltrichorosilane for membrane distillation. The results showed that the
permeate conductivity, using the modified membranes, was stable whereas, it was
sharply increased for the original membrane. It can be concluded that the
improvement of membrane hydrophobicity is effective for the application of

membrane contactor for CO, absorption and membrane distillation process.

The results in CHAPTERS 3 and 4 showed that the contact angle, CO, absorption
flux and membrane stability after ozone contact of modified PVDF-PAM membrane
was higher than that of original PVDF and PVDF-CM2 membranes. Therefore, in this
chapter, the PVDF-PAM membranes fabricated as hollow fiber modules were applied
for treatment of dye solutions by ozonation to compare ozone flux, COD and TOC
removals, including BODs/COD, by-products and pH changes during ozonation, in

comparison with original PVDF and PTFE membranes.
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52 METHODOLOGY

5.2.1 Materialsand chemicals

The membranes selected for in this study were original PVDF, PVDF-PAM and
PTFE membranes as reported in Table 4.1, in the CHAPER 4. Dyes, Reactive Black 5
(RB5) and Basic Yellow 28 (BY28), were kindly provided by DyStar Thai Ltd. The
properties of RB5 and BY28 are shown in Table 5.2.

Table 5.1 Specifications of hollow fiber membranes and modules

Properties Original  PVDF- PVDF- PTFE
PVDF CM2 PAM
Membrane
Fiber 0.d. (mm) 1.16 1.16 1.16 2.0
Fiber i.d. (mm) 0.8 0.8 0.8 1.6
Membrane pore size (um) 0.13 0.14 0.14 0.089
Membrane porosity (%) 85 83 80 50
Number of fibers 30 30 30 24
Effective contact area (m?) 0.01885 0.01885 0.01885 0.03137
Contact angle (°) 68 119 145 105
Module
Module 0.d. (mm) 12 12 12 26
Module i.d. (mm) 10 10 10 38

Effective module length (mm) 250 250 250 260
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Table 5.2 Dyes properties used in this study

Dye Reactive Black 5 Basic Yellow 28
Code RB5 BY28
H Sa s W] Cably D25 1_{_\_:"- N N SN
Chemical " \; _\: — B
structure — ) | AN A N
SN =4
Ll _‘:3.‘\ {:ﬁ Hit
N 1 -f?_‘“"\- \_\'ﬁ_\..x-‘n N FHhst
ARy
Molecular 991 433

weight (g/mol)

Armax (NM) 600 450

5.2.2 Methods
— Thelong-term ozone fluxes of PVDF and PTFE membranes

In order to study the deterioration of ozone flux; possibly due to membrane wetting
and ozone oxidation, the long-term experiments were conducted. The experimental
setup is schematically shown in Figure 5.1. The 30 hollow fibers of original PVDF
and PVDF-PAM, and 24 hollow fibers of PTFE membranes were potted in the glass
modules as presented in Figure 5.2. The ozone gas at fixed concentration (40 mg/L)
was continuously fed in the shell side with the velocity of 0.12 m/s, while 100 mg/L
of RB5 dye feed solution was pumped through the lumen side of the fibers using
peristaltic pump (L/S®Easyload® 11, Masterflex) in a counter current mode. The RB5
dye solution was fed as a single pass, shown by the solid line (Mode I) in Figure 5.1,
with the velocity of 0.46 m/s. The outlet ozone concentrations in the gas phase were
measured every 1lh (after a steady state was reached) for 20h using the ozone

analyzer. The ozone flux (J,,) can be determined by the following equation:
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. Q03 (C03,in - CO3,out) 5.1

Jo, )

Where Qo, is the ozone flow rate. Co,, and Cy, . are the ozone concentrations in

the gas phase at inlet and outlet, respectively. A is an effective area of the membrane.

— Decolorization performance of dye solution by ozonation using membrane
contactor

This part is the study of continuous ozonation to determine the decolorization
performance. The experimental setup was similar to the previous section, except the
outlet dye solution was recycled back to the feed tank as illustrated by the dashed line
(Mode I1) in Figure 5.1. The conditions of the experiments were also the same as the
previous section with fixed ozone concentration 40 mg/L and dye solution 300 mg/L,
gas velocity 0.12 m/s, and liquid velocity 0.46 m/s. The liquid samples were collected
from the feed tank at 5, 10, 20, 40 and 60 min and were analyzed for the dye
concentration using U3000 spectrophotometer (Hitachi) at specific wavelength of
each dye solution. The COD and BOD of treated dye solutions were determined by
the Standard Methods [140] as described in Appendix A. Analysis of total organic
carbon (TOC) was performed by an elementarliquiTOC analyzer with high
temperature catalytic oxidation mode coupled with non- dispersive infrared (NDIR)
detector. The carrier gas was air zero with a flow rate of 200 ml/min. Calibration of
the analyzer was achieved with potassium hydrogen phthalate (99.5%, Merck) and
sodium carbonate (secondary reference material, Merck) as the standards for total
carbon (TOC) and inorganic carbon (IC), respectively. The difference between total
carbon and IC gives TOC data of the sample. The removal efficiency, including color,

COD and TOC, is defined by the following expression:
Removal efficiency (%) = (1 — i) x 100 5.2

Co

Where C, and C are the concentrations at time 0 and t, respectively.

The volatile organic acids (VOCs) in the liquid phase were analyzed by a Shimadzu
GC-14B gas chromatography equipped with a flame ionization detector and a packed

column unisole 30T 3 mm in diameter and 3 m in length. 1uL of each sample was
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injected into the injection port. The temperature of the column was initially set at
180°C. The injector and detector temperatures were set at 130°C and 200°C,

respectively.

The oxalic and acetic acids after the degradation of RB5 and BY?28 were determined
by high-performance liquid chromatography (HPLC). Analysis was done using a
Agilent 1260Infinity equipped Inertsil ODS-3 with guard (column with
4.6 mm x 250 mm inside diameter, 5 um) with a mobile phase of KH,PO, and
acetonitrile. The sample was fed into the HPLC at a flow rate of 20 uL/min. The
determination of ammonium ion has been performed by ion chromatography (IC)
adopting a Shodex IC YS-50 with guard (4.6 mm x 125 mm) column and 4mM
methanesulfonic acid as eluent with flow rate of 1 ml/min and temperature at 40°C.
The anions, including sulphate and nitrate, have been analyzed by using a Shodex IC
NI-424 with guard (4.6 mm x 100 mm) column and a mixture of 6mM 4-
hydroxybenzoic, 2.8mM Bis-Tris, 2mM phenylboronic acid and 0.005mM CyDTA at

a flow rate 1 mL/min and temperature at 50°C.

