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One of the main pollutions from textile wastewater is the dyeing wastewater containing
color and organic matters. Among the treatment methods of dye wastewater, ozonation membrane
contactor was used as the concept of this research. PVDF membranes were developed by pulse
inductively coupled plasma (PICP) and grafted by organosilanes for hydrophobicity enhancement
applied for dye wastewater treatment by ozonation membrane contactor. To obtain a stable grafting,
the surface of PVDF hollow fiber membrane was activated by the plasma operating condition
including two different plasma gases (oxygen and argon), applied voltage and pressure, plasma
treatment shot, followed by grafting with four different organosilanes (methyltrichlorosilane
(MTCS), trimethylchlorosilane (TMCS),1H,1H,2H,2H-perfluorodecyltriethoxysilane (FAS-C8), and
1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane (FAS-C6), organosilane concentration and different
grafting time. The results found that oxygen plasma activation of PVDF membrane was more
effective compared to argon plasma. The hydrophobic membrane modified by MTCS and FAS-C8
was increased, while the plasma-activated membranes grafted by TMCS and FAS-C6 did not
change. The success of membrane modification was confirmed by the presence of silicon functional
group and composition in FTIR and EDX results and the decrease of surface roughness. After
activated by oxygen plasma under 10kV/0.3 mbar/2 shots followed by grafting with MTCS for 4h
and FAS-CS8 for 6h, the water contact angle was greatly increased from 74.7° to 125.3° and 112.7.4°,
respectively. The ozone flux of modified membranes was higher and more stable than that of the
original PVDF membrane. In addition, PVDF-FAS-C8 membrane gave the highest results in terms
of ozone flux and dye removal. Direct Blue 71 (DB 71) and Reactive Red 239 (RR 239)
decolorization by PVDF-FAS-C8 membrane were almost complete decolorization. After 90 mins,
the COD removals of DB 71 and RR 239 by PVDF-FAS-C8 were 62.5% and 67.5%, respectively.
The energy consumption of modified membrane in membrane contactor for dye wastewater was
lower than that of original membrane. This study demonstrated that the modified membrane has a
potential interest in improving hydrophobicity and membrane contactor applications.
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CHAPTER 1
INTRODUCTION

1.1 Statement

Textile industry is one of the most important, oldest, largest, and most global
industries in the world. With the escalating demand for textile products, textile plants
are growing rapidly and causing a major worldwide environmental problem [1]. In
particular, textile industries are developing quickly in developing countries, with the
poor wastewater treatment system, which poses a worldwide threat to the ecology and
public health. Furthermore, the textile industry is considered one of the worst
pollution sources because it consumes a large amount of water and chemicals, which
damage the environment when they are discharged. According to the research, 10-
25% of textile dyes are lost during the dyeing process and 2-20% are directly
discharged as aqueous effluents in different environmental components [2]. The
textile industry generates large volumes of effluent, which is caused by the loss of dye
during the dyeing process. In which, azo dyes account for more than 50% of total
dyes used, in particular, Reactive Red 239 (RR 239), Reactive Black 5 and Direct
Blue 71 (DB 71) are commonly dyes used in the textile industry for dyeing of cotton
and polyester fabrics [3, 4]. Azo dyes are very difficult to degrade due to their stable
and their molecular structure with at least one azo bond (-N=N-) linked aromatic
rings [5]. Once the dye effluent reaches the water ecosystems, dye color attenuates the
light interrupting penetration photosynthetic activity, and dye contaminants could
deplete dissolved oxygen affecting aquatic life [3]. Besides, the breaking down of azo
linkages forms amines, which are classified as toxic and carcinogenic [5]. Because of
their characteristics and their toxicity, dye removal becomes environmentally
important.

There are several studies efforted to find effective treatments to remove azo
dyes and their colors. The conventional methods that are used for dye wastewater
treatment are physical methods, for example, coagulation-flocculation and adsorption
and biological methods such as anaerobic and aerobic methods. These methods can
usually reduce biological oxygen demand (BOD) and chemical oxygen demand

(COD) in textile wastewater but they did not work on dye color removal [6].



Advanced oxidation processes (AOPs) are considered as an effective method for
decolorizing wastewater due to the strong power for breaking organic compound
structure [7]. Among these methods, the ozonation process has been paid great
attention due to its high treatment effective and its environmentally friendly. In
particular, the pollutants in wastewater including color, odor, and microorganisms are
directly destroyed by oxidation, without creating toxic by-products or significant
residues [6, 8]. Ozonation process is suitable for decolorization because of its property
to break the conjugated double bonds that are common in the dye chromophores [7].
To diffuse ozone into water, conventionally, bubble columns were used, however,
ozone mass transfer reactor has been addressed many disadvantages; for example,
flooding, uploading, emulsion, and foaming [8].

Gas-liquid membrane contactor has been used to solve these problems. This
method can enhance the solubility of ozone in water due to its high contacting area
[9]. Gas-liquid membrane contactors are made of hydrophobic microporous
membranes which prevents liquid entering the pore and enables gas phase to come
over. Hollow fiber-based membrane modules have been widely used for making
membrane contactors due to a large membrane surface area per unit volume [10]. The
performance of the gas — liquid membrane contactor is largely affected by the
properties of the membranes which are porosity, hydrophobicity, and thickness [11].

The typical kinds of membrane that are used for operating in membrane
contactor are polypropylene (PP), polytetrafluoroethylene (PTFE), and polyvinylidene
fluoride (PVDF) [11]. The hydrophobicity of membrane is measured by water contact
angle (WCA). Based on the WCA, the hydrophobicity is in the order of PTFE >
PVDF > PP [12]. Besides, since ozone is very active, the materials should have a
strong resistance when oxidized by ozone oxidation. Santos et al. (2015) indicated
that PTFE and PVDF membranes showed high resistance to ozone oxidation while PP
membranes were destroyed [13]. Therefore, PTFE and PVDF membranes have been
widely used for ozonation membrane contactor. However, PTFE membrane is much
more expensive compared to PVDF membrane due to the complexity in solvent
selection of fabrication process [14]. Meanwhile, PVDF membrane has received
much attention due to its high hydrophobic properties, thermal stability and excellent

chemical resistance ability [15, 16]. Although PVDF membranes are highly



hydrophobic, the wetting problem could occur after long-time operation, which can
reduce the mass transfer efficiency. To prevent membrane wetting of PVDF
membrane, there are several studies have been focused on improving the
hydrophobicity of membrane.

Direct grafting reaction using organosilane compound has been successful
used for enhancing the hydrophobicity of ceramic membranes. Fluoroalkylsilane
(FAS) and chloroalkylsilane (CAS) are two groups of organosilane that have been
successfully applied for membrane hydrophobicity enhancement [14, 16-18]. The
principle of this method is that the reactive silanol species of organosilane reacts with
abundant hydroxyl groups (-OH) presented on the ceramic membrane, then changed
membrane surface to hydrophobic membrane [18]. There are no -OH groups on
PVDF membrane, therefore, introducing -OH groups onto membrane surface is
necessary.

Chemical activation and plasma activation are two common methods that have
been used to introduce -OH group on membrane surface. Yang et al. (2011) studied
on fluorination of PVDF membrane by both chemical activation (sodium hydroxide,
NaOH) and plasma activation (atmospheric plasma) followed by grafted with
1H,1H,2H,2H-perfluorodecyl acrylate solution. The results showed that both chemical
and physical activation methods could enhance the hydrophobicity of membrane
surface. However, plasma activation method had the less effect to membrane
characteristics than chemical activation method [14]. Hashim et al. (2011) indicated
that NaOH solution effect on the decrease in mechanical strength and crystallinity of
PVDF hollow fiber membranes, even in the low concentration and was aggravated
with the extended treatment time [19]. Furthermore, Rabuni et al. (2015) indicated
that the stability of PVDF membrane was affected even at NaOH concentration of
0.01M [20]. Therefore, plasma modification method could be an alternative
activation.

Plasma treatment method has been used to activate the membrane surface by
using oxidative and inert plasma gases. In particular, oxygen plasma is very effective
in hydrophilic modification because it can direct introduce -OH functional groups,
whereas, inert plasma such as helium (He) and Argon (Ar) plasma can introduce ion

and active radical on the membrane surface [21]. For example, radio frequency (RF)



generated plasma has been reported to successfully introduce -OH group onto PVDF
membranes using different plasma gases [14, 22]. Pulse inductively coupled plasma
(PICP) is a high energy system that could be used for membrane modification since
the desired effect can be achieved within a short treatment period. In addition, PICP is
a flexible system that plasma energy can be controlled through varying the applied
voltage and operating gas pressure [23]. Since the design of PICP is much simpler
than inductively coupled RF reactor plasma, the pulse treatment is more practical.
Therefore, a study on the effects of plasma energy on membrane surfaces using PICP
is of interest.

This study aims to enhance the hydrophobicity of existing PVDF hollow fiber
membranes and apply modified membranes to treat dye solutions using ozonation
membrane contactor process. PVDF hollow fiber membranes were modified by
plasma activation using PICP and direct grafting using organosilanes. Reactive Red
239 (RR 239) and Direct Blue 71 (DB 71) as typical examples of mono- and tri-azo

dye pollutants in dye wastewater were selected for decolorization study.

1.2 Hypotheses

- Membrane hydrophobicity of existing PVDF membranes can be improved by
membrane modification with plasma activation by PICP followed by grafting
with organosilanes.

- Ozonation membrane contactor process using modified P\VVDF membrane can
improve the decolorization performance of dye wastewater treatment

compared to original membranes.

1.3 Objectives

The main objective of this work is to improve ozonation membrane contactor
process on the dye wastewater treatment by enhancing the hydrophobicity of existing
PVDF. In particular:



- To enhance the hydrophobicity of existing PVDF hollow fiber membrane
surface by using different PICP activation and organosilane grafting
conditions.

- To determine the decolorization performance of ozonation membrane
contactor process on the dye wastewater treatment by membrane contactor

using original PVDF membrane and modified PVDF membranes.

1.4 Scope of study

This research focuses on enhancing the hydrophobicity of existing PVDF
membranes by surface modification with PICP activation and direct grafting using
organosilane, then apply modified membranes for ozonation membrane contactor
process on decolorization of dye wastewater. The PICP activation conditions such as
plasma gases, plasma shots and plasma operating condition and grafting conditions
such as organosilane types, organosilane concentration and grafting time was
investigated. After modifying, PVDF membranes were used in ozonation membrane
contactors for investigating the color removals of dye wastewater. Long-term ozone
fluxes of original membrane and modified membranes were studied. The parameters
such as effect of ozone dose, effect of dyes and membranes were investigated.
Besides, chemical oxidation demand (COD) and dye concentration were discussed the

dye wastewater treatment efficiency.



CHAPTER 2
BACKGROUND AND LITERATURE REVIEWS

2.1 Dye wastewater
2.1.1 Environmental effects and health — related issues of dye wastewater

The environmental issues which cause by residual dye content or residual
color in treated textile effluents are always a concern for each textile operator. The
dye wastewater is a mixing of various chemicals in both organic and inorganic
compound with wastewaters from the production processes, which leads to change in
both biological and chemical parameters of the receiving water bodies, then causes

several impacts to people health [1].
(@) Environmental effects

Due to the complexing of chemical mixed, dye wastewater is very harmful to
the environment if released without proper treatment. Wastewater with high
concentrations of textile stops the reoxygenation capacity of the receiving water and
cutoff sunlight, thereby upsetting biological activity in aquatic life and the
photosynthesis process of aquatic plants or algae [2]. The direct consequences of dye
wastewater discharging to the environment are aesthetic issues, damage flora and
fauna of ecosystem, groundwater pollution, depletion of DO of receiving water body;
and the indirect consequences are eutrophication, affect to on aquatic life, and cause
of various human illnesses.

The quality indicators that regulators and researchers are looking for polluting
effect or toxicity of textile wastewater are the high salt content, high total solids (TS),
high total dissolved solids (TDS), high total suspended solids (TSS), low BOD, high
COD, strong color, and other potentially hazardous or dangerous organic compounds

included into each textile processing technological steps [2].
(b) Health-related issues

Dyes are synthetic nature and structure mainly aromatic, most of them are

non-biodegradable, having carcinogenic action or causing allergies, dermatitis, or skin



irritation. In addition, both dyes chemical and its by-products after long-time presence
in water show both acute and chronic toxicity. Due to the adsorption of azo dyes and
their breakdown products (toxic amines) through the gastrointestinal tract, skin, and
lungs, dyes wastewater has a high potential health risk, especially the formation of
hemoglobin adducts and disturbance of blood formation [1]. In addition, several azo
dyes cause damage of DNA that can lead to the genesis of malignant tumors; for
example, Direct Black 38 azo dye and its breakdown derivatives inducing cancer in

humans and animals [2].

2.1.2 Dye characteristics

Azo dyes are compounds with the presence of at least one azo group (-N=N-)
double bonds linked to phenyl and naphthyl radicals, and are widely used in textile,
printing, cosmetics, pharmaceutical, food, and many other industries [5].
Approximately half of all known dyes are azo dyes; in which, their by-products are
more toxic than themselves and can remain for decades in the aquatic environment
[24]. Besides, large quantities of azo dye remain in dye effluent after finishing dyeing
processes. Azo dyes and their pigments are versatile. They are the most common
synthetic colorants released into the environment [5]. When these azo dyes released to
the water bodies, their by-product can form aromatic amines, which may be more
toxic than the dye molecules themselves and is considered hazardous by the
Occupational Safety and Health Administration Hazard Communication Standard
[25]. Hence, it is necessary to find out the effective method to treat dye wastewater.

