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ABSTRACT

Membrane technology has been receiving substantial attention in advanced water treatment as a
response to the global demand for purifying drinking water. Poly (vinylidene) fluoride (PVDF)
has advantages as a membrane material compared to other commercialized polymeric
materials as it is easily dissolved in common organic solvents and its proper asymmetric
structure for separation. However, its hydrophobic characteristics lead to low water flux and
makes PVDF membrane easily fouled while treating solutions containing natural organic
matters. The drawback mentioned above of PVDF-UF membranes must be overcome to
facilitate wide applications. Blending which is the addition of polymer in the membrane
casting solution is one of the methods to improve membrane morphology, increase the
hydrophilicity, porosity and enhance the membrane performance such as water flux and
antifouling. The aim of this research is to enhance the performance of PVDF ultrafiltration

membrane by using different additives.

In the first part (MWCNT)/ polydopamine (PDA) was used as additives with different
MWCNT concentrations. These were prepared by in-situ polymerization of dopamine over
the MWCNT and then used as an additive for the blended PVDF membrane. Flux and
rejection studies included measurement of contact angle, porosity measurement, zeta
potential, tensile strength, and characterization by scanning electron microscopy (SEM) were
performed. The PVDF membrane blended with a mixture of 2% dopamine/ 1% MWCNT
showed 20 fold improvements in permeability in comparison to pristine PVDF ultrafiltration
membrane. Furthermore, it demonstrated about 81% rejection for Suwannee River Humic
acid (HA) filtration test. Water contact angle measurements show improvement of the

hydrophilicity of the resultant membrane compared to the pristine PVDF membrane.

In the second part, (PANI) was used as an additive for application in natural organic matter

(NOM) removal from water. In this study, PANI was synthesized by aniline polymerization

XiX



using ammonium persulfate as oxidant and DMF as a solvent. Two blending methods of
aniline were applied, and the synthesized PANI was used as an additive to produce
PANI/PVDF modified membranes. Flux and rejection studies, hydrophilicity, porosity, zeta
potential, mechanical properties and morphological assessment by scanning electron
microscopy (SEM) were performed. Results show that the water permeability and antifouling
properties of the modified PVDF membranes were both improved. Water permeability of
PANI/PVDF modified membranes were 7-16 times greater than pristine PVDF. Water
contact angle measurements show improvement of the hydrophilicity of the resultant

membrane compared to the pristine PVDF membrane.

Finally, Multi-wall Carbon Nanotubes (MWCNT)/ polyaniline (PANI)/ poly (vinylidene
fluoride) (PVDF) ultrafiltration membrane was prepared by phase inversion technique
through in situ polymerization method of aniline for removal of natural organic matter
(NOM) in water. Aniline was polymerized in situ with different dosages of MWCNT ranging
from 0.25 wt. % to 2 wt. % in PVDF casting solutions. Permeability, rejection studies,
contact angle, porosity measurement, tensile strength, zeta potential and characterization by
scanning electron microscopy (SEM) were performed. The resultant membrane of (PANI/ 1.5
% MWCNT) showed the highest permeability results (1320 LMH/bar) among membranes we
tested, with 40 fold permeability improvement in comparison to pristine PVDF ultrafiltration
membrane. Furthermore, it showed about 79% rejection of Suwannee River Humic acid (HA)
filtration test. This significant enhancement of the fabricated membrane is attributed to the
high hydrophilicity, porosity, larger pore sizes and positive membrane charge resulting from

modification with MWCNT/PANI complex.
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1. 1 Background

Clean water is vital for life, and as its supply becomes limited, we need to look into special
water treatment technologies like membrane filtration to meet the progressively stringent
water quality standards and the unceasing water supply needs. Membrane technologies
provide an acceptable permeate using much smaller footprint than conventional water
treatment processes. Thus, the membrane industry is growing rapidly, supplying modifier

systems for drinking, wastewater and industrial water treatment, as well as desalination.

1.2 Overview of membrane technology

A membrane is fundamentally defined as a thin barrier that separates two phases and is
capable of restricting the transfer of diverse components in a selective manner [1]. Different
membrane processes have been used for water treatment, like microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) [1]. These are pressure-
driven membrane separation processes. Since 1960, membrane technology has been
converted from laboratory development to industrial applications. More than 95% of the
applications are for liquid separations. Nowadays membranes are being used for desalination
of seawater and brackish water, potable water production and for treating industrial effluents,
and water reclamation and reuse. Moreover, Membranes are used in medical devices such as
hemodialysis units, blood oxygenators, and controlled drug delivery systems. Membrane

separation processes are being increasingly integrated with conventional technologies as
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hybrid membrane systems to decrease energy consumption and reduce environmental impact

[2].

Membranes play a leading role in water treatment processes; they affect the technological and
economic efficiency of the technologies mentioned above. A well-designed membrane, with
high porosity and permeability, can intrinsically provide better flux and improved economics

3, 4].

The choice of membrane material and its pore size depend on the separation process for
which it would be used [3]. Fig. 1.1 represents the average pore size limits for membranes in

different water treatment processes.

MNanofiltration

Ulirafiltration

0.1nm 1nm 10nm 100nm 1pm 10pm

Microfiliration

Membrane
distillation

Fig.1.1. The average pore size of membranes used in various water treatment processes [4].

To be beneficial for industrial separation process, a membrane must show high flux, high
selectivity (rejection), mechanical stability, tolerance to all feed stream components (fouling
resistance), ability to tolerate temperature variations, manufacturing reproducibility, low
manufacturing expenses and the ability to be packaged into high surface area modules [5].
During the last twenty years, significant advances have been made in the development of
preparation of polymers with higher selectivity and permeability than the usually available

commercial membrane materials [6].
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1.3 Ultrafiltration membrane technology

Ultrafiltration (UF) has been widely used in water treatment [7], UF membrane is defined as
a low-pressure membrane with pore diameter ranging from 2 to 100 nm and an operating
pressure of approximately 200-700 kPa. Most UF membranes have an asymmetric porous
structure; it can reject colloids, proteins, viruses and natural organic material (NOM) with
constraints related to low flux and fouling [1]. The natural organic material is a complex
matrix of organic compounds existing in natural surface water sources. Not only does it affect
the smell, color, and taste of water, but it also forms complexes with heavy metals and
pesticides, and reacts with chlorine, the most widely used oxidant for water disinfection to
form chlorinated disinfection by-products (DBPs) which have been identified as human
carcinogens [8]. A considerable portion of dissolved natural organic material in aquatic

environments is contributed by humic substances [9].

In general, UF membrane eliminates low concentrations of NOM which are considered to be
a critical issue in drinking water treatment. UF membrane can only reject 20-50 % of NOM
[10]. A hybrid membrane system with chemical/physical processes is one of the solutions
proposed in the literature [11]. Combining coagulation process with UF system is capable of
eliminating up to 80% of NOM [12]. Fouling is considered a challenging problem in UF
membrane technology application for NOM removal as flux reduction due to the adsorption

and deposition of foulants is usually encountered [13].

Membrane fouling is the deposition of material on or within the structure of the membrane.
Fouling can be classified according to the strength of particle attachment to the membrane
surface to reversible or irreversible. Reversible fouling, caused by solids aggregation on the
membrane surface and is typically treated physically by intermittent hydraulic backwashes.
Irreversible fouling occurs with the strong attachment of solid particles to the membrane

surface, and these cannot be removed by physical cleaning.
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Irreversible fouling demands chemical cleaning of the membrane which limits the viability of
UF as a water treatment process that is not readily reversed by simple pressure release or
backwashing [13]. A sequel to membrane fouling is decreased membrane permeability (flux
declines at constant pressure or pressure rises at constant flux), and alteration of solute
retention [14]. Progress in fouling resistant materials production can improve energy

efficiency in seawater desalination plants [15].

Specially engineered plastics like poly (ether sulfone) (PES), polysulfone (PS), poly
(vinylidene fluoride) (PVDF), and poly(acrylonitrile) (PAN) have become important UF
membranes are desirable due to their good performance and characteristics such as high
mechanical properties, excellent heat aging resistance, and chemical stability [16]. However,
UF membranes made from the previously mentioned materials have surfaces with reduced
wettability, which results in serious membrane fouling in many processes because of the
solute—membrane hydrophobic interactions [17]. Several researchers investigated the effect
of membrane hydrophilicity and organic compound polarity on fouling and stated that
hydrophobic compounds appeared to be the principal foulant materials [8, 14, 18].
Accordingly, researchers have carried out hydrophilic modifications of membrane surface
with different methods like physical adsorption [19] polymer blend [20], and plasma
modification [21]. The hydrophilic surface modifications could produce membranes with low
fouling behavior and high flux. However, some surface modifications might damage

membrane structure and cause the decline in rejection and mechanical properties [8].