GC/MS analysis was employed to identify the presence of by-products in the dye
solution. Prior to GC/MS analysis, the samples were pre-concentrated using solid
phase microextraction (SPME). Extraction was performed at room temperature and
under intensive magnetic stirring using a glasscoated flea micro spin-bar. The 100 um
polydimethylsiloxane SPME fiber type and a SPME fiber holder assembly purchased
from Supelco were used for extraction. For extraction, the fiber holder assembly was
clamped at a fixed location above glass vial containing the sample. The fiber was
immersed to the aqueous phase and after sampling for 30 min at room temperature it
was retracted and transferred to the heated injection port (250 °C) of the GC/MS for
desorption, where it remained for 5 min. A fiber clean-up procedure was followed
between runs to eliminate the possibility of analyte carry over between runs. A
Shimadzu GC-17A (Version 3) QP-5050A GC/MS system equipped with a
30mx0.25mmx0.25 mm HP-5MS capillary column (Agilent Technologies) was used.

The injector was operating at 250°C in the splitless mode with the split closed for 5
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min. Helium (499.999% purity) was used as the carrier gas at a flow-rate of 1.2
mL/min. The column oven was initially set at 50°C for 5 min, then programmed to
160°C at a 3°C/min rate where it was held for 2 min, then to 310°C at a 5°C/min rate.
The interface temperature was set at 320°C and the detector voltage at 1.50kV. The
ionization mode was electron impact (70 eV) and data was collected in the full scan
mode (m/z 50-450). For a compound to be considered as a likely reaction
intermediate with a certain degree of confidence, its mass spectrum should match that

of the GC/MS mass spectrum library by at least 75%.

The pH of treated dye solution was measured by a Suntex Digital pH/mV meter (TS-
1). The conductivity was measured by a WTW InoLab Cond 720.

Ozone
> @ Generator

Ozone
Analyzer

Water Trap

Model

Oxygen

Feed Tank

Figure 5.1 Schematic diagram of the membrane contactor for ozonation of dye
solution
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5.3 Resultsand discussion
5.3.1 Long-term ozone flux of PVDF and PTFE membranes

The comparison of ozone mass fluxes in the long term test of the original and
modified PVDF membranes for Reactive Black 5 solution feed was investigated.
PVDF-PAM was selected due to the good properties after exposing to ozone. The
experimental results are shown in Figure 5.2. It is very clear that the ozone fluxes of
original PVDF and PVDF-PAM membranes decreased with the operation time. The
ozone flux of original PVDF membrane decreased from 1.23x107 to 7.53x10™ g/m?.s,
or the decrease was 39% after 5h of the operation, and then remained quite constant.
On the contrary, the ozone flux of PVDF-PAM membrane showed a slight decrease
(16%) from 1.08x107 to 9.04x10™* g/m®s in 6h. The CHAPTER 3 reported that the
pore size and pore size distribution of the original and PVDF-PAM membranes were
in the range of 0.10-0.30 um. According to the Laplace equation, the penetration of
water takes place more easily for the bigger pores [98], therefore, the big pores of
PVDF-PAM membrane may be filled by water, resulting in the initial reduction of
ozone flux. Similar performance decline by wetting was reported by Bamperng et al.
[34] for PVDF membranes in ozonation of dye wastewater. The reason for the slight
decrease of ozone flux for PVDF-PAM membrane during long term operation was the
increase in contact angle after membrane modification, from 68° to 145°. Also, the
ozone flux stability of PVDF-PAM membrane could be explained by the enhancing of
intermolecular hydrogen bonding of FAS-C8, leading to reduced membrane wetting
and ozone oxidation on the membrane surface as discussed in the previous section. It
should be noted that the ozone flux of the modified membrane was a little lower than
that of original membrane in the first 2h. It was due to the decrease of porosity and an
increase the thickness after membrane modification [98].

In the case of PTFE membrane, ozone flux decreased slightly from 8.67x10™ to
8.19x10™ g/m?.s and was constant during 20h. It was noted that the PVDF-PAM
membrane exhibited the higher ozone flux than PTFE membrane since the contact
angle of the modified PVDF-PAM membrane (145°) was higher than PTFE
membrane (105°). Moreover, PTFE membrane had the lower porosity than original
PVDF and PVDF-PAM membranes. The high porosity membranes have the higher
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gas-liquid interfacial area, leading to higher ozone mass transfer [40]. The pore size of
membrane had also influence on the ozone flux. Since the pore size of PVDF-PAM
membrane (0.14 um) was larger than PTFE membrane (0.089 um) as reported in
Table 5.1, partial wetting of PVDF-PAM membrane could be the reason for the
decrease of ozone flux [95, 98]. In conclusion, in the long-term operation, the
modified membrane exhibited more stable and better performance. This result clearly
indicated the feasibility of improving flux stability of long-term performance by
modifying the PVDF hollow fiber membranes with FAS-C8.
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Figure 5.2 Long term performance of PVDF and PTFE membranes
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5.3.2 Decolorization performance of dye solution using modified PVDF and
PTFE membranes
In Figure 5.3, for both RB5 and BY28, the decolorization performance using the
PVDF-PAM membrane was higher than that of original PVDF membranes. After 60
min of ozonation time, the decolorization by original PVDF and PVDF-PAM
membranes was almost completed. Moreover, after 60 min, the decolorization
performance of PVDF-PAM was as high as PTFE membrane. This phenomenon was
due to the cleavage of the chromophore structures in the dye molecules, resulting in
the rapid decolorization [141]. It is the worth mentioning that the ozone flux of PTFE
was lower than that of the original PVDF and PTFE membranes, as presented in
previous section (5.3.1) but the decolorization of PTFE membrane, which had lower
contact angle, was faster than that of original PVDF and PVDF-PAM membranes.
This was possibly due to the effect of pore size. The pore sizes of original PVDF and
PVDF-PAM membranes were bigger than that of PTFE membranes which were
partially wetted, therefore, the decolorization performance of PTFE membrane was
better. It is noted that the complete decolorization did not mean that the degradation

of dyes was completed, as indicated by the COD removal in Figure 5.3.