DB 71 and RR 239 are widely azo dyes used, DB 71 is a tri-azo compound
with three azo double bond and RR 239 is a mono-azo compound with one azo double
bond, which make them difficult to degrade. The structures and some related

information of these dyes are shown in Table 2.1:



Table 2.1 Chemical structure and related information of Direct Blue 71 and Reactive

Red 239

Dye Direct Blue 71 (DB71) Reactive Red 239 (RR239)

Trade name Sirius Blue SBRR Remazol Brilliant Red 3BS

SO;Na Cl
G O o o 1
Q N, \ "o Na03$ SOsNa OHH“NJ\\N’IL‘N’H
Structure NaO; 8m N NH, O N,N:“
“ L
NaO:S NaO,S 50:Na
O3Na NaO;SOH,CH,CO,S
A max (nm) 594 542
Molecular
) 1029.87 1136.32

weight (g/mol)

Solubility 10 g/L (60°C), 20 g/L (97°C) 180 g/l (50°C)

C.l1 name C.1.Direct Blue 71, C.1.34140 C.l.Reactive Red 239
tetrasodium;3-[[4-[[4-[(6-amino-1- 2-phenyl)amino]-1,3,5-triazin-
hydroxy-3-sulfonatonaphthalen-2- 2-yl}amino)-1-oxo-3,6-disulfo-

yl)diazenyl]-6-sulfonatonaphthalen-1- 1,2-dihydronaphthalen-2-

IUPAC name

yl]diazenyl]naphthalen-1-
yl]diazenyl]naphthalene-1,5-

disulfonate

ylidene]hydrazin-1-
yl}naphthalene-1,5-disulfonic

acid

A max: Wavelength of maximum absorbance; references: [26, 27]

2.2 Current dye wastewater treatment methods

Many processes have been applied for dye wastewater treatment, which are

categorized into three groups: biological, physical, and chemical processes. There

were many kinds of microorganisms that had been used for textile wastewater

treatment. Ghasemi et al. (2010) applied Phanerochaete chrysosporium RP 78 to treat

seven kinds of azo dye, 100% decolorization was achieved after 24h of reaction [28].
Jin et al. (2009) indicated that Escherichia coli JM109 could remove 80 % of DB 71

in 12h [4]. This method is considered as a cost-competitive and environmentally

friendly due to no use of chemicals and non-product at the end of the process.

Nevertheless, this method took longer time than others. Besides, many non-



biodegradable components in textile wastewater could not be degraded by
microorganisms [29]. Therefore, physical and chemical processes have been more
commonly used for textile wastewater handling.

Most physical methods used for dye removal are separation process and the
main disadvantage of these processes is the disposal of dye-containing sludge as in
coagulation process and dye sorbed adsorbents. Recently, filtration processes such as
ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) have been used for
water recovery and reuse. These methods also have been used for dyes removal.
Membrane-based processes are able to separate hydrolyzed dyestuff and dyeing
auxiliaries out of wastewater, thereby reducing coloration and COD content [30].
Nevertheless, there are many disadvantages of this method that have been noticed,
such as its cost of initial investment, possible fouling of membrane and the generation
of another waste containing water insoluble dyes and starch which need further
treatment [31]. In contrast, complex dye compounds undergo a series of degradation
in chemical degradation methods [32].

Oxidation processes are the usually used for degradation of dyes by chemical
means due to its easiness of application [31]. Ozonation is a powerful process, which
is widely considered as environmentally friendly applications. Ozonation is relatively
effective in reducing coloration of various dye origins and toxic effects of textile
effluents; the main environmental concern related to textile wastewater effluent
discharge. Gunes et al. (2012) worked on RR 239 solution treatment (500 mg/l), after
90 min of ozonation time, 80% of color removal was observed [27]. Dias et al. (2019)
found that full RR 239 color removal was achieved in 10 min and the removal of
COD reached 62% in 20 min of ozonation at ozone dose of 20 mg/l (50 mg/l of RR
239) [3]. One major benefit of the ozonation is that the by-product of ozonation
process is not harmful to the environment since it is made from oxygen and
decomposes back to oxygen [6, 33]. Turhan et al. (2009) studied on DB 71 removal
using ozonation process; after 27 min of ozonation, decolorization was completed and
there was no toxicity in breakdown product of effluent [26]. Besides, ozone can be
used in its gaseous state and consequently does not raise the volume of the wastewater
and does not result in sludge generation [31]. Conventionally, ozone is diffused into

water by using bubbles, stirred tank reactors, packed towers, or tube reactors, which
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are practical and economic for ozone mass transfer [34]. However, these reactors had
been faced with some problems, for example, non-reacted areas due to the largeness
of reactors, flooding, emulsion, unloading, and foaming [6, 34]. In addition, due to the
short half-life of ozone in water, the constant ozonation is necessary, thus, it causes
the high cost of these processes. To solve these problems, bubble-less membrane
contactor can be an excellent alternative.

The gas-liquid membrane contactor is used to separate gas and liquid by using
hydrophobic membrane. The separating mechanism of membrane contactor is that the
gas diffuses through the membrane and then dissolves into the liquid. Therefore, the
disadvantages that occur in traditional contactors could be avoided. In addition, the
mass transfer process of membrane contactor is bubble-less; the high volumetric mass
transfer efficiency can be reached and the specific surface area is rather large,
especially in a hollow fiber membrane contactor [34]. Ozonation membrane contactor
have been used for textile wastewater treatment. Ciardelli et al. (2003) used ceramic
(a-Al203) hollow fiber membranes contactor to decolorize dye wastewater color.
After 2h operating time, the amount of dissolved ozone reduced was 50 mg/l while
the decolorization performance was only 38% [35]. Atchariyawut et al. (2009)
applied PVDF hollow fiber ozonation membrane contactor to treat Reactive Red 120
dye wastewater, and found that the dye color was removed roughly 68% after the 4h
[8]. Bamperng et al. (2010) investigated the decolorization performance of Acid Blue
113 by using PVDF and PTFE membranes. The results showed that the decolorization
and the reduction of COD depends on the membrane hydrophobicity. After 1h, the

decolorization of Acid Blue 113 reached 97% by using PVDF ozonation contactor

[6].

2.3  Gas-liquid membrane contactor processes

Membrane contactors are a system where porous membranes are used to carry
out mass transfer between phases. Gas-liqguid membrane contactor is a device that
achieves gas-liquid mass transfer without dispersion of one phase within another [36].
There were several important advantages of membrane contactor had been noticed,

including absence of emulsions, no flooding at high flow rates, no unloading at low
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flow rates, no density difference between fluids required, and surprisingly high
interfacial area [11]. In addition, membrane contactor has high surface area per
volume, which offers 30 times more area than what achieved in gas absorbers and 500
times what obtained in liquid/liquid extraction columns [37].

Flat-sheet membrane and hollow fiber membrane are two types of membranes
which are used to make membrane contactor. With high membrane packing, the
hollow fiber membrane has higher productivity per unit volume of the membrane
module compared to typical flat-sheet membranes. Use of flat-sheet membrane
modules is more complicated due to the requirements for spacers and supports, while
hollow fiber membranes are self-supporting[10]. Therefore, hollow fiber membranes
have been used widely for membrane contactor, especially for gas-liquid membrane
contactor [10].

2.3.1 Principle of gas-liquid membrane contactor

In this process, the hydrophobic porous membranes are employed as a barrier
to separate gas and liquid phases [8]. There are three operation modes of membrane
contactor as shown in Figure 2.1: (a) non-wetting patterns, (b) partial-wetting mode
and (c) overall wetting mode. Among these operation modes, non-wetting mode of
operation, which its pores are filled by gas phase, is highly preferred, as it leads to

minimal diffusion resistance in membrane pores [11].

Y/ S ),

Ci ga:, m-:nb"’“ W//M

Ci. gaz, membrans
'

Figure 2.1 Operation mode of membrane contactor in microporous membrane: (a)
non-wetting patterns, (b) overall wetting mode and (c) partial-wetting mode. Ci: gas

concentration in each resistance i.e. gas, liquid and membrane resistances
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The mass-transfer in non-wetted gas-liqguid membrane contactor is shown in
Figure 2.2. There are three resistances in series that the feed gas has encounter, which
are resistance of gas phase boundary layer (1/kg), membrane resistance (1/km) and
resistance of liquid phase boundary layer (1/k)). In the gas -liquid membrane contactor
processes, the gas is transported from the bulk of gas phase to the interface between
gas phase and membranes; then be transported through the membrane pores; and in
the end of the process, the dissolution of a gas component into a liquid (with or
without the reaction) [6, 8]. The overall mass transfer resistance (1/Kq) (m/s) can be

analyze by Equation (1) [6, 11]:
\/ /A do do

—=— + 1)

Kol EK; Hkpdj, Hkgd;

where, Ko is the overall mass transfer coefficient based liquid
phase (m/s)
Kg, Km, Ki are the individual mass transfer coefficients (m/s) of

the gas phase, membrane and liquid phase,
respectively

di, do, din are the inner, outer and logarithmic mean diameters
(m) of the fibers, respectively

E is the enhancement factor which is included to
account for the effect of the reaction

H 1s Henry’s constant (mg/I in gas)/(mg/1 in liquid)
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Figure 2.2 Mass transfer regions and resistance-in-series in non-wetted membrane

contactor.

Membranes resistance become more significant when membrane pores wetted
by liquid absorbents reducing gas transfer efficiency after long-term operation [11].
To keep the membrane contactor be non- wetting operation mode, the membrane
materials which are used for making the membrane contactors must be hydrophobic

membranes to prevent the membrane wetting occurred.

2.3.2 Membrane materials for ozonation contactor

The definition of a hydrophobic surface is when its static water contact angle
(WCA) 6>90° but hydrophilic surface is 6<90° [38]. The hydrophobic membranes
used to make membrane contactors usually are polypropylene (PP), polyethylene
(PE), polyvinylidene fluoride (PVDF), and polytetrafluoroethylene (PTFE). The
hydrophobicity order of these types of membranes is PTFE > PVDF > PP [12]. In
addition, the ozone resistance was in the following order: PTFE > PVDF > PE [39].

The chemical structures and some membrane properties are summarized in Table 2.2:
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Table 2.2 Commercial membranes commonly used for membrane contactors [12, 40]

Contact angle Melting

Types of membrane Chemical structure © int (°C)
poin
e
PP ¢—¢ J >95 160
H H

H F
| |

PVDF ——C—Cﬂ‘ > 65 177
H F

F

I |

PTFE ¢ > 105 327
F

However, the price of PTFE hollow fiber membrane is much more expensive
compared to others, which is about 32 times higher than that of PVDF membrane. The
phase inversion process of PTFE production limited the fabrication of this membrane
type due to the complexity in solvent selection; thus, its cost is expensive [14]. On the
contrary, PVDF had received great attention because of its outstanding properties
such as high mechanical strength, thermal stability, chemical resistance, and high
hydrophobicity, compared to other commercialized polymeric materials [41].
Therefore, PVDF membrane has become more popular membrane used. However,

after long-term operating, membrane wetting could occur.

2.4  Hydrophobic surface modification of existing PVDF hollow fiber

membrane

There are many methods that have been used for membrane hydrophobic
modification, such as (1) the improvement of membrane preparation process, (2) the
introduction of perfluorinated polymers, and (3) the surface hydrophobic modification
of existing PVDF membranes. The methods that have been paid more attention is

surface modification processes.
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2.4.1 Current hydrophobic surface modification for PVDF membrane

Surface modification is a technique which is used to enhance the required
performance of a membrane by adding a small amount of a functional group onto the
surface or by changing the surface characteristics by means of physical or chemical
methods.

There were several studies that have successfully enhanced the hydrophobicity
of ceramic membrane by direct grafting using organosilane compound. Organosilane
refers to a molecule which has one Si atom connected with four functional groups,
SiXs. Generally, X are -Cl, -OCH2CHzs, -OCHs, and the reactivity of these groups
decreases in order of Si-NR2 > Si-Cl > Si-OCCHz > Si-OCH3 > Si-OCH2CH3 [42].
Fluoroalkylsilane (FAS) and chloroalkylsilane (CAS) are two groups of organosilane
that have been applied for membrane hydrophobicity enhancement [14, 16-18].
During grafting, the organosilane with reactive silanol species reacts with -OH groups
presented on the ceramic membrane to increase membrane hydrophobicity, as shown
in Figure 2.3 [18, 43].

Before modification

Figure 2.3 Reaction between ceramic membrane with Fluoroalkylsilane

Besides, CAS groups can react with moisture in the air, creating a two-way
reaction of the CAS compounds: horizontal reaction with -OH groups on membrane

surface and vertical reaction with moisture [44].
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Figure 2.4 Reaction mechanisms between methyltrichlorosilane and the

PVA/cellulose nanofibrils (CNFs) membrane surface

However, PVDF membranes have no hydroxyl group. Therefore, to enhance
the hydrophobicity of PVDF membrane by this method, -OH groups should be
introduced onto membrane surface using physical activation and chemical activation
methods. For chemical activation, PVDF membrane is activated by a strong alkaline
active group; then, the organosilane are grafted onto a membrane surface. For plasma
activation, there are many kinds of plasma can introduce OH groups on membrane
surface, such as He, H2O, O, air and Ar gases. Yang et al. (2011) studied on
performance improvement of distillation process with modified PVDF membrane by
chemical and plasma activation methods. For chemical method, PVDF membrane was
hydroxylated by lithium hydroxide solution and successive reduction with an organic
sodium borohydride solution followed by cross-linking with a perfluoro-compound of
perfluoropolyether containing ethoxysilane terminal groups. For the plasma activation
method, the PVDF membrane surface was firstly activated by RF plasma to introduce
free radicals; then, the activated membrane was polymerized by 1H,1H,2H,2H-
perfluorodecyl acrylate solution, which is a hydrophobic monomer. The results
showed that the WCA of modified membranes activated by the chemical is higher
than that of plasma-activated membranes, which increased from 88° to 115° and 105°,
respectively. In addition, comparing to unmodified PVDF hollow-fiber membrane,
both modified membranes showed greater hydrophobicity and mechanical strength
and smaller maximum pore sizes [14]. However, the use of alkaline for activation

affects the membrane physical characteristics. Liu et al. (2010) found that the
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membrane pore size decreased by increasing alkaline treatment time. The pore size
reduction may occur due to the microstructural shrinkage of the membrane by alkaline
treatment [45]. In addition, Hashim et al. (2011) indicated that the mechanical
strength of the membranes was further reduced with an increase in concentration and
temperature of NaOH solutions [19]. Therefore, plasma activation method is
considered as an alternative since this method is less damage for membrane structure.