The use of nanotechnology in membrane modification is a new promising membrane
technology; researchers are trying to enhance UF membrane performance through the
addition of nanomaterials [8]. Nanocomposites can exhibit properties that are considerably

differing from those of the bare polymer [22].

Nanocomposite membranes can be developed by assembling engineered nanoparticles into
porous membranes [23] or by blending them with polymeric or inorganic membranes [24,

25]. Many membranes were fabricated and modified by nanoparticles like silica, zeolite,
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graphite, metal oxide or carbon nanotubes to increase the novelty of membrane materials,
permeability, and fouling resistance [26, 27, 28]. Among various nanoparticles, carbon
nanotubes (CNTSs) have attracted great interest since their discovery in 1991 by lijima [29] as
CNTs have high water treatment capabilities which were proven to work effectively against
both chemical and biological contaminants with high adsorbent properties due to its large

specific surface area [30].
1.4 Research scope and objectives

The scope of this research is focused mainly on the improvement of ultrafiltration (PVDF)
membranes for NOM removal by modification with MWCNT. The principal aim is enhancing
the flux and rejection properties of a newly synthesized novel membranes based on
(PVDF/PDA/MWCNT) and (PVDF/PANI/MWCNT) compared to pristine PVDF UF

membrane. The specific research objectives are listed as follows:

e Fabrication of novel PVDF/PDA/MWCNT ultrafiltration membranes to allow enhanced
rejection efficiency, flux recovery and high flux for effective NOM removal.

e Fabrication of novel PVDF/PANI/MWCNT membranes with potential higher flux and
good flux recovery for effective NOM removal.

e Studying different fabrication techniques to optimize the performance of PVDF/PANI
and PVDF/PDA ultrafiltration membranes.

e Studying the effects of modification of PVDF-based ultrafiltration membranes by
carbon nanotube (CNT) addition to improving hydrophilicity and anti-fouling

properties.

e Characterization of fabricated membranes for physical and chemical properties e.g.
porosity, composition (FTIR), tensile strength, hydrophilicity and zeta potential as well

as studying the structural morphology by SEM.
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e Studying the key factors influencing the new fabricated membranes performance;
including the effect of PDA or PANI and MWCNT concentrations and blending

method.

1.5 Dissertation structure

This dissertation has been written in an integrated article format and divided into seven

chapters.

Chapter 1 includes the introduction, study background, and established objectives.

Chapter 2 includes general overview of membranes types, material and production methods,
First, the properties of the base polymer (PVDF) as it is regarded to be one of the most
promising membrane materials for industrial applications concerning its outstanding
properties. Then the fabrication process of PVDF by phase inversion technique and the
factors affecting the fabrication process including the solvent type, PVDF concentration, non-
solvent additives, coagulation bath medium and temperature. Several additives used to
improve the characteristics of PVDF ultrafiltration membranes were discussed. Moreover, the
most recent advances in the modification of PVDF ultrafiltration membranes through
nanotechnology by adding carbon nanotubes to improve the hydrophilicity and decrease
fouling of PVDF membranes were reviewed. Finally, membrane fouling and the antifouling

mechanism by natural organic material and the cleaning methods used were discussed.

Chapter 3 introduces the experiment methodology including the material used and the
experimental procedure of membrane fabrication, as well as the characterization methods

used to evaluate the modified membranes performance.

Chapter 4 presents the performance, and characterization results of MWCNT/PDA/PVDF
modified membranes for natural organic matter removal (NOM). The aim of this work is to

enhance the permeability and antifouling properties of PVDF ultrafiltration membrane by
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using MWCNT/PDA as an additive for application in NOM removal from water. This

chapter was presented as a conference paper in ICONN2016.

Chapter 5 presents the effect of fabrication method on the performance and characterization
results of PANI/PVDF modified membranes. The aim of this work is to enhance the
permeability and antifouling properties of PVDF ultrafiltration membrane by using PANI as
an additive for application in NOM removal from water. Two blending methods of aniline
were applied, and the synthesized PANI was used as additive to produce PANI/PVDF

modified membranes.

Chapter 6 presents the performance and characterization results of MWCNT/ PANI/ PVDF
ultrafiltration membrane prepared by phase inversion technique through in situ
polymerization method of aniline for removal of NOM in water. The aim of this work is to
enhance the results of the fabricated membrane in chapter 5 by adding MWCNT. This

chapter was accepted as a conference paper and will be presented in ANNIC2016.

Chapter 7 summarizes the results and conclusions of the research presented in this thesis and

provides future work suggestions.
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2.1 Types of membranes

There are several methods to classify synthetic membranes. They can be classified according
to the nature of the membrane material, membrane morphology, geometrical configuration,
fabrication methods, separation process, etc. For example, synthetic membranes can be
divided to organic (polymeric) or inorganic (ceramic/metal), either solid or liquid; they can
be homogeneous or heterogeneous, symmetric or asymmetric in structure. Depending on the
geometric shape, synthetic membranes can be grouped into flat, tubular or hollow fiber

membranes [1].

2.1.1 Symmetric (Isotropic) membranes

Isotropic membranes have a uniform structure throughout whole membrane thickness. The
separation properties of symmetric membranes are decided by their entire structure [13].
Symmetric membranes are classified according to the separation regime into porous and
nonporous membranes. Porous (microporous) membranes are analogous in structure and
function to a conventional filter. The separation of solute by microporous membranes is
mostly related to the molecular size and pore size distribution. A microporous membrane is a
highly voided structure with randomly distributed interconnected pores. These pores are
extremely small, and their diameters range between 0.01- 10 um. Thus, all particles larger
than the largest pores in the membrane will be rejected, and particles smaller than the largest

pores while larger than the smallest pores; part of it are rejected. For the pore size distribution
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of the membrane; particles that are much smaller than the smallest pores would pass through

the membrane pores.

In general, only molecules that vary substantially in size can be separated effectively by
microporous membranes such as ultrafiltration and microfiltration membranes (filtration is a
function of molecular size and pore size distribution) [13]. Nonporous dense membranes
composed of a dense film through which permeates are transported by diffusion under the
driving force of pressure, concentration or electrical potential gradient. Thus, this type of
membranes can separate permeates of similar sizes if their concentration in the membrane
material (i.e. their solubility) varies significantly. Most gas separation, pervaporation, and
reverse osmosis processes use dense membranes for separation. These membranes have an
anisotropic structure to enhance flux. The separation of different constituents of a mixture
using a dense, nonporous membrane is related to their transport rate within the membrane,
which depends mostly on their diffusivity and solubility in the membrane material. See

Fig.2.1.

Fig.2.1. Symmetrical Isotropic microporous and Nonporous dense membranes [13].

2.1.2 Asymmetric (Anisotropic) membranes

Asymmetric membranes have relatively dense, exceedingly thin surface layer (i.e. the "skin",
also called the perm-selective layer) supported on an open, much thicker porous substructure.
The fabrication of the surface layer and its substructure is done in a single operation or

separately. Separation properties and permeation rates of this membrane are determined
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entirely by the surface layer while the substructure functions as a mechanical support [13,
14]. The transport rate of a material through a membrane is reciprocally proportional to the
membrane thickness. The benefits of the higher fluxes provided by anisotropic membranes

are so considerable that almost all commercial processes use such membranes.

Asymmetric membranes are classified into two basic categories; when the same material used
for the top layer and porous sub-layer, the membrane is referred to as integrally skinned
asymmetric membrane; on the contrary, if the material of the top skin layer is different from
that of the porous sub-layer, the membrane is called composite membrane [15] (as

demonstrated in Fig. 2.2).

o%o%@

%‘?‘%;Eﬁg%

Fig.2.2. Integrally asymmetric skinned membrane and composite membrane [13].

There are different methods for the preparation of asymmetric membranes; these are

described in the following sections.

2.2. Membrane Materials and Production

Membranes can be fabricated from a wide range of different materials. Synthetic membranes
can be divided into organic (e.g. polymers) or inorganic types (e.g. metal oxides, zeolites,
carbons...etc.) [16]. Nowadays, the majority of commercial membranes is made from

polymers. Some commonly used polymers in membrane fabrication are listed in Table 2.1.
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Table 2.1. Common polymers used for the production of commercial membranes [16].