COD removals of RB5 and BY28 by PVDF-PAM membrane were 56% and 42%,
respectively. On the contrary, COD removals of RB5 and BY28 by PTFE membrane
were 52% and 42%, respectively. The COD removal of RB5 for PVDF-PAM
membrane was slightly higher than that of original and PTFE membranes. This is
because the PVDF-PAM membrane was more hydrophobic than the original PVDF
and PTFE membranes in term of contact angle, resulting in reduced the membrane
wetting. It is possible that the pores of original PVDF and PTFE membrane were
filled by the liquid, hence, the diffusivity of gas in the liquid-filled membrane pores is
much lower than that of in the gas-filled pores [142, 143]. Therefore, ozone molecules
could continually react with by-products, which were produced after dye degradation,
using PVDF-PAM membrane, resulting in high reduction of COD.
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Figure 5.3 Comparison of decolorization performance using different membranes:

a) Reactive black 5; b) Basic yellow 28
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5.3.3 Effect of dye solution types

The decolorization performance of RB5 and BY28 using original PVDF, PVDF-PAM
and PTFE membranes showed the similar results. Therefore, the results of PVDF-
PAM were selected to present as illustrated in Figure 5.4. The decolorization of RB5
was higher than BY28. After 60 min of ozonation time, the concentrations of RB5 and
BY28 decreased approximately 100% and 92%. The colors of RB5 and BY28 after 60
min of ozonation time are presented in Figure 5.5. The reason is that the initial pH of
RB5 (5.8) was lower than that of BY?28 (6.55), therefore, most ozone was presented as
molecules. Generally, ozone reacts with organic compounds via two mechanisms
either direct ozone attack or indirect free radical attack [99, 136]. Ozone molecule
dominates oxidation process under low pH, whereas, the hydroxyl radical dominates
under high pH [41, 136]. Ozone molecule is selective and attack preferentially the
unsaturated bonds of azo-chromophores [136, 144]. Hydroxyl radicals have a greater
oxidative power and are less selective than molecular ozone, leading to a decrease in
decolorization at higher pH [69, 70, 99]. For this reason, color removal by action of
ozone molecule is better. Hence, this implied that the predominant reaction in this
study was the direct oxidation of dye molecules by ozone molecule at acidic pH.
Therefore, the decrease in the pH from the 5.8 to 3.2 of RB5, and 6.55 to 3.2 of BY28
was found during the ozonation as shown in Figure 5.6, due to the formation of by-
products and ions in the solution. In addition, the result showed that the color of RB5
solution was clear after 60 min which implied that the wastewater containing RB5
solution with ozonation by membrane contacting process can be discharged. In
contrast, the color of BY28 after 60 min was still yellowish which could not be
discharged into the environment. However, the COD and TOC removals of RB5 and
BY28 were not high as presented in Figure 5.6 which implied that both RB5 and
BY28 could not be discharged.
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Figure 5.5 Illustration of Reactive Black 5 and Basic Yellow 28 with different
ozonation time by PVDF-PAM membrane
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Figure 5.7 depicts decolorization and ozone consumption of RB5 and BY28. The
decolorization of RB5 and BY28 was approximately 100% and 92% after 60 min of
ozonation time, but about 65% of the colors were removed in the first 20 min.
Initially, the ozone used and the RB5 removal were rapid, as the treatment progressed,
both the ozone consumption and decolorization decreased. In contrast, the ozone
consumption of BY28 was lower than that of RB5. Therefore, the reaction between
the BY28 molecule and ozone proceeded slowly and required a significant time for

complete degradation.
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Figure 5.7 Color removal and ozone consumption: a) Reactive Black 5; b) Basic
Yellow 28
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5.3.4 Deter mination of by-products from ozonation of dye solutions

Since the chemical reduction of azo linkage (N=N) by ozonation commonly results in
the formation of lower molecular weight by-products and eliminates the color RB5.
From the results of color and COD reductions by ozonation membrane contacting
process, it was observed that the COD removal efficiency was always lower than
decolorization. Comparing the three membranes in Figure 5.3, the COD removal by
PVDF-PAM membranes was highest. Therefore, the PVDF-PAM membranes were
selected to study in this part.

After 60 min, the COD removals of RB5 and BY28 were 56% and 42%, respectively.
In addition, a slight removal of TOC was noted, as shown in Figure 5.6, indicating
that RB5 and BY28 were converted mainly to the intermediate products and complete
mineralization did not occur. The low TOC removal under ozonation can be explained
by the resistance of aromatic structures to cleavage and the productions of small
organic molecule fragments not being completely mineralized under oxidation. TOC
values may not be the total TOC concentrations due to the removal of volatile organic
compounds (VOCs) formed during ozonation, i.e., formaldehyde and acetaldehyde
[69]. In this study, isovaleic acid, butyric acid, propionic acid and acetic acid were
found as VOCs by gas chromatograph. The 4-(2-Methylamino-ethyl)-phenol was also
found after dye degradation by ozonation process. The results confirmed that RB5 and
BY28 could not be completely oxidized to carbon dioxide and water during the

ozonation but rather transformed to some intermediates.

Figure 5.8 (a-b) illustrates representative time profile of RB5 and BY28 solution
subjected to ozonation at 40 ppm. RB5 at t=0 is represented mainly by three peaks:
(1) 595 nm, (2) 310 nm, (3) 255 nm, as shown in Figure 5.8a. It may be noted that
each molecule of RB5 consists of two molecule of benzene rings and one molecule of
naphthalene ring connected by —N=N- bonds. The peak at 595 nm corresponds to
chromophore group (-N=N-), and the peaks at 255 nm and 310 nm corresponds to
benzene and naphthalene rings, respectively [69, 145, 146]. The peak located at 230
nm correspond to the benzoic ring [131]. It may be observed that as the ozonation

proceeded, peak at 255 nm and 310 nm decreased as well as decreased the peak at 595
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nm, indicating that the benzene and naphthalene rings were decreased by thereduction
of RB5. Finally, it can be concluded that the intensity of visible band disappeared
after 60 min of ozonation time and remained to zero, leading to the clevage of azo

group from aromatic rings.