Cold plasma such as radio frequency (RF) has been successful used to modify
PVDF membrane surface. Zheng et al. (2009) modified PVDF flat membrane surface
by using O. plasma activation and grafted by methyltrichlorosilane (MTCS) vapor.
The result showed that the WCA of membranes dropped from 88° to 81° after 10 mins
of RF plasma activation, then increased to 134° after grafted by chemical vapor.
However, the chemical vapor method is very expensive due to a large number of
chemicals required for the vapor grafting process (MTCS solution 33%) [16]. Xu et
al. (2015) indicated that the WCA of flat membrane could increase from 70.1° to 121°
after activated by RF Argon (Ar) plasma for 120 s followed by grafted with N-
octyltriethoxysilane 12% for 2h [22].

2.4.2 Plasma activation

Plasma treatment methods are considered as a less-harmful technique for
membrane surface, compared to chemical treatment method [15]. During this process,
electrons and ions from the plasma-phase react with the membrane surface, without
affecting the bulk of membrane [46]. The purpose of plasma activation is to introduce
the functional group or ion and active radicals on the membrane surface, making the
grafting step more effective. Several types of plasma gases can be used to introduce -
OH group onto membrane surface, including inert gases such as He and Ar and

oxidative gases such as O, atmospheric, H20, etc.
(@) Inert plasma gases

Inert plasma gases such as Ar and He are not able to directly introduce new
functional groups onto the surface of membrane but could increase surface

hydrophilicity by reaction of the plasma activated surfaces upon exposure to ambient
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air. After exposed to the air, peroxyl (ROO¢), hydroperoxyl (¢OOH) and hydroxyl

species are generated on membrane surface, as presented in Figure 2.5 [21, 47].

Inert plasma gases —

Original membrane Activated membrane

Figure 2.5 The mechanism of inert gases plasma activation

(b) Oxidative plasma gases

0., H20 and air gases are mainly used to introduce polar functionalities to the
membranes. These oxidative plasma gases would increase the hydrophilicity of
membrane surface by adding the hydrophilic functional groups. Similar to inert
plasma gases, during oxidative plasma activation, electron, ion, radical, and UV
radiation can react with the membrane surface. In addition, these radicals formed on
the membrane surface can react directly with these gases or with the created
fragments in the plasma phase; then, the OH group would be introduced onto

membrane surface [21].

2.4.3 Pulse inductively coupled plasma (PICP)

Pulse inductively coupled plasma (PICP) is one of the high energy plasma
systems which could be used to modify PVDF membrane surface due to the fact that
the surface treatment by PICP does not require lengthy treatment period to achieve
desired effects [23]. Since the design of PICP is much simpler than typical inductively
coupled RF reactor plasma, the pulse treatment is more practical. Besides, PICP
plasma temperature can be controlled by operating pressure and applied voltage,
suitable for investigating the optimize plasma energy for membrane modification.

There are some advantages of PICP had been noticed such as minimizes the thermal
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load of samples and achieve desired effects within a short treatment period. PICP had
successful used for enhancing the hydrophilicity of gelatin films [23]. To the best of
our knowledge, PICP plasma has never been used for PVDF membrane activation.

2.4.4 The parameters effect to membrane surface modification
(a) Plasma treatment time and plasma energy

Plasma treatment time and plasma temperature affect the membrane water
contact angle and membrane pore size of membrane. The abundant of OH groups of
membrane surface also affects the reaction with organosilane solution [22, 48].
Furthermore, the membrane pore size also increases with the increase of plasma
treatment time. The increasing of membrane pore size results in the increase of mass
flux performance. However, wetting problem could be occurred with the large

membrane pore size.
(b) Grafting concentration and grafting time

Organosilane solution concentration also affects the hydrophobicity
enhancement of membrane surface. Zheng et al. (2009) indicated that the WCA of
membranes modified by vapor grafting process increased with the increase of MTCS
concentration until reaching a plateau. Besides, the functional groups of each
organosilane affect the reaction time by their reaction rate [17]. Therefore, grafting
concentration and grafting time are relatively crucial in achieving maximum reaction

between silanol and OH during the grafting process.

2.5 Ozonation membrane contactor process
2.5.1 Ozonation reaction

In water, ozone is characterized by driving the oxidation in two mechanisms:
direct reaction with dissolved molecular ozone (O3) and indirect reaction with the
radical species such as hydroxyl (¢OH), and hydroperoxyl (¢OOH) (Figure 2.6). The
parameters such as pH and temperature of the media and ozone dose affect the

combination of two above pathways, affecting the treatment efficiency [49].
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Figure 2.6 Reactions of ozone and dissolved solids

2.5.2 The parameters effect the ozonation membrane contactor process on

wastewater treatment
(@) Ozone dosage

Ozone dosage is one of the most important factors that affect the dye removal
efficiency. The optimize of applied ozone dose making the process reach the
maximum decolorization efficiency [49]. Sevimli et al. (2002) indicated that the
decolorization performance increased with the increasing of ozone dose, in particular,
ozone utilization ratios of dye bath wastewater were 64% and 39% for the applied

ozone doses of 24.1 mg/l and 87.2 mg/l, respectively [50].
(b) Dye concentration

The study on effect of dye concentration is essential since the it contributes to
the color and organic load of dye wastewater. Gao et al. (2012) studied the feasibility
of ozonation for different dye concentration, from 50 — 800 mg/Il. The results showed
that the dye removal efficiency decreased with the increase of dye concentration. In
additions, the ozone consumption increased with the increase of initial dye

concentration [51].

(c) pH

Ozone molecules attack selected specific parts of organic molecules such as
double bonds or the aromatic system of direct reactive dyes under acidic pH

conditions. In contrast, hydroxide radicals from ozone depletion react unspecific to
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organic compounds under alkaline pH [49]. For instance, Kusvuran et al. showed that
an increase of pH from 3 to 10 results in increasing of the removal percentages from
50% to 83.3% after 4 min ozonation of Reactive Blue 5 [52].

(d) Wetting characteristics of membrane

Membrane pore size, membrane porosities, and membrane hydrophobicity
affect the membrane wetting, which poses an effect on ozone mass transfer efficiency.
Ciardelli et al. (2003) found that the ozone mass transfer value was higher with the
higher membrane pore size [35]. However, membrane wetting could occur quickly
with the high membrane pore size and high porosities [11]. In contrast, high
membrane hydrophobicity could prevent membrane wetting. Bamperng et al. (2010)
indicated that PTFE membrane, which has higher WCA and lower porosities
compared to PVDF membranes, gave higher stable and ozone flux than PVDF

membranes [6].

2.6 Membrane characterization
2.6.1 Contact angle measurement

Water contact angle is considered as a typical method to determine the
hydrophobicity of membrane. Conventionally, WCA is measured by the angle where
liquid—vapor interface meets a solid surface. For hollow fiber membrane, WCA is
determined by tensiometer, in which the Wilhelmy method is used [53]. The WCA is
calculated by Equation (2):

F-Fp

— )

where, 6 is water contact angle, F is the total force felt by the fiber at any

cosl =

submersion position, and Fy, is the buoyant component of the force on the fiber at any
submersion position. Fy is due to the fiber displacing liquid as it is submerged and

removed, L is wetted length and o is surface tension.
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2.6.2 Fourier-transform infrared spectroscopy (FT-IR)

Each functional group has a specific vibration characteristic in the infrared
spectrum, which can be determined by FTIR. This method is generally used to
determine the membrane material and to confirm the chemical reaction of membrane
modification [18].

2.6.3 Scanning electron microscope (SEM) and Energy Dispersive X-ray (EDX)

analysis

The surface morphology of the outer surface and cross section of the PVDF
membrane before and after each modification step is observed by using SEM which
determines the surface morphology and pore structure of the membrane. It is
important to investigate the effectiveness of modification process by using the SEM
image of original membranes and modified membranes. Energy dispersive X-ray
(EDX) connected with SEM examines the surface chemistry of the PVDF
membranes. The spectrum includes detailed peaks that provide the elemental analysis
or the surface composition of the membrane surface. Some very light elements such
as H and He cannot be detected by this method because solid-state X-ray detector has
a relatively poor energy resolution and sensitivity to elements present in low
abundances [18]. This method can be useful in determining the correct methods of

membrane modification process.

2.6.4 Surface roughness

Surface roughness is determined using atomic force microscopy (AFM). AFM
provides 3D profile of surface roughness, including height parameters, spacing and
hybrid parameters. Average surface roughness (Ra) that is the mean of the absolute
height of the surface profile (Z) at all positions (x) of the sample is the most widely
used in the height parameter. Besides, distinguish between peaks and valleys is also
important information to fully characterize a surface [54]. Surface roughness is one of
the key factors affecting the membrane hydrophobicity in terms of water contact
angle. There are some studies reported that the surface roughness of membrane
grafted with chloroalkylsilane and fluoroalkylsilane decreased with the increase of

water contact angle [16, 17].
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CHAPTER 3
METHODOLOGY

This work was conducted with two main parts: membrane hydrophobic
modification and dye wastewater treatment using modified membranes as ozonation
membrane contactor, as shown in Figure 3.1. In the first experiment, PVDF
membranes surface was activated by plasma treatment, then grafted by organosilanes
to enhance the hydrophobicity. The treatment conditions such as plasma gas, plasma
exposure time, plasma operating conditions, organosilanes, grafting solution
concentration and grafting time were investigated. After being treated by each
modifying step, membrane samples were analyzed the chemical and physical
changed. Finally, the original and modified membrane were applied for dye

wastewater treatment by ozonation membrane contactor.

Surface activation by plasma treatment

» Effect of gas types (i.e. Ar, and O,)

» Effect of plasma operating conditions (i.e. applied voltage and
pressure)

» Effect of plasma treatment time (shots)

- Surface grafting by organosilanes
Membrane hydrophobic > Eff gf ﬁ.g yl 8
modification ~ bhect of gralling solutions L
» Effect of grafting concentration and grafting time

Membrane characterization

» WCA: membrane hydrophobicity
SEM: morphology change

EDX: chemical composition
FT-IR: functional group changes

>
» AFM: surface roughness

Dye wastewater treatment application
@ ‘ Application on dye » Long-term ozone fluxes of membranes

Effect of modified membranes
wastewater treatment

>
» Effect of ozone concentration and dye concentration
» Effect of dye

Figure 3.1 Research framework

3.1 Materials
PVDF membranes were purchased from Altrateck. Toluene and hexane were

obtained from Qrec. Methyltrichloroalkylsilane (MTCS), trimethylchloroalkylsilane
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(TMCS), 1H,1H,2H,2H-perfluorodecyltriethoxysilane (FAS-C8), and 1H, 1H, 2H,
2H-perfluorooctyltriethoxysilane (FAS-C6) were acquired from Aldrich. The different
organosilanes used were described in Figure 3.2. Direct Blue 71 (DB 71) and
Reactive Red 239 (RR 239) was manufactured and kindly provided by DyStar Thai
Ltd. The properties of DB 71 and RR 239 are shown in Table 2.1. Oxygen (O2) and

Argon (Ar) gases were of analytical grade.

HiC CHs F EFFEF 0" CH, Cl CH,
050~ i Sl cn HaC-Si-Cl HaC-Si=Cl
PN i 3
H3C/h—o CHECHQ(CFE);vCFg FFFFFF O\,’CHB Cl CH3
FAS-C8 FAS-C6 MTCS TMCS

Figure 3.2 The structure of organosilanes

3.2 Membrane hydrophobic modification

In this study, PVDF membrane modification involved a two-step processes:
(1) surface activation by exposing membrane to a pulsed inductively coupled plasma
(PICP) for a few plasma shots and (2) direct grafting by immersing membranes into

organosilanes within a given time period as followed.

3.2.1 Plasma activation

PVDF hollow fiber membranes were placed in a sample holder inside the
cylindrical quartz tube of the PICP system as presented in Figure 3.3. Plasma
activation was conducted using PICP driven by charging an applied voltage under an
operating pressure using two 30 WF capacitor banks with a charging potential of 20
kV. The operating pressure was controlled by pressure gauge and applied voltage was
controlled by capacitor controller. Gas was fed from the tank into the plasma
chamber. Subsequently, a current is discharged through a steel coil around the quartz
tube that produces the internal plasma through the ionization of gas inside the

chamber.
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Figure 3.3 Schematic diagram of pulsed inductively coupled plasma (PICP) system
[23]

Oxygen (O2) and argon (Ar) plasma gases were used to activate the
membrane surface. Different plasma operating conditions including operating
pressure (0.25-0.35 mbar), applied voltage (8-10 kV), and plasma treatment shot (1-3

shots) were investigated.