Membrane Material

Membrane Process™®

Cellulose acetate

GS, RO, D, UF, MF

Poly(amide) RO, NF, D, UF, MF
Poly(sulfone) GS, UF, MF

Poly (ether sulfone) UF, MF
Poly(carbonate) GS, D, UF, MF
Poly(vinylidene fluoride) UF,MF,MD
Poly(propylene) MF
Poly(acrylonitrile) D, UF, MF

(a) GS: gas separation, UF: ultrafiltration, MF: microfiltration, D: dialysis, PV: pervaporation,

RO: reverse osmosis, MD: membrane distillation.

The selection of the membrane material has a tremendous influence on the membrane
performance [17], as the material functions a critical role in interacting with feed solution.
The material determines several membrane properties, such as hydrophilicity, surface charge,
chlorine tolerance limit and allowable pH range. Regarding hydrophilicity, cellulosic
materials such as cellulose acetate show a high degree of hydrophilicity while Poly

(propylene) is highly hydrophobic in nature.

Different polymers show intermediate hydrophilicity, such as poly (sulfone) (PS), poly (ether
sulfone) (PES) family, poly (acrylonitrile) (PAN) and poly (vinylidene fluoride) (PVDF) are

also used as a selective layer for the membranes [18].
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2.3. Preparation of asymmetric synthetic membrane

Loeb and Sourirajan described the first membrane material in the late 1950s. Since then,
numerous materials have been developed aiming to ameliorate the capacity and performances
of the existing membrane technology. Different techniques are available to prepare synthetic
membranes which can be fabricated from various types of materials whereby polymers and
ceramics are the most valuable [13, 14].

The selection of fabrication method for polymeric membrane depended on the polymer type
and desired structure of the membrane [19]. Techniques commonly used for polymeric
membranes fabrication are phase inversion, interfacial polymerization, stretching, track-
etching and electrospinning [19]. Most commercially available membranes are manufactured
by phase inversion technique which enables the production of various membrane
morphologies [14, 20]. In the next section phase, inversion technique will be discussed in

details.

2.3.1 Phase inversion technique

Phase inversion technique is described as a demixing process whereby the originally
homogeneous polymer solution converted in a controlled method from a liquid to a solid state

[2]. This transformation can be achieved by several processes [20] include:

1. Thermal gelation: a process where polymer solution is cast hot, polymer precipitation
stimulated by lowering the temperature of the cast film. As it cools, the polymer precipitates
and the solution separates into a polymer matrix phase containing dispersed pores clogged
with solvent. After the polymer solution is cast, the volatile solvent evaporates, and the cast
film is enriched in a nonvolatile solvent, thus encouraging the polymer precipitation to form

the membrane structure.
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2. Solvent evaporation: A mixture of solvents, with one of them being volatile, is used to
form the casting solution. After casting, the volatile solvent evaporates, thus changing the

polymer-film—solution composition, which induces precipitation.

3. Water vapor adsorption: The cast film is placed under a moist atmosphere. As water is
typically a strong non-solvent, water adsorption into the cast film causes polymer
precipitation. In its most rigorous form, this process is the reverse of the solvent evaporation.
Instead of inducing precipitation by evaporating a volatile solvent, the polymer film is

exposed to a humid environment permitting water vapor adsorption onto the cast film.

4. Immersion Precipitation: The polymer solution is immersed in a non-solvent coagulation
bath (typically water). Demixing and precipitation take place due to the exchange of solvent
(from polymer solution) and non-solvent (from coagulation bath), that is, the solvent and

non-solvent must be miscible [19].

A combination of the above- mentioned methods is usually applied. Amongst the four types
of phase inversion processes, noticeably immersion precipitation remains the most important

membrane preparation technique.
2.3.1.1 Immersion precipitation technique

Immersion precipitation is a procedure where a polymer solution cast on an appropriate
support, then immersed in a coagulation bath which contains a non-solvent, where an
exchange of solvent and non-solvent happens and a membrane is formed [21]. Many factors
participate in the successful fabrication of high-performance membrane module. Extensive
research works discussed the optimization of the factors influencing porous membrane
production by selection of the polymer, the solvent, non-solvent additive types, precipitation
time, the constitution of coagulation bath, its temperature and other parameters during

immersion precipitation [20, 22, 23].
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2.4. Mechanisms of membrane formation by immersion precipitation

Membrane formation mechanisms can be clarified by a three-component phase diagram
which is used to demonstrate the components used in membrane preparation (polymer,
solvent, non-solvent) by immersion precipitation in an isothermal process. as shown in Fig.
2.3 (a)). The cast film composition begins from the original casting solution region (A). As
the solvent and non-solvent are miscible the casting solution shifts to the two-phase unstable
region by losing solvent and gaining non-solvent, thus crossing the binodal boundary. This
brings the casting solution into the metastable two-phase region, where it starts to demix.
Polymer solution constituents in this region are thermodynamically unstable, but will not
precipitate unless well-nucleated. At point (C), as more solvent and non-solvent exchange,
the composition crosses into another region of the phase diagram in which the solution is
always thermodynamically unstable. At (D), the final membrane composition is solidified,

and the matrix of the final formed membrane is represented by point (S).

Thus, a solid (polymer-rich) phase and a liquid (polymer-poor) phase are formed; the
precipitant filled membrane pores are represented by point L. The place of point D on the line

S-L a ccount for the total porosity of the membrane [14, 20].

The rate of solvent and non-solvent exchange relies on the miscibility of the two, and the

affinity of the non-solvent for the polymer.

Two distinct demixing processes creating two recognized types of membrane morphology are
present; membranes formed by immediate demixing which result in the production of the
porous top layer and open-cell macrovoid-like membranes while delayed demixing is

forming membranes with a relatively dense top layer [14, 20, 23].

The types of demixing are illustrated in Fig. 2.3 (b). In immediate demixing the casting film
underneath the top layer has crossed the bimodal region, suggesting that liquid-liquid
demixing begins immediately after immersion. While when the demixing delayed all

compositions directly underneath the top layer remain in the one phase region and are still
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miscible, this indicates the lack of immediate demixing after immersion; it takes place

sometimes before it crosses the bimodal region and liquid-liquid demixing will start [14, 20].

Pnlj_,-‘mer

Polymer

Instantaneous

Delayed demixing . demizing

Spinodal boundary \\ r

L
Salvent q Nonsolvent Solvent b Nonsolvent

____________

Fig. 2.3 (a): Three-component phase diagram from the initial casting solution (A) to the final
membrane (D), (b): Instantaneous and delayed liquid-liquid demixing (composition present at

the top, middle, and bottom of the film indicated by 1, 2, and 3, respectively).

2.5. PVDF as a membrane material

Poly (vinylidene) fluoride (PVDF) has encountered a great concern as a membrane material
since the 1980s [24, 25] in comparison to other commercialized polymeric substances such as
poly (sulfone) (PS), poly (ether sulfone) (PES) and polyimide (PI) [26]. PVDF dissolves
readily in common organic solvents; it has been used widely in MF, UF, MD, and PV
membranes due to its convenient asymmetric structure for separation [27, 28]. However, it
has hydrophobic characteristics, and this hydrophobic nature leads to its low water flux and
makes PVDF membrane easily fouled while processing aqueous solutions containing natural

organic materials [29].

For wide-range applications, the previously mentioned drawbacks of PVDF-UF membranes

must be overcome [30]. Therefore, many efforts have been performed to improve the
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hydrophilicity of PVDF by dip coating, physical blending [31-33], chemical/radiochemical
grafting or surface modification [34-39]. Among these methods physical blending with
organic and inorganic materials has gain much interest due to easy preparation procedure and
good performance results [40].

2.5.1 Crystalline properties of PVDF

PVDF is a fluoropolymer with alternating -CH2 and —CF2 groups over the polymer chains
that generate a polarity permitting the polymer to dissolve in certain solvents. Homopolymers
of PVDF are semicrystalline, with crystallinity typically around 35%-70%, with long chain
macromolecules, which contain 59.4 wt% fluorine and 3 wt% hydrogen [41]. The spatial
arrangement of CH2 and CF2 groups along the polymer chains participates in the distinctive

properties of PVDF generated from its crystalline structure.