BY28 at t=0 is represented mainly by two peaks: (1) 440 nm, (2) 255 nm, as shown
in Figure 5.8b. The decrease peak at 440 nm was also meaningful with respect to the
carbon-nitrogen double bond of BY28, as the active site for oxidative attack [147].
The peak at 255 nm corresponds to benzene ring. It may be observed that as the
ozonation proceeded, peak at 255 nm decreased as well as decreased the peak at 440

nm, indicating that the benzene ring was decreased by the reduction of a BY28.
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Black 5; b) Basic Yellow 28
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In addition, it is the worth mentioning that the reduction of aromatic structures (i.e.
255 and 310 nm) can be observed, indicating that the membrane contactor with
ozonation process has a powerful oxidative ability for not only a complete

decolorization but also a continuous destruction of aromatic intermediates.

In addition to the aromatic intermediates, the carboxylic acids were also detected,
including oxalic and acetic acids, which are the most successive organic products
prior to conversion to CO,. Concentration of acetic acid increased on ozonation time,
whereas oxalic acid was detected after 20 min of ozonation time as illustrated in
Figure 5.9. This implies that under the studied conditions within 60 min of ozonation
time, the dye solutions could not be completely mineralized to CO,. This is in
agreement with the total organic carbon profile as shown in Figure 5.6(a-b) in which
only 20% of dye solutions could be converted to CO,. It was observed that acetic acid
and oxalic acid concentrations of RB5 were higher than that of BY28, leading to rapid
removals of COD and TOC.
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Figure 5.9 Oxalic and acetic acids produced at different ozonation time: a) Reactive
Black 5; b) Basic Yellow 28
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Figure 5.10 illustrates the conductivity of RB5 and BY28 solutions with ozonation
time. It can be seen that the conductivity of RB5 and BY28 increased with increasing
ozonation time, and the change was consistent with the decolorization efficiency and
pH. This means that ionic solution increased with increasing ozonation time and the
dyes were transformed to ions and other products. From the result of the pH decrease
during the ozonation time, it also can be presented that the treated dye solution

contained the anions in the formation of corresponding acids.
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Figure 5.10 The conductivity of dye solution during the ozonation

It has been reported that ozonation induces denitration and desulfuration of phenols at
the initial reaction step [72, 148, 149]. The concentration profiles for ions, including
nitrate, ammonium and sulfate ions, are also illustrated in Figure 5.11. According to
the molecular formulas of RB5 and BY28 in Table 5.1, the following theoretical

mineralization equation could be considered for the ozone reaction:
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RB5:

Cy6H,1NsNa,0,4Ss + 73—303 - 26C0, + 4H,0 + 6S03~ + 4Na‘* + 5NO3 + 13H* (5.1)
BY 28:

Cy1Hy7N;05S + %03—> 21C0, + 11H,0 + SO0%  + 3NO; + 5H* (5.2)

Stoichiometrically, reactions (5.1) and (5.2) indicate that each 300 mg/l of RB5 and
BY28 will produce 174.37 and 93.84 mg/l, and 66.51 and 128.86 mg/l of sulfate and
nitrate, respectively. It was assumed that excess ozone was added and the RB5 was
completely mineralized. However, the results in Figure 5.11 showed that the sulfate
concentration gradually increased from 39.4 to 56.6 mg/l with in 60 min of ozonation
time. Therefore, the increase of sulfate concentration was approximately 32% of the
theoretical release value, implying that the vinyl sulfonyl group (-
SO,CH,CH,0S03Na) on the mono benzene ring, or sulfonic group (-SO;Na) on the
anthraquinone rings of RB5 were partially oxidized. Oxidation and cleavage of
sulfonic acid group from the naphthalene ring leads to the accumulation of sulphate
during ozonation [150]. Similar results for the partial release of sulfate have also been
found in the ozonation of other dyes containing sulfonate groups [69, 72, 150, 151]. In
contrast, an increase of sulfate concentration of BY28 was not observed during the 60
min of ozonation time in this study, implying that the sulfonyl group (-CH3SO,4) was

not oxidized by ozone [68].

The increase in nitrate of RB5 and BY28 were not observed during 10 min of
ozonation time. The results of releasing nitrate are also consistent with ozonation of
RY84 [50], RB19 [69], Procion red (MX-5B) [150], and RR120 [151] which contain
nitrogen atoms in the dye structures. Therefore, the increase of nitrate concentration
of RB5 and BY28 were approximately 2% of the theoretical release value, implying
that the nitrogen was not completely oxidized to nitrate.

It was because the nitrogen would be transformed to NH," as presented in the Figure
5.11. Nevertheless, the total nitrogen contents of NH," and NO3™ were less than the

initial dye solution.
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In contrast, azo dye (-N=N-) are easily attacked by ozone. As a consequence, a
remarkable release of nitrate was found during the ozonation of azo dyes.
Konstantinou et al. [152, 153] reported that the total amount of nitrogen-containing
ions present in the solution at the end of the experiments is usually lower than that
expected from stoichiometry indicating that N-containing species have been produced
and transferred to the gas phase such as N, and NHs;. Therefore, in this study the
increase of conductivity in dye solutions was interpreted as indirect evidence of
sulfate and nitrate ions accumulation related to the dyes denitration and desulfuration
[149].

5.3.5 Investigation on biodegradability

The extremely low BODs/COD ratio (0.05 and 0.08 as RB5 and BY28, respectively)
indicated that both dyes are resistant to biodegradation. BODs/COD ratio for RB5 and
BY28 increased to 0.12 after 60 min of ozonation due to the presence of more easily
degradable compounds [41, 49, 72, 151]. Wang et al. [148] also showed that first by-
product after partial ozonation (10-150 min) of Reactive Black 5 was more
biodegradable than the parent compound and ozonation can enhance the

biodegradability of the azo dyes.
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5.4 Conclusions

The long-term ozone flux by PVDF-PAM membrane was higher and more stable than
original PVDF membrane, while PTFE membrane was more stable and gave lower
flux than the PVDF-PAM membrane. The decolorization performance of PVDF-PAM
membrane was more effective than the original PVDF membrane and was as high as
PTFE membrane. The decolorization performance of Reactive Black 5 was higher
than that of Basic Yellow 28. The COD reductions of RB5 and BY28 using PVDF-
PAM membranes were higher than the original PVDF and PTFE membranes. The
results confirmed that RB5 and BY28 could not be completely oxidized to carbon
dioxide and water during the ozonation but rather transformed to some intermediates.
The experimental results showed that the use of the PVDF-PAM membrane as the
membrane for contactor with ozonation is very beneficial to not only the complete
decolorization but also to the degradation efficiency of its derivative aromatic
fragments. The reduction of RB5 disappeared the benzene and naphthalene rings,
leading to the clevage of azo group from aromatic rings. Additionally, reduction of a
BY28 which disappeared the benzene ring leading to cleavage of the C=N bonding.
The sulfate, nitrate, acetic and oxalic acids were identified as the products during 60
min ozonation of RB5 and BY28, implying that the vinyl sulfonyl group and azo
group were partial oxidized by ozone.