3.2.2 Membrane grafting

After membrane activation, the activated membranes were immersed into
different organosilanes in closed plastic containers. Four different organosilanes
namely FAS-C8, FAS-C6, MTCS, and TMCS were selected to study. MTCS and
TMCS were prepared by dissolving in toluene, but FAS-C6 and FAS-C8 were
prepared by dissolving in hexane [17]. Grafting conditions such as grafting time and
grafting concentration were investigated. The solution concentration was ranged from
0.005M — 0.020M and the grafting time was studied from 0.5h-6h. Then, the grafted
membranes were rinsed either pure hexane or pure toluene for three times to remove

any unreacted chemicals from the membranes and were dried at 60°C in an oven
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(Model 700, Memmert) for 2h. Modified membranes were kept at room temperature

for characterization.

3.2.3 Membrane characterization

a) Water contact angle:

After modification, the modified membrane samples were analyzed for water
contact angle (WCA) using a tensiometer (DCAT 11, Dataphysics, Germany). The
advancing contact angle was determined three cycles by SCAT software (version

2.4.8.48) and at least six sample readings of each membrane were reported.
b) Membrane morphology and chemical compositions

Membrane morphology and chemical compositions of membranes were
investigated via scanning electron microscopy (SEM) (JEOL, JSM-IT500HR)
coupled with a dispersive energy X-ray (EDX) at an accelerating voltage of 15.0 kV
for both unmodified and modified membranes. The membrane surface was coated

with gold under a vacuum condition to avoid electrostatic charging.
c) Surface roughness

Roughness and morphology of membrane were further analyzed by using
atomic force microscopy (AFM, SPA 400, SEIKO). The membrane surface was
imaged with a scan size of 10x10 um. The surface roughness of the membrane was
recorded in terms of the mean roughness (Ra). The surface profile such as peak height
(2), peak diameter and distance between peaks were calculated from the cross-section
profiles along the marked directions of membranes by Gwyddion software.

d) Chemical functional groups

Fourier-transform infrared (FTIR) spectroscopy was used to investigate any
changes in chemical functional group. The surface infrared spectra were recorded
using an IR Prestige-21 FTIR spectrophotometer (SHIMADZU) at a resolution of 4
cm? in attenuated total reflection (ATR) mode. The inverted surface spectra of the

membranes were recorded between wavenumber 500 cm™ and 4000 cm™.
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e) Membrane porosity

Membrane porosity (¢) was calculate using gravimetric method [55].
Membranes were cut to the same size and transferred into beakers with pure water.
After immersing in water for 48h, samples were taken out and dried for 4h under
60°C. The weights of water contained in the membrane pores were recorded by using
the analytical weight (MS204S). The porosity of hollow fiber membranes was

calculated as Equation (3):

_ (Wy-Wa)lp,,
B (Wy-Wa)lpy, Wa/p, ®)

where: Wp and W, are weights of membrane before and after drying,
respectively. pw is density of water (1 g/cm?), pp is theoretical density of PVDF (1.78

glcmd).

3.3 Application on dye wastewater treatment

After obtaining the optimized modification conditions, original PVDF hollow
fiber membranes and modified membranes were studied in ozonation membrane
contactor for DB 71 and RR 239 decolorization. The ozone flux and dye
decolorization of ozonation membrane contactor using original membrane and
modified membranes were compared. The specifications of membrane and module

were shown in Table 3.1.

Table 3.1 Details of membranes and modules employed in ozonation membrane

contactor system

Fiber outer diameter (mm) 1.13
Fiber inert diameter (mm) 0.8
Number of fibers 25
Module outer diameter (mm) 10
Module inter diameter (mm) 8
Effective module length (mm) 250

Effective area (m?) 0.01571
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3.3.1 The long-term ozone fluxes of membranes

The aim of this experiment is investigation of the ozone flux in original PVDF
membrane and modified PVDF membranes by time, in order to evaluate the effective
stability of membrane modification at fixed ozone concentration, gas velocity and
liquid velocity. The outlet ozone gas concentration was measured every 1h by ozone
analyzer (OLD/DL-5, Canada). Ozone gas and dye solution were operated under
counter-current mode as illustrated in Figure 3.4. In this process, ozone gas was
produced by the ozone generator using pure oxygen with industrial grade. Ozone was
fed to the top of the membrane module through the shell side of the membrane by
oriented vertically at a velocity of 2 m/s, measured by a gas flow meter (Bios defender
510). Meanwhile, dye wastewater was pumped from the feed tank to the bottom of the
module through the lumen side of the hollow fibers by a peristaltic pump (L/S®Easy-
load®Il, Masterflex) at the liquid velocity of 0.46 m/s.

!

Ozone
analyzer

| Ozone
generator

Bubble
flow meter 9 Rota metter

Ozone
analyzer

Figure 3.4 Experimental setup for ozone flux measurement of ozonation membrane

contactor (liquid velocity: 0.46 m/s, gas velocity: 2 m/s, 100 mg/l DB 71)

The ozone flux (g/m?s) can be determined by Equation 4:

_ Qosx (C03,in' C03, out)

Jo,= . 4)
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where, Qo, is the ozone flow rate (m%s), Co,is the inlet ozone gas
concentration (g/m?3), Co, ., Is the outlet ozone gas concentration (g/m®) and A is the

effective area of the membrane (m?).

3.3.2 Decolorization of dye wastewater by ozonation using modified membranes
This experiment aims to investigate the dye wastewater treatment performance
at different dyes and membranes by ozonation membrane contactor. The modified
membranes under different modification conditions were selected to study as
membrane in membrane contactor. The experimental setup was similar to that in the
experiment of ozone flux measurement, excepted the outlet dye wastewater was
recycled back to feed tank as shown in Figure 3.5. RR 239 and DB 71 azo dyes were
selected to investigate the effect of dyes on treatment performance. The ozone
concentration from 30-60 mg/l and dye solution concentration from 50-200 mg/I were
investigated. Treated wastewater was sampled from sampling port to analyze COD

and dye concentration at different time.

—
& > )
é Sampling port
Ozone
analyzer a!

£

| Ozone
generator

Bubble
flow meter Rota metter
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Feed tank

Figure 3.5 Schematic diagram of ozonation membrane contactor device for dye

solution treatment
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Dye concentration was measured by UV-spectrophotometer (UV-VIS,
PerkinElmer) and COD was analyzed by closed reflux titrimetric method. The

treatment efficiency was calculated by the Equation (5):

Removal efficiency (%) = R

CO(;Cxloo (5)
where, Co and C are the dye concentration (mg/l) before and after treatment
for time (mins).

The decolorization of dyes by ozone ozidation is pseudo-first order with
respect to both ozone and dye [56]. The dye ozonation kinetic was measured
according to Equation (6):

C = Cyxeramt (6)

Therefore, the pseudo-first-order trend was observed by plotting In (Co/C)

versus reaction time following Equation (7):

C
F(: N\ kappt (7)

where Co and C; are initial and treated dye concentrations (mg/l) at reaction

In

time t (min), and k is apparent rate constant (min).

3.4 Energy consumption of ozonation membrane contactor process
To evaluate the energy consumed of the process, the energy demand to treat 1
m® of dye wastewater which consisted of pump and ozone generator energies was

calculated as followed:

3.4.1 Energy consumed of pump

The role of the peristaltic pump is to feed water into membrane module and to
recirculate water to the feed tank. The energy demand for peristaltic pump (Ep) was
determined by Equation (8):

E,=PxT (8)
where P is power required (kW), T is the time required to treat 1 m® of water (h). This
was assumed that the requirement for discharged wastewater is 10 mg/l, T was
determined by Equation (9):

C
-lnC—O>< 1000

" app V60 ©)
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where k is apparent constant rate (min™), and V is solution volume (L).

The power required for the pump was determined by Equation (10) [57]:

p = Uxexxh_ axaP (10)
n n

where q is liquid flow rate (m®s), p is the density of feed water under room
temperature (kg/m?®), g is the gravitation (9.8 m/s?). The total water head (h=XAP/pg)
of the system was determined from pressure drop (AP). n is the efficiency of pump
which was assumed to be 75%. The pressure drop was calculated based on Darcy-
Weisbach [57] as followed Equations (11-13):

» fpviL
AP=TZ (11)
fR,=64 (12)
R,="C (13)

n

where f is Darcy friction factor, v is the liquid velocity (0.46 m/s), L is the length of
pipe in different sections (m), d is the diameter of pipe or membrane channels (m).
The AP was calculated at different sections of system such as pipe and membrane
channel using online pressure drop calculator (Pressure Drop Online-Calculator,

Software-Factory H. Schmitz).

3.4.2 Energy consumption during ozone generation
The energy demand (kWh) during operational period was calculated following
Equation (14) [57, 58]:

C
—lnC—XrX [05] XQO3

Ego(0;3)=—2=

Kapp V1000 (14)

where r is energy requirement for ozone production (10 kWh/kg ozone), [Os] is 0zone

concentration used in the process (mg O3/l), and Qogis the flow rate of ozone (I/min),

k is apparent constant rate (min), and V is dye volume (L).
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Effect of plasma operation parameters on membrane modification

In order to enhance the hydrophobicity, the PVDF membrane was modified by
PICP activation followed by grafting with organosilanes. To optimize the plasma
operation parameters on membrane hydrophobicity enhancement, the plasma gas
type, plasma operating condition, and plasma treatment time were variated, while the
grafting condition was kept constant at organosilane concentration of 0.02M and
grafting time of 2h. Water contact angle (WCA), membrane morphology, surface
roughness, membrane porosity and membrane chemical structure changed were

analyzed.

4.1.1 Effect of plasma gases

In order to investigate the effect of different plasma gases on membrane
activation, argon (Ar) and oxygen (O2) gas were studied. The applied voltage was
ranged from 8 kV to 10 kV, and the operating pressure was kept constant at 0.25
mbar. The changing in WCA of the modified membrane with and without plasma
activation were compared as shown in Figure 4.1. In which, after grafted with 0.02M
MTCS for 2h, all modified membranes activated by PICP gave a higher WCA
compared to that of modified membranes without plasma activation (control sample).
Under the operating condition of applied voltage at 10 kV and operating pressure at
0.25 mbar followed by grafting with 0.02M MTCS for 2h, WCA of the modified
membranes was increased from 74.7° (original) to 98.1° and 114.8° by Ar and O
plasma activation, respectively, while the WCA of the control sample (without
grafting) was 89.0°. The increase in WCA implied that the hydrophobicity of
membrane was increased. It was due to the formation of radicals and functional
groups on the membrane surface by plasma treatment. The introduction of functional
groups by plasma gas is demonstrated as in Figure 4.2 [47, 59]. In the plasma process,
gases are ionized to energetic ions, photons, and electrons that interact with the
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polymer, resulting in the changes of chemical and physical of the membrane surface
[59]. Metastable argon and metastable oxygen are the most important active species
presented in plasma, which its energy has sufficiently high to promote the C-F bond
scission [47, 59]. After that, functional groups could be formed on membrane surface.
These functional groups react with organosilane which enhance the membrane
hydrophabicity.

On the other hand, plasma gases play an important role in membrane
modification efficiency. For all conditions, the WCA of the 0.02M MTCS grafted
membrane activated by O plasma was higher than that of membranes activated by Ar
plasma. For activation condition of 8 kV/0.25 mbar, the WCA of 0.02M MTCS
grafted membrane activated by O, was 119.4°, while that of grafted membrane
activated by Ar was much lower (92.0°). Similarly, under the operating condition of
10 kV/0.25 mbar, the WCA of 0.02M MTCS grafted membrane treated by O, was
higher than that of membrane treated by Ar, which was 105.9° and 98.1°, respectively.
This was because O: plasma directly introduced -OH groups, while Ar plasma
introduced ions and active radicals onto the membrane surface [21]. Therefore, more
reactions between -OH groups and MTCS occur on membranes activated by O:
plasma as their surfaces have more -OH groups than membranes activated by Ar
plasma. Kaynak et al. (2013) also reported that at the same operating condition,
membrane treated by O plasma gave lower WCA than membrane treated by Ar
plasma which was decreased from 84.6° to 68.4° and 63.2° by Ar and O2 plasma
treatment, respectively. In addition, the WCA of membranes depends on surface

morphology and chemical composition on membrane surface [60].
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Figure 4.1 The WCA of grafted membranes activated by different plasma gases and
different plasma applied voltage under operating pressure at 0.25 mbar, followed by
grafting with 0.02M MTCS for 2h
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Figure 4.2 Schematic reaction mechanism of plasma treatment on PVDF membrane

The difference of membrane surface treated by plasma gases were confirmed
by SEM images (Figure 4.3). It could be observed that there were some particles on
the surface of grafted membrane. At the same operating conditions, the particles on
surface of O, activated membrane followed by grafting with 0.02M MTCS were

bigger than those formed on membrane activated by Ar plasma. These particles were
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corresponding to the Si-O-Si hydrophobic network presented on the membrane

surface, as confirmed by the FTIR and EDX as shown in Figure 4.4 and Table 4.1.