In general, polymer crystallinity and the resultant membrane morphology are among
significant factors in determining the mechanical strength properties, as well as the impact
resistance of the membranes [23]. Increased level of crystallinity yields PVDF stiffness,
toughness, and creep resistance [20]. PVDF chains can crystallize into three separate
forms: a, B, and y with density of 1.68, 1.92, 1.97 respectively [23, 42]. The most common
polymorph of PVDF is a phase. On account of its excellent combination of properties and
processability, PVDF is available in a wide range of melt viscosities as powders and pellets to
satisfy typical fabrication requirements. The chemical structure of PVDF homo polymer is

shown in Fig. 2.4.

n

Fig. 2.4. PVDF homopolymer.
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2.6. PVDF membrane fabrication

The preparation of PVDF membranes had begun from the early 1980s [24-25]. Various
methods are employed in the fabrication of PVDF membrane like sintering, track etching [43,
44], and phase inversion. Most commercial membranes are produced by phase inversion
method as it is one of the most versatile, economical and flexible processes used to generate
both dense and porous membranes. Immersion precipitation remains the most used technique

among the types of phase inversion processes used to prepare PVDF membrane [20].

2.7. Factors affect PVDF membrane Fabrication

This section discusses the different factors influence the PVDF flat sheet membrane
development using immersion precipitation, in particular for UF membrane. Fabrication
process parameters are the crucial factors that affect the UF membrane performance. It is well
known that fabrication parameters have a tremendous effect on the final membrane
morphology and performance. An ideal porous membrane must have high permeability, good
hydrophilicity, and excellent chemical resistance to the feed stream [20, 40]. High membrane
permeability is achieved if the membrane surface porosity and pore structure are good.
Different parameters affecting P\VDF membrane production include polymer concentration,
solvent type, non-solvent additives, precipitation time, coagulation bath composition and

temperature will be reviewed.

2.7.1 Effect of solvent type

Solvent plays a principal role in determining the eventual membrane properties and
performance. The most important criterion for solvent selection is its ability to dissolve the
polymer completely [20]. The low miscibility of a polymer in the solvent leads to fabrication
of a non-porous membrane, while more porous membranes are obtained when the miscibility

is high; as with increased miscibility, more solvent is required in the non-solvent bath to
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affect demixing [14, 23]. The commonly used organic solvents to prepare PVDF membrane

through immersion precipitation are listed in Table 2.2,

Table 2.2 Solubility parameters of common solvents for PVDF [45].

Dispersion Hydrogen
Polar Total solubility
parameter bonding
Solvent parameter parameterd pP
84pP parameterdy, p
8,p (MPal/2) (MPa1/2)
(MPal/2) (MPal/2)
N,N-Dimethylacetamide (DMAC) 16.8 115 10.2 22.7
N,N-Dimethylformamide (DMF) 17.4 13.7 11.3 24.8
Dimethylsulfoxide (DMSO) 18.4 16.4 10.2 26.7
Hexamethyl phosphoramide (HMPA) 18.4 8.6 11.3 23.2
N-Methyl-2-pyrrolidone (NMP) 18 12.3 7.2 22.9
Tetramethylurea (TMU) 16.8 8.2 11.1 21.7
Triethyl phosphate (TEP) 16.8 115 9.2 22.3
Trimethyl phosphate (TMP) 16.8 16 10.2 22.3

Bottino et al. investigate (PVDF) membranes prepared by casting and coagulating solutions

of the polymer in eight different solvents to identify the suitable solvent for PVDF polymer.

Depending on Bottino’s study the solubility parameters of solvent for PVDF are tabulated in

Table 2.2. Their experimental results indicate that thermodynamic did not affect the

performance of the final PVDF membrane, whereas a good correlation was found between

solvent- non-solvent mutual diffusivity, thus the membrane performance can be correlated to

the mutual diffusivity [45].

Shih et al. reported a rise in the mean pore size and effective porosity with increasing

glycerol as non-solvent additives to PVDF membrane with TEP solvent system, while they

noticed reduced effective porosity when using DMSO as a solvent. The authors suggested the

results are due to the different affinity of the solvent to the water coagulation bath [46].
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2.7.2 Effect of PVDF concentration

Increasing PVDF concentration in the casting solution augments the solution viscosity and
hence the polymer concentration increased at the interface, this implies that the volume
fraction of polymer increased, and it will lower the porosity and contact angle of the
membrane [14, 47]. The viscosity and concentration of the polymer solution are principal
factors that rule the morphological structure of the produced membrane. The polymer chains
tend to align more tightly as a result of the formation of a denser skin. This closer structure of
the membrane with high polymer concentration increases the thickness of the top layer. It
also reduces both number and size of macrovoids/cavities [47]. A similar result was deduced
by Tomaszewska, who investigated the relation between PVDF polymer concentration and

the porosity, the resultant relation is presented in Fig. 2.5 [48].

100
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Fig. 2.5. Effect of PVDF concentration in casting solutions on the porosity of the resultant

membrane: (a) wet, (b) dry [48].

Buonomenna et al. studied the influence of PVDF concentration on membrane morphology

and porosity by phase inversion process for PVDF cast in DMA solvent, he suggested that the
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effect of polymer concentration on morphology is comparatively small as can be seen in Fig.
2.6; in the three membranes with various PVDF concentrations the same distinct regions can
be identified. The skin layer is gradually tighter and nonporous. He concluded that the main
effect of increasing polymer concentration is a decline in pore dimensions and overall

porosity [49].

Song et al. studied the effect of PVDF concentration on a modified PVDF membranes
fabricated by the addition of different concentrations of PEG and TiO; particles. He found
that the membrane flux decreased progressively with increasing PVDF content, while the
rejection of pepsin increased gradually with the increase of PVDF content. Also, he observed
that the casting solution became too viscous to produce a membrane when the PVDF content
transcended 18 wt. %, but when PVDF content was 12 wt. %, the membrane had a good

combination of membrane flux and rejection [50].

20 wt%

Fig. 2.6. SEM images of cross-sections of PVDF membranes prepared at different polymer

concentration with porosity 65, 55, 41 respectively [50].

2.7.3 Effect of coagulation bath medium and temperature

The coagulation medium is one of the fundamental factors determining the sequence of phase
separation in the immersion precipitation process [20]. The interaction between the solvent
and the non-solvent remarkably affects the demixing process and the solvent exchange rate

[51]. Systems with a rapid phase inversion rate tend to form macrovoids with finger-like
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structure, whereas systems with a slow phase inversion rate result in the formation of sponge-

like structure [52].

It is well known that water acts as a powerful non-solvent. Thus, the presence of water in the
coagulation medium during immersion precipitation often leads to a rapid liquid-liquid
demixing process and accordingly the formation of a PVDF membranes with asymmetric

structure and finger-like voids [20, 23].

Other weaker non-solvents can be used; they lead to the formation of a denser membrane
[53]; Cheng et al. suggested that membrane structure is specified by the relative diffusion rate
of solvent and non-solvent and the driving force between solvent and non-solvent. When the
out-diffusion rate of the solvent is much faster than the in-diffusion rate of non-solvent, the
top layer is very dense, thus lowering the diffusion rate for non-solvent into the sublayer, this
results in fewer nuclei in the sublayer in the initial period. It is, therefore, feasible to compose
a finger-like structure if the driving force between solvent and non-solvent is strong enough.
On the other hand, the affinity between solvent-non-solvent is low, the membrane formed

will have a sponge-like structure [53].

Sukitpaneenit and Chung investigated the thermodynamics of the phase inversion process of

PVDF membranes through phase diagrams [54]. The triple phase diagrams of
PVDF/NMP/non-solvent systems of different non-solvents at 25°C were formulated

depending upon the cloud-point measurements, as shown in Fig. 2.7. It can be noticed that
the gelation boundary for the PVDF/NMP/water system is nearer to the polymer—solvent axis
as compared to the other PVDF/NMP/non-solvent systems; he indicated that the strength of

non-solvent systems follows the sequence of water > methanol > ethanol > isopropanol. [54].

Lin et al. used pure water as coagulation bath for PVDF/ PMMA composite membrane, the
formed membrane showed porous morphology with predominantly macrovoids and cellular
pores. However with the addition of solvent (70% DMSOQO) to the coagulation bath, liquid—

liqguid demixing was sufficiently inhibited with the formation of sponge-like structure
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membrane, as the presence of a solvent in the coagulation bath restricts the outflow diffusion

of solvent in the cast film [55].