CHAPTER VI
CONCLUSIONSAND RECOMMENDATIONS

The thesis aimed to study the surface modification of hollow fiber PVDF membranes

by organosilanes, test membrane stability after ozone contact, then apply the modified

membrane for decolorization of dye solution by ozonation using membrane contacting

process. The main conclusions and recommendations obtained are discussed as the

followings:

6.1 Conclusions

6.1.1 Hydrophobic membrane modification of PVDF hollow fiber membranes

1.

The contact angle of original membranes (68°) was decreased from 44° to 31°
with increasing NaOH concentration from 2.5M to 7.5M at 60°C for 3h and
the contact angle of NaOH treated membranes was increased to 100° after
modification with 0.01M FAS-C8 for 24h.

A needle-like structure was observed on the membrane surface while there
was no significant change in pore size and pore size distribution.

The Si peak and compositions were found on the membrane surface and the
mechanical strength was improved.

A comparison of chemical modification (CM) and plasma-activation
modification (PAM) indicated that the surface modified membranes under
helium plasma activation (PVDF-PAM) followed by grafting with 0.01M
FAS-C8 for 24h showed higher contact angle, mechanical strength and surface
roughness than that obtained by NaOH activation (PVDF-CM2) method while
other physical properties did not change.

The CO, absorption flux by PVDF-PAM membrane was reasonably higher
and more stable than original PVDF and PVDF-CM2 membranes.
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6.1.2 The stability of modified membranes exposed to ozone

1.

2.

3.

The contact angle of original PVDF membranes exposed to ozone were
increased, while the contact angles of PVDF-CM2 and PVDF-PAM were
decreased at low concentration and time, and remained constant.

The structural changes in the original and modified PVDF membranes after
ozone contact were observed by FT-IR with the peak corresponding to the
decrease of OH and increase of C=O peaks with exposure time and
concentration, respectively.

The membrane morphologies after ozone contact were insignificantly changed
and the tensile modulus of PVDF-PAM membranes did not change.
Nevertheless, the ozone oxidation had no impact on the properties of PTFE

membrane.

6.1.3 Application of modified membrane in membrane contactor for dye solution

treatment

1.

PVDF-PAM membrane provided higher and more stable ozone flux than
original PVDF membrane, but PTFE membrane flux was lower than PVDF-
PAM membrane for a long operation period.

The decolorization performance of PVDF-PAM membrane was more effective
than the original PVDF membrane and was as high as PTFE membrane.

The decolorization performance of Reactive Black 5 was higher than that of
Basic Yellow 28.

The COD reductions of RB5 and BY28 using PVDF-PAM membranes were
higher than the original PVDF and PTFE membranes.

The results confirmed that RB5 and BY28 could not be completely oxidized to
carbon dioxide and water during the ozonation but rather transformed to some
intermediates.

The PVDF-PAM membranes showed a potential use as the membrane for
contactor with the improved stability and decolorization performance.

The modified PVDF membranes were feasible for improving the membrane

performance in other membrane contactor applications.



112

6.2 Recommendations

In the case of surface modification, the results of plasma activation/modification was
better than the chemical activation/modification since plasma treatment is justified to
be one of the less damaging membrane modification method. The condition for the
plasma activation of PVDF membrane in this study was kept constant by helium gas
for 180 seconds and working pressure at 10Pa with a power of 80W. In order to
optimize the plasma activation of the membranes, the number of reactive species
produced in the plasma and lifetime has to be regarded. Hence, the gas mixture and
the pressure are important parameters beside power input and treatment time.
Therefore, the conditions of plasma activation can also be varied to find the optimum
required for the desirable properties of PVDF membranes. Recently, PVDF
membranes have been already successfully modified to increase hydrophobicity.
There are new membrane materials that present high performance in terms of flux
with high resistance to aggressive chemicals. For example, poly(ethylene
chlorotrifluoroethylene) (ECTFE) is a promising material due to its excellent
chemical and thermal stability compared with PVDF and better processability
compared with PTFE, giving the potential for MD, pervaporation, and gas separation
[154].

In the study of membrane stability toward ozone, a systematic experiment was
conducted to investigate the effect of ozone concentration and time on the membrane
structure and properties using the modified membranes (PVDF-CM2 and PVDF-
PAM), compared to the original PVDF and commercial PTFE hollow fiber
membranes. Furthermore, the experiment on physical absorption (using pure water
and ozone) could be useful to determine the membrane degradation by measuring the
TOC or organic compounds in the effluent water after ozone contact. If the
membranes are destroyed by ozone oxidation, the elemental composition of

membrane in the effluent water will be detected or the TOC will be increased.

In the study of long-term ozone flux of PVDF and PTFE membranes, the ozone flux

was measured every 1h for 20h in order to study the deterioration of ozone flux,
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possibly due to membrane wetting and ozone oxidation. However, the observation of

ozone flux is recommended to study longer time than 20h.

In the case of decolorization by membrane contactor with ozonation process, the
experiment in this study was carried on the decolorization of individual dye solution,
whereas the industrial effluents contain mixture of dyes. Therefore, an experiment
using the mixture of dye solution or the industrial effluent should be conducted by
measuring the reduction of BOD, COD and TOC values. Moreover, our findings
found that the decolorization by membrane contacting process was almost completed,
however, the COD and TOC removals and biodegradability were not high. Therefore,
the enhancing efficiency of those values is recommended for the future work by
combination with other processes. Additionally, the ozone flux of PTFE membrane
was lower than that of PVDF-PAM membrane, but the decolorization performance of
dye solution was better than that of PVDF-PAM membrane. Therefore, it was
possible that the ozone concentration in this study was excessive which can destroy
the membrane surface. The investigation of ozonation kinetic for dye solution should
be taken in to the consideration due to presenting an important role in evaluating the
efficiency and feasibility of decolorization process by varying the parameters

including ozone and dye concentrations.