Figure 4.3 SEM images of a) original membrane, b) modified membrane activated

by Oz, and c) modified membrane activated by Ar (operating condition of 8 kV and
0.25 mbar followed by grafting with MTCS for 2h)

The changes of the chemical components induced by the introduction of
functional groups and MTCS on the PVDF surfaces were confirmed by FTIR analysis
as shown in Figure 4.4. The featured functional groups of PVDF membranes were
presented in FTIR spectra, in which, stretching bands of CF, appeared at wave
number of 1067 cm™ and 1274 cm™ [61], and the stretching bands of CH. appeared at
1402 cm™ and 2890-3100 cm™*. While Ar activated membrane followed by grafting
with 0.02M MTCS did not significantly changed compared to original PVDF
membrane, there were three new peaks found in the spectra of grafted membrane
activated by O, plasma. The introduction of MTCS was confirmed by the presence of
peaks at around 783 cm™, 1034 cm?, and 1141 cm™, which are attributed to the
Si—O—Si vibrations in the methylsilicone network [62, 63].


https://www.sciencedirect.com/topics/chemistry/attenuated-total-reflectance-fourier-transform-infrared-spectroscopy
https://www.sciencedirect.com/topics/physics-and-astronomy/vibration
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Figure 4.4 FTIR spectra of PVDF membrane a) original membrane; b) modified
membrane activated by O, and c) modified membrane activated by Ar (operating
condition of 8 kV and 0.25 mbar followed by grafting with MTCS for 2h)

Carbon (C), fluorine (F), oxygen (O), and silicon (Si) contents were analyzed
at different membranes after plasma activation by different plasma gases and after
grafted by MTCS as presented in Table 4.1. The results indicated that the O, activated
membrane followed by grafted with MTCS showed the presence of O, while the
original PVDF membrane and Ar activated membrane showed the presence of only C
and F. The active plasma gas such as O directly introduced -OH groups to membrane
surface, whereas, inert plasma gas such as Ar only can generate the active radicals on
to membrane surface, then, form the -OH groups after exposure to the air [21]. Due to
the high abundance of -OH groups on the membrane surface, the Si content of grafted
membranes activated by O plasma was higher than that of membranes activated by
Ar plasma. The presences of Si and O element proved that membranes were

successfully modified by PICP system followed by grafted with MTCS.
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Table 4.1 Changes of the chemical composition of membrane surface under different

plasma gases

Element composition (%)

Membranes
C F 0] Si
Original PVDF membrane 53.4 46.6 - -
Modified membranes
Activated 54.6 45.3 - -
Ar plasma
Grafted 53.3 42.6 3.1 0.8
Activated 51.8 46.2 2.0 -
02 plasma
Grafted 53.3 28.5 12.3 5.9

This experiment proved that the different plasma gases posed the different
effects on membrane modification. In addition, the plasma activation followed by
grafting with MTCS could enhance the hydrophobicity of membrane surface,
expressed by WCA. Besides, Oz plasma gave more effect on membrane
hydrophilicity enhancement than that of Ar plasma due to the introduction of
functional groups process. After grafted by MTCS, the membrane activated by O>
plasma gave higher results in terms of WCA and Si content than membrane activated

by Ar plasma, therefore, Oz plasma activation was chosen for further experiments.

4.1.2 Effect of plasma operating conditions

According to the obtained results of WCA, O plasma activation was selected
to investigate the effect of PICP operating conditions. The operating plasma
conditions were studied, including applied voltage (8-10 kV) and operating pressure
(0.25-0.30 mbar). The results found that the WCA of the activated membranes were
not significant changed, excepted 8 kV/0.30 mbar and 10 kV/0.25 mbar. After
grafting with 0.02M MTCS for 2h, WCA of grafted membranes were not significant
different (119.4°-122.4°). Meanwhile, WCA of grafted membranes activated under
operating conditions of 8 k\//0.30 mbar and 10 kV/0.25 mbar were much lower which
was 106.2° and 105.9°, respectively, as shown in Figure 4.5. This result was likely

because of the effect of plasma energy on the membrane surface. The plasma energy
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decreased with the increase of operating pressure but increased with applied voltage
[64]. Based on that, the plasma energy of the operating condition of 8 k\//0.30 mbar
was lowest while that of 10 k\V/0.25 mbar was highest. It could be seen that at lower
plasma energy (8 kV/0.30 mbar) and higher plasma energy (10kV/0.25 mbar), the

effectiveness of membrane modification was lower.
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Figure 4.5 WCA of the modified membranes activated by oxygen plasma gas under

different plasma operating conditions followed by grafting with 0.2 M MTCS for 2h

SEM analysis was employed to characterize the surface morphology of
membranes. Figure 4.6 (a-d) showed that the membrane surface did not significantly
change after activated by O plasma; excepted under the condition of 10 kV/0.25
mbar, the membrane surface was melted and there was some small holes presence. It
was reported that both etching process and introduction of functional groups process
might happen on membrane surface during plasma activation [65]. In this work,
etching process might play more important role under the operating condition of 10
kV/0.25 bar.

The changing of membrane surfaces under different operating condition after
grafted with 0.02M MTCS for 2h were shown in Figure 4.6 (d-f). After grafting
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process, the differences in morphology of membrane surface by different plasma
operating conditions were noticeable. There were some particles on the surface of the
grafted membrane. In addition, the sizes of particles presented on grafted membrane
activated by 8 kV/0.30 mbar were small, while those of grafted membrane activated
by 8 kV/0.25 mbar and 10 kV/0.30 mbar were more prominent and could be observed
easily. Due to the high plasma energy, the particles on modified membrane under 10
kV/0.25 mbar was presented unevenly and was smaller compared to other conditions.
The contents of O and Si of MTCS grafted membranes activated by 8kV/0.30
mbar (4.7%, and 2.0%, respectively) and by 10 kV/0.25 mbar (2.3% and 0.2%,
respectively) were less than other conditions (Table 4.2). This result was probably
because of the effect of plasma energy on membrane surface. At low plasma
temperature (8 kV/0.30 mbar), the plasma energy was having lower effective on
functional group introduction. At high plasma energy (10 kV/0.25 mbar), the etching
process was probably better than introducing functional group process [65]. Besides,
higher O content on membrane surface resulted in the higher Si content. It can be seen
that the amount of Si and O presented on modified membrane surface increased with
the increasing of WCA. The Si content presented on grafted membrane activated by 8
kV/0.25 mbar, and 10 kV/0.30 mbar were highest, which were 5.9% and 3.1%,

respectively.
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Table 4.2 Changes of the chemical composition of membrane surface under different

plasma operating conditions

Plasma operating conditions Elemental composition (%)

Voltage Pressure Time )
(kV) (mbar) (shot) i © >

- - - 53.4 46.6 - -
8 0.25 1 53.3 28.5 12.3 5.9
8 0.30 1 52.1 41.2 4.7 2.0
10 0.25 1 50.2 47.3 2.3 0.2
10 0.30 1 49.9 40.5 6.5 3.1
10 0.30 2 49.4 30.3 14.0 6.3

Note: Activated by O plasma gas followed by grafting with 0.02M MTCS for 2h

The results showed that the membrane modification process was influenced by
plasma energy, at the high plasma energy, membrane surface was destroyed. In this
work, both plasma operating condition of 8 kV/0.25 mbar and 10 kV/0.30 mbar
showed the highest results in terms of WCA and Si and O composition. However, the
breaking down voltage of this PICP system for oxygen gas was 8 kV at which plasma
discharged was not stable. Therefore, the condition of 10 kV/0.30 mbar was chosen

for the next experiment.

4.1.3 Effect of plasma treatment shot

To investigate the effect of plasma treatment time, the O, activated
membranes at the applied voltage of 10 kV/0.30 mbar for 1 to 3 shots followed by
grafting with 0.02M MTCS for 2h were studied. Figure 4.7 shows the effect of
varying plasma treatment shot on membrane WCA. Without MTCS grafting, the
WCA of membranes reduced slightly from 74.7° (original) to 71.1° after 1 plasma
shot, and then reduced to 60.1° after 2 shots. This could be primarily attributed to the
introduction of increasing numbers of -OH groups on the membrane surface.
However, the WCA of the membranes increased from 60.1° to 74.8° when increasing

the treatment time from 2 shots to 3 shots. This was possibly because the membrane
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characteristics changed after exposure to plasma gas for a longer duration. As
mentioned above, both etching process and functional groups introduction process
may occur in plasma activation. The etching process showed the more important role
when the plasma treatment time is more than 2 shots.

After activated by O plasma, activated membranes were immersed into
0.02M MTCS and 0.02M FAS-C8 for 2h. The results showed that the WCA of
membranes was increased from 122.4° to 124.6° and from 97.1° to 106.9° for
membranes grafted by MTCS and FAS-C8, respectively when the plasma treatment
time increases from 1 shot to 2 shots. This was the result of the increasing of -OH
groups when the plasma treatment shot increase. Nevertheless, the WCA of grafted
membranes was declined when the plasma treatment increases to 3 shots which might
because of morphological changed of membranes.
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Figure 4.7 The WCAs of modified membranes activated by oxygen plasma gas at 10
kV/0.3 mbar for different plasma treatment times and grafted by 0.02M of different
solutions for 2h

Morphological changes of membranes after activated by plasma at different
plasma treatment shot are shown in Figure 4.8 (a-c). It could be seen that the

membrane surface did not change after activated by plasma treatment time of 1 shot
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and 2 shots. However, the membrane surface was destroyed by the presence of holes
under the plasma treatment time of 3 shots, as shown in Figure 4.8c. As a result, the
hydrophobic particles presented on membrane activated for 3 shots was smaller
compared to other conditions. Besides, particles on the surface of membrane activated
for 2 shots were distributed evenly on membrane surface and were bigger compared
to those on membrane activated for 1 shot.

The EDX results indicated that F content of membrane activated by 2 shots
was lower than that of membrane activated by 1 shot which was 30.3 % and 40.5 %,
respectively, as reported in Table 4.2. It was possibly due to the high membrane
defluorination of the treatment time of 2 shots compared to the treatment time of 1
shot. As a result, the O and Si content on membrane treated by 2 shots was higher. It
was implied that the treatment time of 2 shots was suitable for the activation of PVDF

membrane surface. When the plasma treatment shot exceeds 2 times, the etching

process would dominate, resulting in membrane destroying.

d) e)
Figure 4.8 SEM images of activated membranes (a-c) and grafted membranes (d-f),

at plasma treatment time of 1 shot (a, d), 2 shots (b, €), and 3 shots (c, f) at activation
condition of 10 kV/0.3 mbar followed by grafted with 0.02M MTCS for 2h
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4.2  Hydrophobic modification by grafting with organosilanes

In the grafting process, the reactive silanol species of organosilane could
replace the hydroxyl group presence on membrane surface and in the atmospheric

moisture [16, 63] as shown in Figure 4.9.

plasma gases -

Organosilanes

Original membrane Activated membrane Grafted membrane

# Free radical

Figure 4.9 PVDF membrane modification by methods of plasma activation followed

by organosilane direct grafting

Beside the plasma activation condition, the grafting condition also effect to the
membrane hydrophobicity enhancement. In order to optimize the membrane grafting
parameters, after activated by oxygen plasma gas, membranes were immersed into

organosilanes at different concentrations and different grafting time.

4.2.1 Effect of grafting organosilanes concentration

To investigate the effect of grafting solution concentration, membrane was
activated by O2 plasma then immersed into organosilanes at different organosilane
concentrations. The plasma operating condition was kept constant at 10 kV and 0.30
mbar and plasma treatment time of 2 shot, followed by grafting with 0.005-0.02 M of
MTCS and FAS-C8.

The results showed that the WCA of modified membranes was increased with
the increase of organosilane concentration as illustrated in Figure 4.10. For example,
when increasing the organosilane concentration from 0.01M to 0.02M, the WCA of
membrane grafted by MTCS and FAS-C8 increased from 102.3° to 124.6° and from

89.2° to 106.9°, respectively. This was because when the concentration of
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organosilane increased, the -OH groups present on the membrane surface and in the

moisture could easily be reacted with organosilanes, hence, enhancing the membrane

hydrophobicity [16].
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Figure 4.10 WCA of modified membrane at different organosilane concentrations

after activated by O plasma gas, under applied voltage of 10 kV/0.30 mbar/2 shots

The results showed that the outer surface of membranes grafted by FAS-C8
was smooth, while particles were found on the surface of membrane grafted by
MTCS. The size and number of particles on membrane grafted by MTCS increased

with the increasing of solution concentration, as shown in Figure 4.11.



d) €)
Figure 4.11 SEM images of modified membrane grafted by different organosilanes

and concentrations: a) 0.005M FAS-C8, b) 0.01M FAS-CS8, c¢) 0.02M FAS-C8, d)
0.005M MTCS, €) 0.01M MTCS, and f) 0.02M MTCS

It was clear that the grafting efficiency increased with the increasing of
organosilane concentration. The concentration of 0.02 M was chosen for further

experiments.

4.2.2 Effect of grafting time and organosilanes

Figure 4.12 shows the WCA of modified membranes with different grafting
organosilanes. MTCS, TMCS, FAS-C6, and FAS-C8 were studied for membrane
grafting at fixed organosilane concentration of 0.02M. The plasma activation
condition was kept constant by O2 plasma gas at 8k\V/0.25 mbar, and plasma treatment
time of 1 shot. The results revealed that the WCA of grafted membranes was
increased with the increasing of grafting time. This was because the grafted
organosilane increased with the grafting time, leading to an increase in the WCA [16].
However, the WCA of membrane grafted by TMCS and FAS-C6 did not have any
significant changes. In addition, it could be also observed that increasing in WCA of
membrane grafted by fluoroakylsilane (FAS-C6 and FAS-C8) was slower than that of



47

chloroakylsilane (MTCS and TMCS). After grafted for 0.5h, the WCA of membrane
grafted by MTCS increased from 71.0° (activated membrane) to 114.8° after 2h of
grafting time. For the membrane treated by FAS-C8 for 0.5h, WCA increased to 91.6°
after 2h of grafting time and reached 104.9° after 4h. Kujawa and Wojciech (2016)
indicated that the hydrophobicity of membrane depends on chemical and geometrical
of membrane surface [66]. The differences of the WCA of membrane grafted by
organosilanes is possibly due to the reactivity of silanol species that was reacted with
-OH group. Perera et al. (2016) indicated that the reactivity of functional groups
connected with Si atoms in organosilane compound decreases in the order of Si-NR;
> Si-Cl > Si-OCCHzs > Si-OCHz > Si-OCH2CHjs [42]. Functional groups of MTCS
which can react with -OH groups are CI, while that of FAS-C8 and FAS-C6 are -
OCHs, as shown in Figure 3.2, resulting in the lower WCA of FAS-C8 and FAS-C6.
The higher reactivity of MTCS with -Cl was related to the low bounding dissociation
energy of Si-Cl, at 60.28 kcal/mol, while that of Si-OCH3 was 108.0 kcal/mol [67]. In
addition, Kujawa et al. (2019) indicated that membrane grafted by nonfluorinated
compound contained -Cl showed the higher WCA and surface roughness compared to

fluorinated compound [67].
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Figure 4.12 WCA of modified membranes after activated by 1 shot of O, plasma
under 8 kV/0.25 mbar followed by grafting with 0.02M organosilane.