Wu et al. demonstrated a new approach to fabricating a porous asymmetric hydrophilic
PVDF membranes by phase inversion method using a graphene oxide (GO) aqueous solution
as a coagulation bath. An increment in pore size and surface roughness was noticed with
increased water flux by 140%; authors attributed this to the improvement of hydrophilicity
and increase in the surface roughness which caused by the deposition of hydrophilic GO

layers on the membrane surface [56].

. 0.0
0.4 Nonsolvent

Fig. 2.7. Phase diagram of PVDF/NMP/non-solvent systems at 25°C [54].

The effects of non-solvent and precipitation temperature on the morphology and crystalline
structure of 1-octanol/DMF/PVDF and water/DMF/PVDF systems prepared by phase
inversion process were studied by Cheng [57]. He found that casting membranes from PVDF-
DMF system with rapid phase inversion rate using water (strong non-solvent) as a
coagulation bath. This rapid phase inversion leads to formation of asymmetric structure

membrane consisted of dense skin layer. While in system with slow phase inversion rate
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using 1-octanol (weak non-solvent) as a coagulation bath, mass transfer became slow and
liquid—liquid demixing was inhibited. The resultant PVDF membrane showed symmetric
structure with a uniform cross section and almost similar spherical particles, as demonstrated

in Fig. 2.8.

Cheng also examined different coagulation bath temperature ranges (25-85 °C) and suggested
that at low temperatures, the membrane formed has a uniform particulate structure dominated
by the crystallization mechanism. However, at high temperature the gelation region shrinks
significantly more than the liquid-liquid demixing region. And so provided a preferred
condition for liquid-liquid demixing to occur earlier than crystallization. As a result,

asymmetric cellular morphologies with a dense skin layer were produced [57].

Fig. 2.8. Cross- section images of PVDF membrane with (a) water and (b) 1-octanol as

coagulation bath respectively [57].

2.7.4 Effect of non-solvent additives

The incorporation of non-solvent in the membrane casting solution is one of the techniques to
improve membrane morphology, increase the hydrophilicity, improve porosity and enhance
the membrane performance parameters such as water flux and rejection [23]. Non-solvents

conduct as pore former, increase solution viscosity or hasten the phase inversion process [23].
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Additives used in PVDF membranes modification can be broadly classified into four groups:
(@) low molecular weight inorganic additives like LiCl (b) polymeric additives such as Poly
(vinyl pyrrolidone) (PVP) and Poly (ethylene glycol ) PEG (b) weak non-solvent and co-
solvent such as glycerol, ethanol and acetone [46] and (c) inorganic nanoparticles such as

zeolite, silica and carbon nanotubes materials.

Fontananova et al. studied the effect of the addition of LiCl and PVP to PVDF membrane
during phase inversion process; both additives were soluble in DMAC and H20. In the case
of PVP addition, the membrane macrovoids became more emphasized and extended over the
whole cross-section. While for low concentration of LiCl in the casting solution results
showed bigger macrovoids and increase permeate flux. For high concentration of LiCl the
macrovoids formation reduced, as the LiCl additives increased the solution viscosity
increased and delayed the mutual diffusion between solvent in the coagulation bath and the
cast film. Therefore, they delayed the phase separation [58]. Authors concluded that PVP is a
better additive for the preparation of membranes with a higher permeate flux, whereas LiCl

can be used to decrease macrovoids formation.

PEG has been reported to enhance water flux of membranes at the expense of lowering
rejection rates [59]. However, Song et al. have documented different results using PVDF-
PEG-TIiO», they noticed an increase in humic acid (HA) rejection with flux decline; authors
attributed these results to smaller membrane pores, and more hydrophilic membrane on the

surface [50].

2.7.4.1 Dopamine as a membrane additive (Bio-glue)

Dopamine is newly discovered as a promising novel bio-inspired polymer used for membrane
modifications, it has properties similar to adhesive secretions of mussels and is capable of
adhering on the surface of most substrates such as poly (tetrafluoroethylene) (PTFE) and

PVDF via polymerization of dopamine [60-62]. Also, it has been proved that polydopamine
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(PDA) has an excellent environmental stability, good biocompatibility, and a particularly

outstanding dispersibility in water [63].

PDA coating with inorganic nanomaterials such as metals and metal oxides is feasible [60-
64]. Furthermore, when PDA is applied to a substance its surface properties dominate over
those of the surface substrate which facilitates the compatibilization of other organic fibers or
carbon nanotubes to the surface [65]. Recently, Zhen et al. have utilized PDA produced by
self-polymerization to alter the surface of various porous membranes like PS, PE, PTFE, and

PVDF; the results are denoting that the membrane hydrophilicity was markedly improved.

Due to distinguished adhesion features of dopamine, nanoparticles such as TiO>
nanoparticles, as shown in Fig. 2.9 [62], and clay [66] have been surface modified with PDA
coating to enhance interfacial interactions between nanomaterials and polymer matrices.
Authors reported that both water flux and rejection of BSA were simultaneously improved,
the research results suggested that the interfacial PDA layers not only alleviate the dispersion
of these nanomaterials in the polymer matrices due to the remarkably increased interfacial
interactions (a combination of covalent and noncovalent interactions) but also supply the
nanocomposite with a new functionalities and strong binding forces for further modification

[60, 67].

dip-coat in
dopamine

e dip-coat in = ,"Df‘_ layer

® (NH,),TiF/H,BO,

. Selective layer

Fig. 2.9. A modified membrane surface via self-polymerized polydopamine with binding
TiO> films [62].
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Jiang et al. studied the preparation of PVDF/PDA nanoparticles blends membranes under
different polymerization conditions. The resultant membrane prepared by in situ
polymerization of PDA on PVDF found to be beneficial to form uniform surface pores and
inner connected pores. As unpolymerized dopamine and a few of PDA, nanoparticles are
released from developing films into a water bath, leaving pores in the resultant PVDF/PDA
blend membranes, which lead to high permeate flux and tensile strength. Authors suggested
that PDA performed as both pore-forming agent and hydrophilic modifier. The resultant

membrane also showed permeability up to 100 LMH/bar with 15% rejection [67].

2.7.4.2 Aniline as a membrane additive

Polyaniline (PANI) is one of the most important conducting polymers that has many
applications for membrane separation processes [68]. It is used in ultrafiltration membranes
[69, 70], gas separation membranes [71], pervaporation membranes [72] and semi-conducting
membrane [73] for its stability and relatively cheap cost [74, 75]. The interest in polyaniline
as a membrane modification material came from its easy preparation by the polymerization
reaction, and the chemically flexible NH group, which is responsible for an interesting
doping/developing chemistry that can potentially improve its characteristics for specific

separation applications [68, 76].

Zhao et al. [68] suggested PANI addition as a filler to (PSF) membrane by in-situ blending
method, results showed that PANI played as a pore former, which led in increased
hydrophilicity and porosity of the membrane, with a results in 2-4 more permeable than
pristine PSF membrane and 96% BSA rejection. A comparative study between PANI and
PVP addition to PSF membrane was done by Zhao et al. [77] results showed that at the same
additive concentration, PSF/PANI nanocomposite membranes had higher protein rejections,

higher FRR values, and larger breaking strength than PSF/PVP membranes.
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2.7.4.3 Inorganic nanoparticles as a membrane additives

Application of inorganic nanoparticles in membrane fabrication is a new promising
membrane technology. Recently, extensive studies on membrane modifications with the
blending of inorganic nanomaterials with casting solution have been done. Performance
results of several inorganic nanoparticles that have been blended with PVDF are summarized

in Table 2.3.

Table 2.3 Results of modified PVDF membranes with different inorganic nanoparticles [78].

Inorganic gg)st;gneug? Decreased Rate of Rate of ?ﬁ;ﬁgg
Inorganic fillers inorganic | Meontact | changein | changein | \onGlo | References
filler dimensionalit material el B L RSB strength
4 ©) (%) (%) 2
(PVDF, 9.,9) (%)
ZnO 3D 6.70% 13 75 - 7.8 [79]
6% 3D 5% - 140 - 109 [80]
i
3D 3% 29.5 275 -8 - [81]
Al203 3D 2% 26.2 400 1 50 [82]
ZrO2 3D 150% - 500 - [83]
Fe304 3D 70% - 270 18 8.6 [84]
Tio2 3D 2% 4 19 3 - [85]
1D 5% 48.3 66 7 33 [86]

It is clear that the introduction of inorganic nanoparticles enhances the morphology,
permeability and improves the anti-fouling performance of membranes, likely due to the high

specific surface area, and chemical stability [56].