Finally, the long-term stability and performance of decolorization are important from
an economic point of view for the future application. Therefore, the cost analysis of
the process will be very beneficial. The cost analysis should include the cost of raw
material, cost of membrane modification and operating cost. Therefore, the cost
analysis of both modified and unmodified used as the membrane for the contactor
with ozonation process should be carried out, and then compared with PTFE

membrane.
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APPENDIX A
Analytical method for COD and BOD
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A1l. Closed reflux (titrimetric and colorimetric) method using COD digester
Principle

The closed reflux (titrimetric and colormetic) method using metallic salt reagents are
more economical but require homogenization of samples to obtain reproducible
results. This method is conducted with ampules and culture tubes with pre-measured
reagents which are available commercially. Moreover, for performing the tests,
instructions furnished by the manufacturer are to be followed. Measurement of sample
volume and reagent volume are critical. This method is economical in the use of
metallic salt reagents and generates smaller quantity of hazardous wastes. The
principle of oxidation reaction is similar to open reflux method. Volatile organic
compounds are more completely oxidised in a closed system because of longer
contact time with oxidants. Digestion vessels with premixed reagents are also

available from commercial suppliers.

Reagents and standards

Standard potassium dichromate digestion solution 0.01667M: Dissolve 4.903 g
K2Cr,07, primary standard grade, previously dried at 150°C for 2 hour in 500 mL
distilled water, add 167 mL conc. H,SQO, at the rate of 5.59 Ag>SO4/kg H,SO,.

Ferroin indicator solution: Dissolve 1.485 g 1, 10-phenanthroline monohydrate and
695 mg FeS0,4.7H,0 in distilled water and dilute to 100 mL. This indicator solution
may be purchased already prepared Standard ferrous ammonium sulphates (FAS)
titrant, approximately 0.1M: Dissolve 39.2g Fe(NH)2(SO4)2.6H,0 in distilled water.
Add 20mL concentrated H,SO4, cool and dilute t0100 mL. Standardise this solution
daily against standard K,Cr,0y

Calibration
Dilute 5mL standard K2Cr207 digestion mixture to about 100mL. Titrate with FAS
using 0.1 to 0.15mL. (2 to 3 drops) ferroin indicator.

N it FAS soluti Volume of 0.01667 M K, Cr, 0, solution treated, mL 01
= X 0.
ormallity of sotutton Volume of FAS used in titration , mL
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Procedure

1)
2)
3)
4)
5)
6)
7)
8)
9)

Place sample in culture tube or ampule

Add digestion mixture

Carefully run sulphuric acid reagent down inside of vessel

Tightly cap the tubes or seal ampules. Invert several times for proper mixing
Place tubes or ampules in preheated reaction block digestor

Reflux for 2h at 150°C behind a protective shield

Cool to room temperature

Titrate while stirring with FAS using 1 or 2 drops of ferrous indicator

The end points is from blue-green to reddish brown

10) Reflux and titrate blank in similar way with distilled water

Calculation
coff us mg% = (A—B) XM x 8000
L mL sample
Where:
A = mL FAS used for blank

8000

<
1

mL FAS used for sample
molarity of FAS, and

milli equivalent weight of oxygen x 1000 mL/L
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A2. Biological Oxygen Demand (BOD) (Titrimetric method)

Principle

This test measures the oxygen utilised for the biochemical degradation of organic
material(carbonaceous demand) and oxidation of inorganic material such as sulphides
and ferrous ions during a specified incubation period. It also measures the oxygen
used to oxidize reduced forms of nitrogen (nitrogenous demand) unless their
oxidation is prevented by an inhibitor. Temperature effects are held constant by
performing a test at fixed temperature. The methodology of BOD test is to compute a
difference between initial and final DO of the samples incubation. Minimum 1.5 L of
sample is required for the test. DO is estimate by iodometric titration. Since the test is
mainly a bio-assay procedure, it is necessary to provide standard conditions of
temperature, nutrient supply, pH (6.5-7.5), adequate population of microorganisms
and absence of microbial-growth-inhibiting substances. The low solubility of oxygen
in water necessitates strong wastes to be diluted to ensure that the demand does not
increase the available oxygen. A mixed group of microorganisms should be present in
the sample; otherwise, the sample has to be seeded. Generally, temperature is
controlled at 20°C and the test is conducted for 5 days, as 70 to 80% of the
carbonaceous wastes are oxidized during this period. The test can be performed at any
other temperature provided the correlation between BODs 20°C is established under
same experimental condition (for example BODs, 27°C) is equivalent to BOD3, 27°C)
for Indian conditions. While reporting the results, the incubation period in days and

temperature in °C is essential to be mentioned.

Procedure
Preparation of dilution water:

1) The source of dilution water may be distilled water, tap or receiving-stream
water free of biodegradable organics and bioinhibitory substances such as
chlorine or heavy metals.

2) Aerate the required volume of dilution water in a suitable bottle by bubbling
clean-filtered compressed air for sufficient time to attain DO saturation at
room temperature or at 20°C/27°C. Before use stabilise the water at
20°C/27°C.



3)

4)

5)
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Add 1 mL each of phosphate buffer, magnesium sulphate, calcium chloride
and ferric chloride solutions in that order for each Litre of dilution water. Mix
well. Quality of dilution water may be checked by incubating a BOD bottle
full of dilution water for 5 days at 20°C for 3 days at 27°C. DO uptake of
dilution water should not be more than 0.2mg/L and preferable not more than
0.1mg/L.

For wastes which are not expected to have sufficient microbial population,
seed is essential. Preferred seed is effluent from a biological treatment system.
Where this is not available, supernatant from domestic wastewater (domestic
sewage) settled at room temperature for at least 1h but not longer than 36hours
is considered sufficient in the proportion 1-2 mL/L of dilution water. Adopted
microbial population can be obtained from the receiving water microbial
population can be obtained from the receiving water body preferably 3-8 km
below the point of discharge. In the absence of such situation, develop an
adapted seed in the laboratory.

Determine BOD of the seeding material. This is seed control. From the value
of seed control determine seed DO uptake. The DO uptake of seeded dilution

water should be between 0.6 mg/L and 1 mg/L.