The organosilanes was reacted with -OH group presented on membrane
surface and in the moisture of the air by the active functional groups. MTCS and
FAS-C8 have three functional sites available for bonding molecules with -OH groups
on membrane surfaces, while TMCS has only one (Figure 3.1) [17]. Therefore, the
WCA of membrane grafted by TMCS was lower than that of membrane grafted by
MTCS and FAS-C8. In addition, the WCA of membrane grafted by TMCS and FAS-
C6 was not changed much, revealing that the membrane grafting was not successful
by these organosilanes.

Figure 4.14 shows the SEM results of membrane surface after modifying with
different grafting conditions. After activated by O> plasma under 8 kV//0.25 mbar and
plasma treatment time of 1 shot, the membrane surface was not significant changed
compared to original PVDF membrane, as presented in the Figure 4.14 (a-b). Besides,
membrane surface had considerable changes after grafted by organosilanes. It could
be observed that the surfaces of membrane grafted by TCMS, FAS-C6 and FAS-C8
for 2h did not change much (Figure 4.14 c-e), while MTCS formed the particles on
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the membrane surface. The particles were also found on the modified membranes by
MTCS as shown in Figure 4.14 f-h. The differences in the morphology changed of
organosilanes were probably because of the intermolecular activity. It was reported
that MTCS is much more reactive with itself, resulting in the observable spherical
particles found on membrane surfaces [17].

The particles formed were due to the horizontal reaction between MTCS
chemical and the -OH groups presented on membrane surface and vertical reaction
between MTCS with the moisture of the air, then form the methylsilicon hydrophobic

network on membrane surface [44] as illustrated by Figure 4.13.

/ \5‘/0 %
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Figure 4.13 Reaction mechanisms between methyltrichlorosilane and the activated

PVDF membrane surface

It could be easily observed that the numbers and sizes of particles were
increased with the grafting time. This was due to the increase in vertical reaction of

methylsilicon network on membrane surface over time [44].
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Figure 4.15 presents the FTIR results of modified membrane grafted by
different organosilanes. The results showed that the spectra of membrane grafted by
FAS-C6 and TMCS was not changed compared to original membrane, while the
peaks contributed to Si-O-Si appeared on membrane grafted by MTCS (783, 1034,
1141 cm™) and FAS-C8 (707 cm™ and 660 cm™) [68]. It was implied that membrane
was successfully grafted by MTCS and FAS-C8.
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Figure 4.15 FTIR spectra of activated membrane under oxygen plasma activation at
8kV/0.25 mbar/1 shot followed by grafting with different organosilanes: a) original
PVDF membrane, b) 0.02M FAS-C8-2h, ¢) 0.02M FAS-C6-2h, d) 0.02M TMCS, 2h,
and e) 0.02M MTCS-2h.

Figure 4.16 illustrates the FTIR results of membrane grafted by different
grafting time. The peak at wavenumber 3400 cm™ was attributed to -OH groups,
which was smaller when the grafting time increases due to the more completely react
between -OH groups and organosilane. As aforementioned, the peaks at wavenumber

783 cm?, 1034 cmt, 1141 cm™ were attributed to Si-O-Si network. These peaks were
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found in the FTIR spectra of membrane grafted by MTCS for 0.5h and were deepened

when the grafting time was increased with grafting time.
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Figure 4.16 FTIR spectra of activated membrane under oxygen plasma activation at
8kV/0.25 mbar/1 shot followed by grafting with 0.02M MTCS at different grafting
time a) activated membrane, b) 0.5h, ¢) 2h and d) 4h

The formation of the hydrophobic network was further confirmed by EDX
characterization as shown in Table 4.3. For the original membrane surface, there was
only the presence of C and F. After activated by O plasma at the applied voltage of 8
kV, a small amount of O was added due to the introducing of -OH groups on
membrane surface. After grafted by organosilanes, Si and O were presented on
membrane grafted by MTCS and FAS-C8. The Si and O which found on the surface
of membrane grafted by MTCS and FAS-C8 proved that methylsilicon network were
successfully formed. In addition, the Si and O contents on membrane grafted by
MTCS was higher than that of membrane grafted by FAS-C8. In contrast, there was
no Si presence on membrane surfacces grafted by TMCS and FAS-C6.
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Table 4.3 Changes of the chemical composition of membrane surface

PVDF membranes

Atomic
concentration Grafted by organosilanes

0 Original ~ Activated

(%) TMCS  MTCS FAS-C6 FAS-C8
C 53.4 51.7 53.0 53.3 51.6 51.9
F 46.6 46.2 47.0 285 47.6 475
(0] - 2.1 - 12.3 0.8 0.5

Si - - - 5.9 - 0.1

Note: Modification condition: 1 shot of O, plasma gas at applied voltage of 8 kV
followed by 2h grafting time.

According to the results, it could be concluded that PVDF membranes were
successfully modified by O> plasma activation followed by grafted with
organosilanes. The Oz plasma treatment for 2 shots followed by grafting with 0.02M
MTCS gave the highest results of WCA. For different organosilanes, the results found
that MTCS and FAS-C8 were effective in membrane modification process. The
optimized condition of plasma activation process (10 kV/0.30 mbar/2 shots) and the
optimized condition of grafting process (0.02M) was taken to study further grafting
time as illustrated in Figure 4.17. FAS-C8 and MTCS then were selected to modified
membrane. For 0.5h of grafting time, the WCA of membrane grafted by MTCS and
FAS-C8 were not significantly different, which were 103.8° and 102.6°, respectively.
After grafted for 2h, WCA of membrane grafted by MTCS increased rapidly to 124.6°
and then was constant, while that of membrane grafted by FAS-C8 was slightly
increased to 105.7°. Then, WCA of membrane grafted by FAS-C8 increased from
106.9° to 112.4° when grafting time increased from 4h to 6h. This was because of the

reactivity of silanol species in each organosilane as aforementioned.
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Figure 4.17 WCA of modified membranes after activated by 1 shot of O, plasma

under 10 kV/ 0.30 mbar followed by grafting with 0.02M organosilane

The morphologies of membranes at different organosilane concentrations were
shown in Figure 4.18. For the surface of membrane grafted by FAS-C8, the particles
appeared on the membrane grafted for 6h (Figure 4.18c). In contrast, the particles
were formed on the surface of membrane grafted by MTCS. The presence of spherical
particles on the membrane surface was because the organosilanes react with itself as
aforementioned. There was no difference on membrane grafted by MTCS for 4h and
6h (Figure 4.18 e and f).
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e)

Figure 4.18 Outer surface of modified membrane grafted by different organosilanes
and grafting time activated by O»/10 kV//0.30 mbar/2 shots: a) FAS-C8-2h, b) FAS-
C8-4h, c) FAS-C8-6h, d) MTCS-2h, e) MTCS-4h and f) MTCS-6h

The surface roughness of membranes was discussed in terms of the mean
roughness (Ra) and the surface profile such as peak height (Z), peak diameter and
distance between peaks. As shown in Table 4.4, the surface roughness decreased after
hydrophilization. Ra value was decreased from 251.1 nm (original) to 118.0 and 87.2
nm of membrane grafted by MTCS and FAS-C8 for 6h, respectively. This observation
agreed well with studies of Zheng et al. (2009) [16] and Sethunga et al. (2018) [61].
Sethunga et al. (2018) reported that after activated by NaOH followed by grafting
with Fluorolink S10, the roughness of PVDF membrane was reduced from 0.52 nm to
0.026 nm [61]. AFM 3D images and cross-section profiles along the marked
directions of the original PVDF membrane and modified membranes are shown in
Figure 4.19. It could be seen that original membrane surface was formed by smooth
surface and many regular microreliefs while there are nanoparticles and high peak
layers covered on modified membranes. The profile of peaks showed that the distance
between peaks of original membrane was 6.93 um while that of membrane treated by
MTCS and FAS-C8 for 4h was much lower at 0.82 pum and 2.97 um, respectively.
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After grafted for 6h, that distance between peaks of membranes grafted by MTCS and
FAS-C8 were reduced to 0.77 um and 1.73 um, respectively. The height of peaks of
original membrane was 899 nm, while that of membranes grafted by MTCS for 6h
was 384 nm compared to 55.8 nm of membrane grafted by FAS-C8. Zheng et al.
(2009) indicated that original membranes with the high distinction between peaks and
high height between valley and peak were easier to be wet [16]. Yusefi et al. (2016)
found that the differences in Ra of the original membrane and grafted membrane were
because the roughness depends on Z value, which corresponding to the distance
between valley and nodules [69]. Since organosilanes created hydrophobic layers on
membrane surfaces by the interaction between vertical and horizontal polymerization
of silanol, Z value of modified membranes was smaller, thus, Ra was lower [70]. As
can be seen in Figure 4.19, membrane pores were filled by hydrophobic layers,
reducing the deep of valleys. It was implied that hydrophobic layers were formed on
membrane, resulting in the reduction of roughness. The surface roughness was
decreased by treatment time for both membranes grafted by MTCS and FAS-C8, as a
result of the formation of hydrophobic layers on membrane surface.

In case of modified membrane, the surface roughness of modified membrane
grafted by MTCS were higher than that of membrane grafted by FAS-C8, leading to
increase WCA. Kujawa and Wojciech (2016) indicated that fluorinated compounds
such as FAS-C8 create monolayer on the membrane, while nonfluorinated molecules
such as MTCS formed disordered and multilayer structure [66]. This is the reason for
the higher in Ra of membrane grafted by MTCS compared to membrane grafted by
FAS-C8. In addition, MTCS is much more reactive with itself, resulting in taking
place bulk vertical polymerization which causes higher surface roughness and higher
WCA [16]. With denser and shaper nanoscale peaks on membrane surface, the
roughness of membrane grafted by MTCS was higher, related to higher membrane
hydrophobicity [16]. Furthermore, it could be seen that the cross-section profile of
peaks on membrane grafted by MTCS for 4h and 6h was not changed much, while

that of membrane grafted by FAS-C8 showed a significant change.
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Figure 4.19 AFM 3D images and cross-section profiles along the marked directions
of a) original PVDF membrane and modified membranes: b) MTCS-4h, ¢c) MTCS-6h,
d) FAS-C8-4h and e) FAS-C8-6h
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Table 4.4 Surface roughness parameters of original and modified membranes

Parameters WCA (°) Ra Diameter of Distance between Peak height

(nm) peak (um) peaks (pum) (nm)

Original 74.7 271.1 6.37 6.93 899
MTCS-4h 125.3 242.0 0.77 0.82 284
MTCS-6h 126.0 118.0 0.68 0.77 247
FAS-C8-4h 106.9 110.7 1.27 2.97 168
FAS-C8-6h 112.4 87.2 0.84 1.23 56

According to the WCA, SEM and surface roughness results, two modification
conditions were selected as the optimized conditions which were membrane grafted
by 0.02M MTCS for 4h (PVDF-MTCS) and membrane grafted by 0.02M FAS-C8 for
6h (PVDF-FAS-CS8) at activation conditions of Oz plasma at 10 kV/0.30 mbar/2 shots.

Besides, the particles were found in the cross-section of PVDF-MTCS membrane
(Figure 4.20 c)

Particle

Figure 4.20 Cross section of modified membrane grafted by different organosilanes
and grafting time activated by O2/10 kV/0.30 mbar/2 shots: a) original membrane, b)
FAS-C8-6h, c) MTCS-4h

The chemical composition results of optimized modification condition are
shown in Table 4.5. It could be seen that after treated by O. plasma under 10 kV/0.30
mbar/2 shots, the F content of membrane dropped from 46.6% to 37.5%, which was

the result of defluorination process. After grafted by organosilanes, the F content on
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surface of PVDF-MTCS membrane was decreased to 28.1%, while that number of
PVDF-FAS-C8 increased to 41%. This could be explained by the different in
chemical structure of each organosilane (Figure 3.2). The formation of membrane
surface after grafting by MTCS was Si-O-Si structure link with -CHs functional
group, while that of membrane grafted by FAS-C8 was the linkage between Si-O-Si
and the F long chain as presented in Figure 4.21 [44, 71].