Among these nanoparticles, the implementation of graphitic carbon materials in ultrafiltration
membranes fabrication has attracted substantial attention, and the use of carbon nanotubes
(CNTs) which have distinctive features is a new research field in membrane fabrication

techniques.
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2.7.4.4 Carbon nanotubes in membrane fabrication

Carbon nanotubes have gained considerable interest since their discovery in 1991 by lijima
[87]. CNTs are defined as minute cylinders of graphite which are closed at the ends by half
C60. CNTs ordinarily have a diameter less than 10 nm [88]. Carbon nanotubes are classified
to single-walled nanotubes (SWNTs) and multi-walled nanotubes (MWNTS). SWCNTSs, are a
cylinder of a single graphene sheet, consist of an array of benzene molecules with hexagonal
rings with double and single carbon-carbon bonding. The MWCNT is multi-layers of rolled

graphene sheets [88], as shown in Fig. 2.10).

CNTs are considered to have important physical properties, such as unique mechanical
properties (stiffness and flexibility), high electrical and thermal conductivities, and due to the
presence of delocalized n- an electron in the z-axis [89]. Additionally, CNTs have
extraordinary water treatment capabilities which were proven to perform effectively against

both chemical and biological contaminants [90].

Fig. 2.10. The structure of SWCNT and MWCNT [91].
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CNTs also used as an adsorbent media which is capable of removing various contaminants
such as heavy metals, metalloids, organics and a range of biological contaminants including

NOM [92-94].

The excellent adsorption features are attributed to the large specific surface area [95], the
mesoporous structure and the less negative surface charge on the CNTSs, also the effective m -
7 stacking interaction between carbon nanotube and aromatic compounds [96,97]. Their
distinctive properties make them attractive candidates for polymer composites. However due
to the strong van der Waals binding energies, CNTs are tightly bundled by calculated
interaction energy of ca. 500 eV/um of tube—tube contact and as a result it is insoluble in
most organic solvents [98], making efficient dispersion in bulk solution hard to achieve.
Moreover, the inert surface of CNTs results in intrinsically weak interactions and poor

interfacial adhesion between CNTs and membrane materials
2.7.5 MWCNT/polymer composite in membrane fabrication

MWCNT/polymer composite membrane initially designed to improve the separation
performance of polymeric membranes. The incorporation of MWCNT as inorganic fillers to
polymeric membranes was introduced to enhance the chemical and physical properties of
membranes [99]. However, there are significant obstacles in the preparation of CNT/polymer
composites, particularly concerning the need to ensure sufficient adhesion between the CNTs
and the polymer to ensure uniform distribution of CNTs in the composite and avoid
agglomeration. As it is reported that agglomeration causes voids which may decrease the
mechanical properties, and also may minimize the effect of nanomaterial for the large surface

area and reduce the membrane performance [100].

There are many studies on CNT dispersion in polymers and solvents; two main methods for
dispersing carbon nanotubes are suggested [101]: the mechanical methods and the chemical
methods which designed to modify the surface energy of MWCNT, either physically (non-

covalent treatment) or chemically (covalent treatment).
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Mechanical dispersion methods, such as ultrasonication (either by ultrasonication tip or
bath), detaches nanotubes from each other by applying high local shear forces, particularly to
the nanotube bundle to overcome van der Waals binding energy, but adversely this method

can lead to fragmentation of nanotubes which affect its performance [102].

Chemical methods use surface functionalization of CNT to enhance their chemical
compatibility with the solvent or polymer by breaking sp? hybrid carbon bonds on the
sidewalls and binding with carboxyl/hydroxyl groups; this method can improve adhesion
characteristics of CNTs and reduce their agglomeration. However, attention should be taken
in the aggressive chemical method used in CNT dispersion, which might lead to defects in
CNT and hence low-grade properties [103, 104]. Functionalized carbon nanotubes enhance
membrane properties by increasing hydrophilicity and surface charge of top membrane layer

[105].

The potential application of carbon nanotubes (CNTSs) in membrane materials has gain more
attention recently; it has been studied with many types of base polymers like PES, PS, PANI
[106-112] and PVDF. Few studies examined the effect of CNT addition to PVDF-based

membranes used for ultrafiltration process.

Zhao et al. used functionalized MWCNTSs with hyper branched poly (amine-ester) (HPAE)
based on Zhang's technique [113] and applied them as an additive to prepare PVDF
nanocomposite membranes. MWNTwrpae was dispersed in DMF via sonication. The results of
the prepared PVDF/ MWNTwnpae nanocomposite membrane showed lower water contact
angle (higher hydrophilicity) and enhanced antifouling properties as the surface coverage of
hydrophilic hyper branched poly (amine-ester) groups, which could induce denser and more
stable hydration layer. Consequently, protein adsorption was significantly suppressed due to
hydrogen bonding interactions between hydrophilic groups and water molecules. Different
MWNTHpae percentages were used. The flux recovery increased from around 82% for PVDF

t0 95.7% for PVDF/MWNThpae %) [114].
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A comparative study of PVDF/graphite oxide (GO) and PVDF/ (MWCNTS) ultrafiltration
membranes was carried out by Zhao et al. using the phase inversion method to fabricate
PVDF/carbon materials/ dimethylacetamide (DMAC). It was reported that the modified
membranes exhibited better pore structure and higher surface roughness than the pristine
ones, and PVDF/GO blended membranes demonstrate bigger pores but lower surface
roughness than PVDF/MWCNTSs blended membranes. For PVDF/MWCNTs and PVDF/GO
blend membranes, 114% and 74% improvement of pure water permeation flux was achieved,
respectively. The hydrophilicity was improved significantly, and the bovine serum albumin
rejection of PVDF/MWCNTSs and PVDF/GO blended membranes was enhanced about 31.8%

and 28.7% respectively, compared to those of the pristine PVDF membranes [40].

To investigate the influence of the oxygen-containing groups of inorganic modifiers on
PVDF membrane performance, Ma et al. [78] fabricated a PVDF/multi-walled carbon
nanotube (MWCNT) hybrid ultrafiltration membranes via phase inversion by dispersing
pristine and different concentrations of oxidized MWCNTSs ranging from 0.2 wt.% to 2 wt.%
in PVDF casting solutions. The prepared membrane of oxidized MWCNT at an optimum
dosage of 1wt %, show 11 times increase in water flux compared with pure PVDF membrane
and 22.2% increase in BSA rejection, authors explained the good results of separation and
permeability by the presence of hydrophilic oxygen-containing groups on the surface of

MWCNTs.

Sianipar et al. [115] investigated the use of PDA coated MWCNT as a filler in polysulfone
(PSF) ultrafiltration membrane to improve the dispersion of MWCNT and the hydrophilicity.
Results demonstrated the role of PDA in increasing the hydrophilicity and antifouling
property of the resultant membranes with high rejection up to 99.8, however, permeability

reached 81 LMH/bar.
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2.8 Membrane fouling

With the recent advances in the membrane technology, novel fabricated membranes
increasingly show high permeability and better efficient selectivity than membranes available
30 years ago. However, membrane fouling is still considered to be the main determining
factor in the system performance. Fouling is a gradual drop in permeability during filtration
process with time due to deposition of material on or within the structure of the membrane

and accumulates with time making foulant layer on the membrane surface [116].

Understanding of fouling mechanisms is vital to decrease the membrane fouling phenomena
and so reduce the cost of membrane recovery. Membrane fouling can occur due to [116]: (a)
Solute adsorption/deposition on the surface of the membrane. (b) Solute
adsorption/deposition within the membranes pores. (c) Irreversible changes to the solute

fouling layer like cake consolidation.

Fouling Mechanisms of the membrane were described in detail in the literature [117, 118,
119]. There are four different physical-based types of fouling: complete blocking (pore
blocking), intermediate blocking (long-term adsorption), standard blocking (direct
adsorption), and cake filtration or boundary layer resistance (Fig. 2.10). Complete blocking
occurs when each particle arriving at the membrane engage in blocks of one or more pores
with no superposition of particles. Intermediate blocking takes place as each particle settles
on other previously-arrived particles already blocking some pores or even directly blocking

some membrane areas.