Sample preparation:

1)
2)

3)

4)
5)

Neutralise the sample to pH 7, if it is highly acidic or alkaline.

Take 50mL of the sample and acidify with addition of 10mL 1 + 1 acetic acid.
Add about 1g KI. Titrate with 0.025N Na,S,03, using starch indicator.
Calculate the volume of Na,S,03; required per Litre of the sample and
accordingly add to the sample to be tested for BOD.

Certain industrial wastes contain toxic metals, e.g. planting wastes. Such
samples often require special study and treatment.

Bring samples to 20 £ 1°C before making dilutions.

If nitrification inhibition is desired, add 3 mg 2-chloro-6-(trichloromethyl)
pyridine (TCMP) to each 300 mL bottle before capping or add sufficient
amount to the dilution water to make a final concentration of 30 mg/L. Note

the use of nitrogen inhibition in reporting results.
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6) Samples having high DO contents, DO > 9 mg/L should be treated to reduce
the DO content to saturation at 20°C. Agitate or aerate with clean, filtered

compressed air.

Siphon out half the required volume of seeded dilution water in a graduated cylinder
or volumetric flask without entraining air. Add the desired quantity of mixed sample
and dilute to the appropriate volume by siphoning dilution water. Mix well with

plunger type mixing rod to avoid entraining air.

Sample processing:

1) Siphon the diluted or undiluted sample in three labeled bottles and stopper
immediately.

2) Keep 1 bottle for determination of the initial DO and incubate 2 bottles at
20°C for 5 days. See that the bottles have a water seal.

3) Prepare a blank in triplicate by siphoning plain dilution water (without seed) to
measure the O, consumption in dilution water.

4) Also prepare a seed blank in triplicate to measures BOD of seed for correction
of actual BOD.

5) Determine DO in a BOD test can in the blank on initial day and end of
incubation period by Winkler method as described for DO measurement.

Calculations
Calculate BOD of the sample as follows:
a. When dilution water is not seeded

(D1 —-D2) x 100
% dilution

BOD as O,mg/L =

b. When dilution is seeded
(D1 —D2) — (B1—B2) x 100
% dilution
¢. When material is added to sample or to seed control
(D1 -D2) — (B'1—-B'2) x Fx 100
% dilution

BOD as O,mg/L =

BOD as O,mg/L =
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Where,

D1 = DO of sample immediately after preparation, mg/L

D2 = DO of sample after incubation period, mg/L

B1 = DO of blank (seeded dilution water) before incubation, mg/L

B2 = DO of blank (seeded dilution water) after incubation, mg/L

F = ration of seed in diluted sample to seed in seed control (Vol. Of seed in diluted
sample / VVol. of seed in seed control)

B'1 = DO of seed control before incubation, mg/L

B'2 = DO of seed control after incubation, mg/L
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APPENDIX B

Experimental data



141

Table Al Experimental long-term CO, chemical absorption flux data of membranes
(Operating conditions: T = 25°C, V_ = 0.1 m/s, Vg = 50 ml/min, A = 0.0188 m?,
[Taurine] = 2 mol/L

Jcoz (mol/mzs)

Time (Day)
Original PVDF PVDF-PAM PVDF-CM2
1 7.71E-03 9.53E-03 7.11E-03
3 5.86E-03 1.03E-02 6.81E-03
5 6.09E-03 9.83E-03 6.89E-03
7 5.06E-03 9.60E-03 6.39E-03
9 5.31E-03 1.01E-02 6.49E-03
11 4.12E-03 9.44E-03 7.27E-03
13 4.66E-03 9.30E-03 7.03E-03

15 3.07E-03 9.04E-03 7.60E-03
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Table A2 Experimental ozone flux data of original PVDF membrane (Operating
conditions: T = 28°C, V_ = 0.62 m/s, V¢ = 0.12 m/s, A = 0.0188 m?, [O3] = 40 ppm,
[RB5] = 100 mg/L)

Time (h) [Ozon€]i, (mg/L) [Ozon€] oyt (Mg/L) J
1 2 3  Aveage 1 2 3  Average (g/m’)

0.25 40.97 41.06 41.17 41.07 37.00 36.90 36.95 36.95 1.23E-03
1 40.41 4050 40.36 40.42 36.81 36.83 36.79 36.81 1.08E-03
2 40.20 40.12 40.16 40.16 36.38 37.18 37.71 37.09 9.18E-04
3 40.45 39.55 40.13 40.04 36.62 36.21 38.19 37.01 9.08E-04
4 38,55 39.18 39.10 3894 36.13 36.33 36.00 36.15 8.34E-04
5 39.80 38.66 39.87 3944 37.10 3758 36.25 36.98 7.37E-04
6 40.29 4050 40.34 40.38 36.69 38.65 3789 37.74 7.87E-04
7 39.36 38.80 39.14  39.10 36.40 37.35 3550 36.42 8.02E-04
8 39.97 40.30 40.20 40.16 36.97 3750 37.88 37.45 8.09E-04
9 40.48 40.25 39.67 40.13 37.30 36.83 3798 37.37 8.26E-04
10 40.25 40.52 40.00 40.26 37.20 38.17 37.39 3759 7.98E-04
11 40.44 40.40 40.61 4048 38.25 3759 3726 37.70 8.32E-04
12 38.70 38.90 3944 39.01 36.92 3564 37.10 36.55 7.35E-04
13 40.35 4094 40.70 40.66 37.62 38.42 3785 3796 8.07E-04
14 41.00 41.10 41.20 41.10 3855 37.42 39.20 38.39 8.10E-04
15 49.05 47.30 4853 4829 4548 46.30 4530 45.69 7.77E-04
16 40.38 4090 40.30 4053 3759 38.40 3766 37.88 7.90E-04
17 38.20 38.16 38.23 38.20 34.22 36.05 36.77 35.68 7.52E-04
18 41.32 40.20 40.23 40.58 38.36 37.35 3849 38.07 7.52E-04
19 42.05 4246 4294 4248 39.13 40.50 40.40 40.01 7.39E-04
20 43.60 43.28 43.22 4337 4090 4154 40.10 40.85 7.53E-04

Table A3 Experimental ozone flux data of original PVDF-PAM membrane
(Operating conditions: T = 28°C, V_ = 0.62 m/s, Vg = 0.12 m/s, A = 0.0188 m?, [Og]
=40 ppm, [RB5] = 100 mg/L)
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Time (h) [Ozon€]in (mg/L) [Ozon€] oyt (Mg/L) J