Table 4.5 Chemical composition of membranes under optimized modification

condition
Original PVDF Activated
Elements PVDF-MTCS PVDF-FAS-C8
membrane membrane
C 53.4 62.2 43.9 58.1
F 46.6 375 28.1 41.0
0] - 0.3 22.1 0.8
Si - - 5.9 0.1

Note: activated by O plasma gas at10 kV/0.3 mbar/2 shots
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Figure 4.21 Membrane grafted by organosilanes (a) MTCS and (b) FAS-C8
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The membrane porosity of original PVDF membrane and modified
membranes were also measured. After modification, the porosity of membrane
reduced from 83.5% (original membrane) to 66.1% and 78.9% of PVDF-MTCS and
PVDF-FAS-C8, respectively. This was probably because membrane pores were
blocked by organosilane layers as shown in Figure 4.19. This result was similar to the
study of Sethunga et al. (2018) that after modified by NaOH followed by grafted with
Fluorolink S10, the membrane porosity was decreased from 82% to 79% when the
WCA increased from 84.5° to 111.7° [61]. Marek (2007) indicated that with the
higher membrane porosity, the membrane wettability was higher [72]. It was implied
that PVDF-MTCS gave the higher hydrophobicity compared to PVDF-FAS-C8 and
original PVDF membranes.

4.3  Long term ozone flux of original membrane and modified membranes

The long-term ozone fluxes of original PVDF membrane and PVDF-MTCS
and PVDF-FAS-C8 using DB 71 as liquid phase were studied. The results found that
the ozone flux of the original PVDF membrane was reduced from 3.35x10° g/m?s to
2.03x10°% g/m?s, by 39% after 20h. Meanwhile, the ozone fluxes of PVDF-MTCS and
PVDF-FAS-C8 were kept constant at the first 8h, which were 4.55x10 g/m?s and
4.67x10° g/m?s, respectively, as shown in Figure 4.22. Then, the ozone fluxes of
modified membranes were slightly reduced to 3.69x102 g/m?s, by 19% and 4.08x103
g/m?s, by 12 % for PVDF-MTCS and PVDF-FAS-C8, respectively. After 14h, the
ozone fluxes of PVDF-MTCS and PVDF-FAS-C8 was kept constant. The reducing of
ozone flux of original membrane was probably because membrane pores were
fulfilled with water after long operating time increasing the membrane resistance.
Furthermore, the reducing of ozone flux was possibly due to the increase of overall
mass-transfer resistance and the changes in membrane characterization because of
ozone attack [6]. The higher ozone flux of modified membranes was due to the higher
hydrophobicity. In which, the WCA of original membrane was 74.7°, while that of
PVDF-FAS-C8 and PVDF-MTCS membranes were 112.4° and 125.3°, respectively.
As aforementioned, the membrane wettability is higher with the higher membrane
porosity [72]. In this work, since membrane porosity of the original PVDF membrane

was highest, the ozone flux of the original PVDF membrane was reduced rapidly by
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time. In the contrary, PVDF-FAS-C8 membrane gave the highest ozone flux during
the operation time although the WCA of PVDF-FAS-C8 was lower than that of
PVDF-MTCS. It was implied that the stability of ozone flux was not only influenced
by the hydrophobicity of membrane but also depends on the ozone resistance of the
material, which can be explained by the bonding dissociation energies (BDE) of
functional groups. The F long chain on PVDF-FAS-C8 has the BDE of 133.3
kcal/mol, while that of CHs-Si is 74 kcal/mol [73]. The higher in BDE of the C-F
chain makes FAS-C8 resisted the ozone attraction, while MTCS might be destroyed
by ozone. Therefore, PVDF-FAS-C8 showed the higher resistance to ozone compared
to PVDF-MTCS. Santos et al. (2015) found that PTFE membrane(—(CF2-CF2)-)
showed the strong resistance to ozone, while structural change was observed on
polydimethylsiloxane (PDMS) membrane (—(CHs-Si-CHs)-) [13]. Furthermore, this
experiment proved the success in the membrane modification process and confirmed
the theory that pores of the low hydrophobic membrane would be fulfilled by water

after long operating time, reducing ozone flux.
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4.4  Dye wastewater treatment by ozonation membrane contactor

4.4.1 Comparison of decolorization performance of modified and original

membranes

The decolorization performances of DB 71 and RR 239 by ozonation
membrane contactors were investigated by using different membranes, including the
original PVDF, PVDF-MTCS, and PVDF-FAS-C8 membranes, as shown in Figure
4.23. The results showed that after 90 mins of ozonation time, the decolorization
efficiency of DB 71 by the original membrane reached 93.0%, while that of PVDF-
MTCS and PVDF-FAS-C8 were 96.6%, and 97.7%, respectively. Meanwhile, the
decolorization performance of RR 239 by original PVDF, PVDF-MTCS, and PVDF-
FAS-C8 membranes was 94.4%, 97.1%, and 97.6%, respectively. The decolorization
efficiencies of DB 71 and RR 239 by different membranes were not significantly
different. In contrast, the differences in COD removals were noticeable. After 90 mins
of ozonation time, the COD removals of DB 71 using original PVDF, PVDF-MTCS
and PVDF-FAS-C8 membranes were 48%, 53%, and 62.5%, respectively. Similarly,
the differences in COD removal of RR 239 was shown in Figure 4.22c. The COD
removal performance by PVDF-FAS-C8 gave the highest efficiency in all the
treatment period. At the end of the process, the COD removal of RR 239 reached the
efficiency of 32%, 59.6%, and 67.6% by the original PVDF, PVDF-MTCS, and
PVDF-FAS-C8 membranes, respectively. It was clear that modified membranes gave
higher decolorization performance compared to original membrane. Besides, PVDF-
FAS-C8 showed the highest decolorization performances compared to other
membranes. This result could be explained by the ozone consumption of each
membrane as shown in Figure 4.23 (b, d). It could be seen that ozone gas in modified
membranes was consumed more than original PVDF membrane almost all the time.
This was possibly due to the wetting of original PVDF membrane which could reduce
the mass-transfer efficiency [11]. The hydrophobicity of membrane was enhanced
after modification, hence, the wetting problem could be prevented. Thereby, ozone
gas, which oxidized the dye molecule by strong breaking down power, was easier to

pass through the membrane pores of modified membrane into the liquid phase. This
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was implied that the ozone mass-transfer was increased after membrane modification,

resulting in increasing DB 71 decolorization. The results were similar to those long-

term ozone fluxes as aforementioned.
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The apparent rate constant is shown in Table 4.8. It could be seen that the
decolorization rate of modified membranes was higher than that of original
membrane. The apparent constant rate was 0.029 min, 0.035 min?, and 0.039 min
for DB 71 using original PVDF membrane, PVDF-MTCS, and PVDF-FAS-C8
membranes, respectively. Similarly, the order of apparent constant rate of RR 239 by
ozonation membrane contactor were 0.028 min?, 0.037 min* and 0.042 min? by
original PVDF, PVDF-MTCS, and PVDF-FAS-C8 membranes, respectively. This
result was because of the higher ozone flux results in a higher reaction rate between
ozone and dye. This experiment proved that the success of membrane modification

process results in enhancing decolorization and COD removal performances.
4.4.2 Effect of ozone concentrations

The effect of ozone concentration on DB 71 removal was investigated using
original PVDF, PVDF-MTCS and PVDF-FAS-C8 membranes as shown in Figure
4.24. After 90 min of ozonation time, the DB 71 removal of the PVDF-MTCS
membrane reached the efficiency from 87.7% to 98% when the ozone concentration
increased from 30 mg/l to 50 mg/l. Similarly, when the ozone concentration increased
from 30 mg/l to 50 mg/l, the DB 71 decolorizations were also increased from 84.8%
to 98.7% and from 84.8% to 98% by PVDF-FAS-C8 and original PVDF membranes,
respectively.

COD removal of DB 71 by original PVDF membrane was increased from
40.9% to 48% when the ozone concentration increased from 30 mg/l to 40 mg/l.
Whereas, COD removal of DB 71 by PVDF-MTCS and PVDF-FAS-C8 membranes
were improved when the ozone concentration increased from 30 mg/l to 40 mg/Il, from
47.9% to 53% and from 48% to 62.5%, respectively. For the ozone concentration of
50 mg/l, the COD removal efficiency of DB 71 by ozonation membrane contactor
using original PVDF, PVDF-MTCS, and PVDF-FAS-C8 membranes were 58%,
62.5%, and 67.7%, respectively.
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The differences on dye removal are presented by apparent rate constant (Kapp)
as shown in Table 4.6. The kapp increased with the increase in ozone concentration.
For example, an increasing ozone concentration from 30 mg/l to 50 mg/l for PVDF-
FAS-C8 membrane in membrane contactor, Kapp increased from 0.023 min™ to 0.045
mint. This result is consistent with the mass- transfer theory [74]. When the ozone
concentration increased in the gas phase, the driving force for the mass transfer of
ozone to the liquid phase increased, enhancing the ozone concentration in dye

solution and the rate of dye degradation.

Table 4.6 Decolorization rate of DB 71 at different ozonation concentration by using

different membranes

Membranes Original PVDF PVDF-MTCS PVDF-FAS-C8
Ozone
concentration 30 40 50 30 40 50 30 40 50
(ma/l)
Kapp (Min1) 0.021 0.029 0.041 0.023 0.035 0.041 0.023 0.039 0.045
R? 0.999 0.988 0.964 0.990 0.967 0.960 0.991 0.960 0.960
Decolorization
848 930 980 877 966 979 86.3 97.7 987
(%)
COD removal
%) 409 480 580 479 530 625 480 625 66.7
(0]

4.4.3 Effect of dye concentration

Due to the high ozone flux and decolorization performance, PVDF-FAS-C8
membrane was then selected to study the effect of dye concentration on ozonation
membrane contacting process. The decolorizations of DB 71 and RR 239 by
membrane contactor using PVDF-FAS-C8 membrane at different dye concentrations
were shown in Figure 4.25. At the dye concentration of 50 mg/l, DB 71 and RR 239
were completely decolorized after 40 mins of treatment time. When the dye
concentration increased to 100 mg/l, the DB 71 decolonization efficiency was as high
as RR 239 (97.2%-97.8%) after 90 mins of treatment time. Meanwhile, at the dye

concentration of 200 mg/l, the dye removal efficiency was much lower, which were
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87.3% and 91.2% for DB 71 and RR 239, respectively. In addition, the ozone
consumption was increased with the increase in dye concentration (Figure 4.25b). For
example, the accumulate ozone consumption of DB 71 increased from 15.77 mg/l to
24.42 mg/l as an increasing the dye concentration from 50 mg/l to 200 mg/l. This was
similar to the study of Gao et al. (2012) that the ozone utilization efficiency increased
from 42% to 86% when the dye concentration increased from 50 mg/l to 800 mg/I.
Since the ozone concentration was the same for all dye concentration conditions, the
higher initial dye concentration results in the lower decolorization efficiency. Besides,
the increase in dye concentration causes an increase in the oxidation by-product,
which competitive with dyes for ozone, leading to reducing color removal
performance and raising ozone utilization efficiency [51].

Similar to the decolorization performance, the COD removals of DB 71 and
RR 239 were decreased with the increasing of dye concentration. For dye
concentration of 200 mg/l, after 90 mins, the COD removal efficiencies of DB 71 and
RR 239 were the same, at 28%. Because the ozone concentration remained unchanged
with varying dye concentrations, the lower initial dye concentration could be
completely degraded, resulting in higher COD removal performance. In contrast, the
large number of by-products generated from high initial dye concentration caused low
COD removal [51]. This was implied that for the dye concentration <100 mg/I, the
treated dye wastewater could be discharged into environment. However, the reaction
time is required for the condition of 200 mg/l dye solution.

An increase in initial dye concentration from 50 mg/l to 200 mg/I, the apparent
rate constant of RR 239 decolorization declined from 0.055 min? to 0.025 min* as
shown in Table 4.8. This was because dye ozonation is a pseudo-first-order kinetics
reaction for both ozone and dye concentration [2, 74], therefore, the apparent rate
constant decreased with the increase of dye concentration. This result was similar to

dye ozonation performance reported by Turhan et al. (2013) [74].
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239, (liquid velocity: 0.46 m/s, ozone concentration: 40 mg/l)

4.4.4 Effect of different dyes

PVDF-FAS-C8 membrane was selected to investigate the effect of dye
solution types on decolorization performance of ozonation membrane contacting
process. The results showed that the decolorization of RR 239 is faster than that of
DB 71. For instance, for ozone concentration of 40 mg/l, the decolorization
performance of RR 239 was 81.3% while that of DB 71 was only 69.4% after 40 mins
of ozonation time. This could be explained by the reaction mechanism of ozone with

the organic compound. Ozone reacts with organic compounds by direct oxidation with
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ozone molecule (Os) under low pH and by indirect oxidation with hydroxyl radical
(#OH) under high pH [49]. The pH of RR 239 and DB 71 were 5.25 and 5.61,
respectively, the direct ozonation was dominated. Ozone molecules are selective and
prefer to attack the unsaturated bonds of azo chromophores [6, 27], thus, the dye
removal by the reaction of ozone molecules is fast. RR 239 has an azo-linked
aromatic ring, while that of DB 71 is three azo bonding. Therefore, the breaking down
of double bonding of RR 239 by direct ozone oxidation was faster. After 90 mins of
ozonation time, pH of solution was reduced from 5.61 to 3.94 and from 5.15 to 3.98
for DB 71 and RR 239, respectively as shown in Figure 4.26b. Gunes et al. (2012)
stated that the initial pH of dye effluent was 5.45, and after 90 minutes of ozonation it
decreased to a 2.75 which was due to the formation of by-product and the production
of organic and inorganic acid anions during the ozonation process [27]. On the other
hand, Atchariyawut et al. (2009) also found that pH of Reactive Red 120 decreased
from 7.44 to 3.18 during 30 min operation time by ozonation membrane contactor [8].