When each particle arriving at the membrane is deposited into the internal pore walls, leading
to a decrease in the pore volume, it is called standard blocking. While in cake filtration, each
new foulant particle rests on one or more previously arrived foulant particles that are already
blocking some pores. So in cake filtration, there is no direct contact between the newly

arrived foulant particles and the membrane surface.
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Fig. 2.11. Fouling mechanisms: (a) complete blocking, (b) intermediate blocking,(c) standard
blocking, (d) cake filtration [119].

It is noticed that all the above mechanisms can dominate at different times for a filtration
cycle. For standard blocking (Fig. 2.11 (c)) solute molecules are smaller than membrane
pores, hence solute particles deposit along the pore walls. While for other fouling
mechanisms (Fig. 2.11 (a, b, d)); the solute molecules are bigger or equal to the membrane

average pore sizes. Thus, fouling occurs outside the pore walls.

Several mathematical methods were proposed to calculate the filtration volume (V) of each
model. Hermia [118] developed different models for dead-end filtration as summarized in

Table 2.4.
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Table 2.4. Fouling models [117, 118, 120]

Model Equation Description
Complete blocking Vo ]_0(1 _ emkesty dparticle = dpore
kCB
Intermediate blocking Jo dparticte = Apore

kIB

Standard blocking t_ 1 N ksp . Aparticte K dpore
ViJo  Jo
Cake filtration t_ kcr v 1 dparticte > Apore
V45 Jo

Where: ], is initial feed flux, k. is complete blocking filtration constant, k, is intermediate
blocking filtration constant, ks is standard blocking filtration constant, t is time, dyqrticie 1S

the diameter of the solute particles, d,,. is the diameter of membrane pore.

These models assume that a single type of fouling controls the filtration behavior. However,
membrane fouling is sometimes more sophisticated and can be caused by a combination of all

these mechanisms.

Fouling can be divided into reversible and irreversible depending on the type of foulant and
the degree of attachment strength of foulants to the membrane surface. In reversible fouling
foulants are loosely attached and can be removed easily by a physical cleaning like strong
shear force or backwashing. However, for irreversible fouling foulants are a strong
attachment to the membrane surface or into the membrane pores wall and causing pore
blocking, and cake layer, so it is difficult to be removed by such physical methods, therefore,

it needs chemical methods [121,122], as will be discussed in section 2.11.
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2.9. Types of foulants

Membrane fouling occurred by combined physical and chemical interactions between the

different foulants present in the feed and the membrane surface [123].

Foulants can be classified into four types:

1. Particulates (colloidal): inorganic or organic particles/colloids act as foulants which
deposited on the membrane surface blocking the pores, and developing a cake layer.

2. Inorganic salts: dissolved components (e.g. iron, manganese, and silica) that interact
with the membrane directly and precipitate on or within the porous structure of the
membrane due to oxidation such as the formation of an iron and manganese oxide
cake on the membrane.

3. Micro-biological organisms: the microbiological type contains vegetative matter like
algae and microorganisms like bacteria which can adhere to the membrane and cause
biofouling (biofilm formation).

4. Organic: dissolved components and colloids (e.g. humic and fulvic acids, hydrophilic
and hydrophobic materials and proteins) which connected to the membrane by

adsorption.

2.9.1 Organic foulants (NOM)

NOM and proteins are the two principal types of organic foulants studied in the literature.
NOM are a group of organic compounds formed by the association of high-molecular-mass
substances from microbiological, vegetative and animal origin [124]. They consist of a range
of different compounds, from largely aliphatic to highly colored aromatics. Part of this
organic matter is negatively charged, composed of a wide variety of chemical compositions

and molecular sizes [125].
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The presence of NOM in the water was reported to decrease the permeability and water
sensitivity to pH thus reduces the permeability at all pH values due to the adsorption of
foulants on the membrane surface [126]. Humic substance accounts for a large fraction of the
organic matter in water. They are amorphous, brown or black, hydrophilic, acidic,
polydisperse substances of molecular weights ranging from hundreds to tens of thousands
[127]. NOM is composed of humic and non-humic substances according to the hydrophobic
and hydrophilic components. In surface water, the hydrophobic acids which are rich in
aromatic carbon, are described as humic substances and constitute the major NOM fraction,

more than half of the dissolved organic carbon (DOC) in water [128, 125].

Hydrophilic matter contains less refractory molecules such as carbohydrates, proteins, sugars
and amino acids [129, 130]. Based on their solubility, humic substance can be divided into
three main types [124]: (i) humic acids as shown inFig. 2.12), which are soluble in pH >2;
(ii) fulvic acids, which are soluble in wide pH range, and (iii) the humin fraction which is not
soluble at all. It is found that the three humic fractions are similar in structure, but their
molecular weight is different. In addition to their effect on membrane fouling, the NOM has
been shown to play a key role in the cohesion of colloids deposited on membranes surface.
Analysis of the organic foulants in natural waters and their relative concentration in the cake
formation suggests that polyphenolic compounds, proteins, and polysaccharides bind together

with colloids and may cement the cake to the membrane surface [126, 130, and 131].

The degree of NOM-membrane interactions can be affected by NOM properties (NOM
concentration, humic/non-humic fraction, molecular weight distribution, charge), membrane
properties (physical structure, surface/pore charge, hydrophobicity), ion competitions and

operating conditions [132].
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Fig. 2.12. Model structure of humic acid according to Stevenson; R can be alkyl, aryl or

aralkyl [133].

2.10. How fouling affects membrane flux

The effect of membrane fouling on flux can be demonstrated by simplified theoretical model

of Hagen-Poiseuille equation (2.1):

ed?AP
328u

] = 2.1

where: | is the flux, ¢ is the porosity of the membrane, d is the diameter of the
membrane, A P is membrane pressure, & is the effective thickness, | is viscosity of the fluid

(water).

As Hagen-Poiseuille equation is a special form of Darcy equation with the assumption that
flows regime within the membrane is laminar, and the pores are rounded in shape. However,
for non-rounded shape d should be corrected with hydraulic diameter Dy (the ratio of section

area of flow to the wetted perimeter).
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According to the previous equation (2.1) for a certain membrane pressure and viscosity, the
flux of the membrane depends on (1) porosity of the membrane, &, (2) diameter of the

membrane pores d, and (3) the effective thickness of the membrane, §.

When a membrane is fouled, porosity decreases, consequently, pores diameter decreases and
the effective thickness increases. If Jo, €0, DHo, and do represent flux, porosity, hydraulic
diameter, and effective thickness of a clean membrane, respectively. The influence of
membrane fouling on flux can be explained by the flux ratio of the fouled membrane and the
clean membrane, J/Jo as equation (2.2):

£y DPH 2
)¢

J _ 20 DHo” _ &y DPH
Jo (6/80) (50)(

()™ (2.2)

Dpo

The three terms on the right-hand side of the above equation (2.2) represents the three fouling
mechanisms: pore blocking, and, internal pore plugging (slandered blocking), and cake
filtration, respectively [134]. Liu et al. [135], graphically showed the impacts of internal pore
plugging and cake filtration on flux reduction considering NOM fouling, as shown in Fig.
2.13; It demonstrates the steep decline of flux along the pore diameter axis Dn/Dwo indicating
that the internal pore plugging makes more resistance and flux decline compared to cake

formation on the membrane surface.

As most of the natural organic matters have sizes less than pore diameters of UF membranes
used in water filtration; adsorption of natural organic matters on the membrane is the main
mechanism. Jucker and Clark reported that pores wall are a preferable site for NOM
adsorption, this may elucidate the reason why NOM causes severe flux decline compared to

colloidal particles.
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J/J o

Fig. 2.13. Steep decline of flux along the pore diameter axis Dn/Dro [135].

2.11. Membrane cleaning

Membrane cleaning is a procedure applied to the membrane material to remove all the foulant

that deposited on the membrane surface either by physical or chemical methods [134, 136].

Since fouling is integral procedure during the filtration operation test to restore membrane
flux and performance, there are different ways to clean membrane depending on the types of
foulant [136, 137]. The fouled membrane could be physically cleaned by backwashing, pure
water flushing, air flushing, gas-liquid flushing, reverse flow, hot water treatment or a
combination of two or more of these methods [138]. Physical cleaning method can be used to
remove the cake layer that has been deposited on the surface layer (reversible fouling).
However, it is ineffective in the case of irreversible fouling where foulants adsorbed into the
membrane layer induced by a chemical reaction between the foulants and membrane surface
causing pore narrowing. Consequently, chemical cleaning is the proper approach to remove

irreversible foulants to regain optimum flux recovery [138, 139].
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Chemical cleaning of membrane surface can be carried out in different ways [140]: (1)
Directly immersing the fouled membranes in the chemicals in the same place (2) Immersing
in a separate tank with higher concentration cleaning agents (3) Adding chemicals in the feed
stream (chemical wash), and (4) Chemical cleaning combined with physical cleaning

(chemical enhanced backwash).