1 2 3 Average 1 2 3  Average (g/m’)
0.25  40.68 40.78 39.80 40.42 36.94 36.43 37.09 36.82 1.08E-03
1 40.30 38.84 3950 3955 3589 36.67 36.17 36.24 9.87E-04
2 39.94 4044 39.28 39.89 36.94 36.43 37.09 36.82 9.17E-04
3 4237 4257 4285 4260 39.28 39.34 39.76 39.46  9.38E-04
4 44,05 4470 42.63 43,79 40.70 41.38 4055 40.88 8.72E-04
5 44,94 46.22 4540 4552 4329 4198 4258 42.62 8.68E-04
6 4520 4556 45.48 4541 4235 4250 4232 42.39 9.04E-04
7 48.17 4775 47.74  47.89 4462 4464 4549 4492 8.88E-04
8 41.32 4058 4172 4121 3750 3825 38.60 38.12 9.24E-04
9 40.17 39.58 39.96 3990 37.22 37.12 36.15 36.83 9.19E-04
10 41.31 4193 4215 4180 3823 39.06 39.13 38.81 8.94E-04
11 40.94 40.22 40.72 40.63 37.35 37.24 38.07 3755 9.19E-04
12 42,92 43.64 43.82 4346 39.83 40.26 4160 4056 8.66E-04
13 4046 40.24 39.65 40.12 36.78 37.39 36.90 37.02 9.25E-04
14 39.57 3948 39.70 39.58 35.76 36.63 36.81 36.40 9.52E-04
15 38.70 39.35 38.93 3899 3540 36.20 36.22 3594  9.13E-04
16 40.70 39.90 4250 41.03 38.08 38.01 38.13 38.07 8.85E-04
17 4340 4330 4350 4340 38.77 39.63 39.67 39.36 1.21E-03
18 39.50 39.57 39.30 3946 36.62 36.06 36.80 36.49  8.86E-04
19 40.73 41.07 4130 41.03 37.11 37.73 3894 3793 9.29E-04
20 41.87 4130 41.06 4141 3856 38.02 3891 3850 8.71E-04

Table A4 Experimental ozone flux data of original PTFE membrane (Operating
conditions: T = 28°C, V, = 0.62 m/s, Vs = 0.12 m/s, A = 0.0314 m?, [Os] = 40 ppm,
[RB5] = 100 mg/L)

Time (h) [Ozoneg]i, (mg/L) [Ozon€]oyt (Mg/L) J
1 2 3  Average 1 2 3  Aveage (g/m’)
025 3571 3583 3561 3572 3351 3348 3345 3348 8.67E-04



39.37
39.83
40.23
40.68
41.84
41.91
43.61
40.46
40.62
40.50
40.74
41.47
42.52

39.54
39.57
40.64
41.49
41.87
41.85
43.90
40.43
40.68
40.33
40.51
41.38
43.12

40.05
39.92
40.72
41.46
41.74
41.79
42.56
40.45
40.66
40.37
40.37
40.79
43.31

39.65
39.77
40.53
41.21
41.82
41.85
43.36
40.45
40.65
40.40
40.54
41.21
42.98

37.64
37.64
38.39
39.20
39.48
39.89
41.31
38.18
38.63
38.59
38.21
39.13
40.86

37.59
37.76
38.51
38.89
39.67
39.32
41.17
38.39
38.59
38.39
38.56
39.27
40.89

37.52
37.69
38.31
39.19
39.97
40.15
41.30
38.20
38.33
37.85
38.47
38.86
40.86

37.58
37.70
38.40
39.09
39.71
39.79
41.26
38.26
38.52
38.28
38.41
39.09
40.87
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8.02E-04
8.05E-04
8.24E-04
8.20E-04
8.18E-04
8.00E-04
8.13E-04
8.48E-04
8.28E-04
8.23E-04
8.24E-04
8.24E-04
8.19E-04
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Table A5 Experimental decolorization data of RB5 (Operating conditions: T = 28°C,
V. =0.62 m/s, Vg = 0.12 m/s, [O3] = 40 ppm, [RB5] = 100 mg/L)

C/Cy Conductivity
Membrane Time pH
RB5 COD BODsCOD TOC (uS/cm)
Original PVDF 0 1.00 1.00 - - 5.86 -
5 0.72 0.89 - - 3.55 -
10 058 0.80 - - 3.14 -
20 034 0.72 - - 2.94 -
40 0.09 0.72 - - 2.81 -
60 0.03 0.55 - - 2.87 -
PVDF-PAM 0 1.00 1.00 1.00 1.00 5.60 234
5 0.76 0.75 - 094 4.24 237
10 062 0.72 - 095 341 291
20 0.37 0.65 0.73 091 317 368
40 010 054 0.78 082 294 485
60 0.00 0.44 1.12 080 284 540
PTFE 0 1.00 1.00 y - 6.09 -
5 059 084 - - 3.61 -
10 035 0.80 - - 3.24 -
20 0.07 058 - - 3.04 -
40 0.00 0.57 - - 2.96 -
60 0.00 0.48 - - 2.96 -
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Table A6 Experimental decolorization data of BY28 (Operating conditions: T =
28°C, V. =0.62 m/s, Vg = 0.12 m/s, [O3] = 40 ppm, [BY28] = 100 mg/L)

C/Co Conductivity
Membrane Time Color pH
COD BODs/COD TOC (uS/cm)
Original PVDF 0 1.00 1.00 - - 6.58 -
5 0.72 0.97 - - 4.89 -
10 061 0384 - - 3.84 -
20 035 0.78 - - 3.35 -
40 020 0.77 - - 3.24 -
60 0.08 0.62 - - 3.19 -
PVDF-PAM 0 1.00 1.00 0.08 1.00 6.56 210
5 0.72 091 - 094 487 207
10 0.62 0.90 - 093 3.88 223
20 034 085 0.13 092 3.45 263
40 017 067 0.15 0.87 3.33 319
60 0.10 0.60 0.15 0.86 3.29 336
PTFE 0 1.00 1.00 - - 6.55 -
5 0.64 0.97 - - 4.37 -
10 050 0.88 - - 3.58 -
200 033 071 - - 3.39 -
40  0.07 0.65 - - 3.24 -
60 0.02 0.57 - - 3.25 -
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