As can be seen in Figure 4.25, the ozone consumption by DB 71 was higher
than that of RR 239. This is because the pH value of DB 71 was higher than that of
RR 239. At higher pH, the indirect reaction involves radical can be occurred as
followed Equation (14) [75]:

0;+0OH —05+HO; (14)

For DB 71 solution, which has a higher pH value, there is more OH" which
decay ozone into radical forms, resulting in higher gradient concentration between the
gas phase and liquid phase [6]. Therefore, more ozone can be dissolved in the liquid
phase resulting in a higher amount of ozone consumption.

The COD removal performance of RR 239 was also higher than that of DB 71,
as shown in Figure 4.25a. After 90 mins, the COD removals of DB 71 and RR 239 by
PVDF-FAS-C8 membrane was 62.5% and 67.5%, respectively.


https://www.sciencedirect.com/science/article/pii/S1383586608004528#!

C/Cy

70

-= DBT7I DB 7
-e RR239 6 --RR 239

\
‘\
B
08 \:.-..___.‘ — Decolorization
S \“*-.,_-_ --- COD removal 51
Te-____ Tl
0.6 1 .. . 4

0.4 4

0.2 4

0.0 . . . . . . . . - 0
0 20 40 60 80

Ozonation time (min)

a) b)
Figure 4.26 Effect of different dyes on dye decolorization by ozonation membrane
contactor: a) COD removal and decolorization and b) pH changes of RR 239 and DB
71 using PVDF-FAS-C8 membrane contactor (dye concentration: 100 mg/l, ozone

concentration: 40 mg/l, liquid velocity: 0.46 m/s)

Typical scanning-kinetic outputs obtained of DB 71 and RR 239 during the
membrane ozonation membrane contactor process using PVDF-FAS-C8 membranes
are shown in Figure 4.27. In this experiment, the process was operated under ozone
concentration of 40 mg/l, liquid velocity of 0.46 m/s, and dye concentration of 100
mg/l. The maximum absorption wavelengths of DB 71 and RR 239 are at 594 and 542
nm, respectively, in the visible region. These absorption bands are corresponding to
the chromophore containing azo linkage (-N=N-) in the azo dyes [3, 76]. The
absorption peaks belong to benzene and naphthalene rings in the DB 71 are observed
at 209 and 290 nm in the ultraviolet region. Besides, the peaks 328, 290 and 215 nm
observed in the ultraviolet region of RR 239 can be assigned to the aromatic rings
present in dye structure [77].

It could be seen that the diminution in the peak at 594 of DB 71 displays
rapidly and was nearly disappeared at the end of 90 mins. This demonstrated that the
decolorization of DB 71 occurred quickly because of the destruction of the -N=N-
bound in structure by ozone oxidation. Besides, as shown in the ultraviolet region, the
peak at 290 nm exhibited a moderate decline. Moreover, the destruction of the peak

at 290 nm was slow at the first 20 mins and be faster after that, while the diminish of
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the peak at 594 nm was fast during the ozonation time. This was indicated that the
ozone molecules firstly attack at the azo groups of DB 71. Besides, the intensity of
absorption at peak 209 nm, which is attributed to benzene ring, was increased after 20
mins of ozonation time and then decreased. It was might because of the oxidative
attacks the naphthalene during the ozonation process, forming benzene derivatives
and naphthoquinones [78]. The similar results were reported by Stambolova et al.
(2012) [78].

In the case of RR 239, the intensity of the absorbance peak at 542 nm was
decreased sharply with the increasing time. Whereas, in the ultraviolet region, the
destruction of the aromatic rings was lower. It was implied that the -N=N- structure
was more destroyed than the aromatic ring. This can be explained by the RR 239
degradation mechanism by ozone conducted by Dias et al. (2019) as demonstrated in
Figure 4.28 [3]. It indicated that ozone cleaved azo bonds (-N=N-) generated the
naphthalene compounds which was degraded to phthalic acid comprised of a six-
carbon benzene ring with two carboxylic acid groups (-COOH) attached. Whereas,
the oxidized carbon-nitrogen bond (-C-N-) led to triazine and aromatic sulfonated
compounds. At the end of the process, dye molecular was degraded to CO, and H,O

results in the destruction of peaks in the ultraviolet region [3].
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45  Comparison of hydrophobicity enhancement of PVDF membrane by
plasma-activated methods and application in membrane contactors

Table 4.7 shows the comparison of hydrophobicity enhancement of PVDF
membrane by plasma-based methods. The results found that there were several studies
the membrane activation by the radial frequency (RF), while in this study, PICP
system was used. After grafted with 0.02M FAS-C8, the WCA of modified
membranes in current work was 112.4°, which was lower than that of Zheng et al.
(2009) (155°) in which the chemical vapor grafting with 1.1M MTCS was used [16].
Besides, Sairiam et al. (2013) applied the direct grafting with 0.01M 1H,1H,2H,2H-
perfluorodecyltriethoxysilane for 24h which perform the higher hydrophobicity (145°)
[15]. However, the current work showed the higher hydrophobicity than that of Xu et
al. (2015) and Yang et al. (2011) [14, 22]. Xu et al. (2015) studied the direct grafting
method at high N-octyltriethoxysilane concentration (0.43M), while Yang et al.
(2011) applied vapor grafting with 1H, 1H, 2H, 2H-perfluorodecyl acrylate [14, 22].
It was implied that, as the plasma RF system, the PICP system was effective in
membrane activation. The modified membranes were applied for several membrane
contactors such as membrane distillation [22, 79]. Sairiam et al. (2013) applied the
modified membrane CO2 absorption and the results found that the CO» absorption
flux of modified membrane was higher than that of original membrane and was kept
stable during 15 days operation [15]. Xu et al. (2015) applied the modified membrane
for vacuum membrane distillation of ethanol-water mixture, which increased the
permeation flux from 3.19 kg/m?h (original) to 5.39 kg/m?h [22]. In this work,
modified membrane was applied for ozonation membrane contactor and the results
were demonstrated that the modified membrane showed the increase decolorization
performance (from 93% to 98%) and COD removal (48% to 63%) of RR 239
compared to the original PVDF membrane. In additions, the ozone flux of modified
membrane was kept stable after 8h operation while that of original PVDF membrane

was reduced by 40% during 20h.
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4.6 Proposal of dye wastewater treatment plan using ozonation membrane

contactor process

The proposal of dye wastewater treatment plan using ozonation membrane
contactor process are shown in Figure 4.29. Dye wastewater from the industry is
collected and firstly treated by primary treatment, including screening and settler, in
order to remove the big rags and large debris. In the settler tank, settled material such
as heavy solids and floating material such as oil, grease, and lighter solids are
removed, and the remaining liquid then pumped to the ozonation membrane contactor
system for secondary treatment. COD, color and dye contaminated are removal in this
process since ozone is a strong breaking down power to degrade the dye molecules.
Then, treated wastewater is discharged to the water body after ozonation membrane

contactor process.

Ozone in

i’ Water body
L|:

Dye influent H
- —

Trash screen

[ —> Ozone out

L
Primary settler

Ozonation
membrane contactor

Figure 4.29 Flow diagram for proposed dye wastewater treatment plant

4.7 Energy consumption analysis of ozonation membrane contactor process

The energy consumptions of ozonation membrane contactor using original
membrane and modified membrane were compared. As the results of increasing in
ozone flux of modified membrane, the energy consumed would be less with modified
membranes under the same ozone concentration and operating conditions compared to
original membrane. Using the experimental results, the energy necessary to treat 1000

L (1 m® wastewater until reach the condition of 10 mg/l dye concentration in the
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effluent was calculated, as shown in Table 4.8. The energy consumption induced
energy consumed by pump and ozone generation. The modified membranes showed
higher dye decolorization efficiencies compared to original membrane, thus, requiring
less treatment time, resulting in less energy consumption. For example, the energy
consumed of original PVDF membrane to treat 100 mg/l DB 71 at an ozone
concentration of 40 mg/l was 27 kWh/m?, while that of PVDF- MTCS and PVDF-
FAS-C8 membranes were 22.4 kWh/m? and 20.1 kwh/m?, respectively. In case of RR
239, the energy consumptions were 28.0 kwWh/m?3, 21.2 kwh/m?3and 18.7 kwWh/m? for
original PVDF, PVDF-MTCS and PVDF-FAS-C8 membranes, respectively. This was
implied that the cost for dye wastewater treatment by modified membranes was lower
than that of original PVDF membrane due to low-energy consumption.

Besides, the dye wastewater contained higher dye concentration demanded
more operation energy. For example, when the initial dye concentration increased
from 50 mg/l to 200 mg/l, the energy consumed by ozonation membrane contacting
process using PVDF-FAS-C8 membrane was increased from 8.1 kWh/m? to 35.6
kwh/m? and from 14.2 kWh/m?3 to 31.3 kwWh/m? for DB 71 and RR 239, respectively.
The energy consumption by this process was higher than that by membrane filtration
process (1.75 kWh/m®), in contrast, it was lower than UV free-surface reactor process
(50 kWh/m®) and electrocoagulation process (38 kWh/m®) reported in previous
studies [57, 80, 81].
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

This study aims to enhance the hydrophobicity of PVDF hollow fiber
membrane by plasma activation with PICP followed by organosilanes direct grafting
reaction, then apply for dye wastewater treatment using ozonation membrane

contacting process. The overall results can be summarized as followed:

5.1 Hydrophobic membrane modification by PICP and follow by grafting

with organosilanes

1. O2 plasma gave higher hydrophobicity compared to Ar plasma. Under plasma
operating condition of 8 kV/ 0.25 mbar/ 1 shot followed by grafting with
MTCS for 2h, water contact angle (WCA) of grafted membranes activated by
O2 plasma and by Ar plasma was increased from 74.7° (original) to 119.4° and
92.0°, respectively.

2. The hydrophobicity enhancement of membrane was influenced by the plasma
operating condition including applied voltage and operating pressure, plasma
treatment shot. The plasma condition of Oz plasma, 10 kV/0.30 mbar/2 shots
was chosen as optimized condition.

3. WCA, EDX, SEM and surface roughness results proved that the
hydrophobicity modification by MTCS and FAS-C8 was successful, while
membranes grafted by TMCS and FAS-C6 were not changed. In addition,
membrane grafted by MTCS after O, plasma activation showed the higher
WCA compared to membrane grafted by FAS-C8.

4. Two condition which were membrane grafted by 0.02M MTCS for 4h
(PVDF-MTCS) and membrane grafted by 0.02M FAS-C8 for 6h (PVDF-FAS-
C8) at activation conditions of O, plasma, 10 kV/0.30 mbar/2 shots were

chosen to modified membrane for dye wastewater application.
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5.2 Application for dye wastewater treatment by ozonation membrane

contactor

1. The long-term ozone flux showed that modified membrane gave the higher
flux and more stable compared to original PVDF membrane. In addition,
PVDF-FAS-C8 membrane showed the highest ozone flux.

2. For dye decolorization, the PVDF-FAS-C8 membrane showed higher
performance compared to PVDF-MTCS and original PVDF membrane in
ozonation membrane contactor. The results revealed that the dye removal
efficiencies of ozonation membrane contactor by using modified PVDF
membrane were increased compared to using original PVDF membrane.

3. The dye removal efficiencies were influenced by ozone concentrations, dye
concentrations and dye solution types. The decolorization and COD removal
of RR 239 was faster than that of DB 71.

4. The success of the membrane modification process results in reducing energy
consumption of ozonation membrane contactor.

5. The modified hydrophobic membrane has the potential to apply for membrane

contactor applications.

5.3 Recommendation

1. For plasma activation, the effect of plasma energy has been investigated. In
order to understand the inside of the plasma activation process, the plasma
temperature should be measured.

2. The ozone utilization efficiency in this work is still low (approximately 3.5
mg/l out of 40 mg/l Os inlet). It was probably because the number of fibers
inside the module was not high enough. Therefore, increasing the number of
hollow fibers inside the module could increase dye removal efficiency.

3. Besides increasing the number of hollow fibers inside the module, using a
double ozonation membrane contactor module also can enhance the ozone
utilization efficiency. The ozone outlet of the first module can be reused to be

ozone inlet of the next module. With this solution, the energy consumption of
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the process could be reduced since it would be less energy consumed for the
0zone generator.

The research on recycling of end-of-life membranes can be conducted in order
to extend the service life of the membrane.
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APPENDIXES

Appendix A. Samples calculation of energy consumption

Using 40 mg/l ozone injection concentration with original membrane under
DB 71 concentration of 100 mg/l, liquid velocity of 23 ml/s, gas velocity of 2 m/s,
rate constant k = 0.029 min " be an example:

Time to treat 1 m® dye wastewater to reach concentration of 10 mg/I:

C
T_—lnC—O.XIOOO _dn1)<000
O kxXVX60 0.029x2x60 (h)

The pressure drop (AP) during recirculation cycle (except membrane module)
was 0.01 bar, obtained from pressure drop online calculator. The pressure drop (AP)
in the membrane module was 0.0013 bar (based on membrane length and cut-off

area), so the power demand for this part was:

_qxXAP_ 23x10°° (m%/s).(0.01+0.0013)x10°N-m2

=0.00347 watt = 3.47x10° kW
n 75%

P

Energy demand during operation period for this pressure drop was:
PxT = 3.47x10° kW x661.7 h = 0.023 kWh

Energy demand for ozone generation was:

C
Ing Xrx[0s1XQp,  n(0.1)x10x40x1.7

Ego(03)= =

= =27 kWh
kxVx1000 0.029%2x1000 TRW

The total energy was: E= Ep + Eeo =27 + 0.023 = 27.023 kWh



Appendix B

Figure A2 Capacitor controller
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