Chemical cleaning methods use a various chemical agent such as alkalis, acids, surface-active
agents, and surfactants [138]. Table 2.5 summarized the most commonly available membrane

chemical cleaning agents with their reaction mechanisms.

Table 2.5. The major chemical cleaning agent used with usual reaction [136, 135].

Caustic soda (NaOH) Hydrolysis and solubilisation,
Base
saponification
Hypochlorite (HOCI), Hydrogen
Oxidant Oxidation and Disinfection

Peroxide (H.02)

Hydrochloric (HCI), Sulphuric Acid
Acid Solubilisation
(H2SO.), Nitric Acid (HNOs)

Alkaline chelate EDTA Chelation

Emulsifying, dispersion and
Surfactants Proprietary
surface conditioning

The type of cleaning agent and cleaning conditions in chemical cleaning mainly depend on
the kind of feed deposited, and on the chemical and thermal resistance of the membrane.
Cleaning agents are often applied without pressure to prevent deeper penetration of the

foulants into the membranes [141].

Chemicals are often selected depending on foulant types. Caustic solution after rinsing with

clean water was found to be efficient in flux recovery of PVDF membrane that had been

43



Chapter 2. Literature review

fouled with HA [142]. Flushing the membrane surface with water, water/NaOH and with
water/NaOH/HCI was performed on bioreactor PVDF membrane system that was severely
fouled with wastewater reclamation [143]. Levitsky et al. [144] studied the effects of cleaning
a bovine serum albumin (BSA) fouled PVDF membrane by using NaOCI. Sodium hydroxide
(NaOH) and sodium hypochlorite (NaOCI) are both commonly used in the membrane

cleaning study [139,140, 145].

Cleaning agent application sequence affects the degree of permeability recovery [137]. A
comparable study of cleaning NOM fouled polysulfone membrane surface, by using single
cleaning agent (NaClO) and the combination of NaOH and NaClO in sequence, regarding
cleaning efficiency [146]. The largest recovery in water permeability was observed when the
combination of acids and NaClIO was used as demonstrated in Fig. 2.14. As NOM removal
occurred through NOM hydrolysis and solubilisation effect of both acid and base, see Table

2.5.

Blank (MQ water) [T

Nacl 0.1 M [
EDTA 20 mM [ NaOH (pH12)/NaCIO (500 ppm) |
HCI (pH 2) Oxalic acid (pH 2)/NaOH (pH 12) [T
Oxalic acid (pH 2) HCI (pH 2)/NaOH (pH12)

Oxalic acid (pH 2)/NaClO (500 ppm) |

NaOH (pH 12)
HCI (pH 2)/NaCIO (500 ppm)

NaCIO (500 ppm) | . : |
1 N 1 * 1st reagent/2nd reagent 1 2 3 4

) 1 2 3 4 313,
Jaldq

Fig. 2.14. A comparison study of the Effect of chemical membrane cleaning between single
and combining cleaning agent. Where Jo is pure water flux before chemical cleaning and J;

pure water flux after chemical cleaning [146].

Studies have been performed to investigate cleaning sequences, and results suggested that an
alkali followed by an acid cleaning sequence is more efficient than the reverse for membranes
treating surface water [137]. Lee et al. [147] used a combination of NaOH and HCI in

sequence for cleaning NOM fouled PES nanocomposite membrane, results showed 100%
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flux recovery, with NaOH hydrolyzing the HA then HCI oxidizing and breaking down the

functional groups of organic foulant and detached them from the membrane surface [135].

Membrane chemical cleaning mechanisms can be divided into six steps as following

[137,148]:

1. Reactions (hydrolysis and other) of cleaning reagents occur

2. Cleaning agent reached the membrane surface

3. Cleaning agent breaks through foulants layers to membrane surface

4. Solubilization and detachment of the foulants occurred by cleaning reactions

5. Detached foulants-cleaning agent waste complex reached the interface

6. Foulants-cleaning agent waste complex diffuse to cleaning (bulk) solution from retention

side of the membrane, see the Fig. 2.15.

Permeate Permeate

@)

Foulant

Permeate >
Materials

Permeate

(2) (5)

Permeate embrane netentstn Permeate Retentate

(3) (6)

Fig. 2.15. Equilibrium model for membrane cleaning [137].
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2.12. Summary

In this review, a general overview of membranes types, material, and production methods
were firstly considered. Then the properties of base polymer (PVDF) were discussed, as it is
considered to be one of the most promising UF membrane materials for industrial
applications regarding its outstanding properties such as high mechanical strength, excellent

thermal stability, and chemical resistance to radiation.

The fabrication process of PVDF by phase inversion technique which is one of the most
versatile, economical and flexible membrane fabrication processes used to develop porous
membranes was reviewed and the several factors affecting the fabrication process including
the solvent type, PVDF concentration, coagulation bath medium and temperature and non-
solvent additives. The addition of non-solvent in the membrane casting solution is one of the
methods to improve membrane morphology, increase the hydrophilicity, porosity and
enhance the membrane performance such as water flux and rejection. Several additives were
reviewed including inorganic slats and polymeric additives of which dopamine which was
recently discovered and proved to be a promising novel bio-inspired polymer used for
membrane modifications due to its amazing capability of adhesion to almost any surface. The

use of dopamine as a membrane modifier was fully reviewed.

Other interesting additives used recently to membrane modification is nanoparticles of which
carbon nanotubes (CNTSs) have been paid more attention due to outstanding properties with
large surface area, unique mechanical properties (stiffness and flexibility), high electrical and
thermal conductivities as well as exceptional water treatment capabilities which were proven
to work effectively against both chemical and biological contaminants, we reviewed the use
of CNT as a membrane modified and specifically for PVDF-UF membranes, however few
researchers studied the effects of carbon nanotubes (CNTs) addition to PVDF-based
ultrafiltration membranes to improve hydrophilicity and anti-fouling properties, these studies

were reviewed in this paper.
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Membrane fouling is considered as the main determinant of the filtration systems nowadays.
T An extensive research studied the fouling; we reviewed the types of membrane fouling and
make a special concentration on the organic foulants of which NOM represents the main
fraction found in aquatic, the mechanisms of fouling were reviewed and the physical, as well

as chemical methods of membrane cleaning, were investigated.
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3.1 Poly (vinylidene fluoride) / Polydopamine/ MWCNT nanocomposite

ultrafiltration membrane for natural organic matter removal

3.1.1 Materials: All chemicals used as received without any treatment.

Poly (vinylidene fluoride) (PVDF) Solef 6010 was purchased from Solvay Company.
Ammonium peroxidisulfate (APS) and dopamine from Aldrich Company. N, N-
Dimethylformamide (DMF) from Merck. Suwannee River humic acid (HA), standard 1l from
(International Humic Substances Society), was used as a model of NOM compound.
Hydroxylated-MWCNT was supplied from Bucky USA with the following characteristics:

purity of 98 wt. %, diameters of 5-15 nm and lengths from 1-5um.

3.1.2 Membrane preparation
3.1.2.1 Synthesis of MWCNT/PDA

Fig 3.1 shows the first step in membrane preparation which is the synthesis of MWCNT/PDA
by in-situ polymerization of dopamine on MWCNT. MWCNT was dispersed in DMF
solvent/pure water by probe ultrasonication (500 W) for 30 min, then dopamine and APS (0.8
wt. %) were added to the solution mixture which was stirred by a magnetic stirrer for 72 hr at

room temperature.
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3.1.2.2 Preparation of MWCNT/PDA/PVDF

In the final step of membrane preparation; 12 wt. % PVDF was added to MWCNT/PDA
composite and stirred at 70 °C for 24 hrs. The resultant casting solution was degassed by
ultrasonication for 30 min and after cooling to room temperature, it was cast on a glass plate
using applicator with 300 pm thickness. The cast film was then immediately immersed in

pure water coagulation bath to form a porous membrane at room temperature. Table 3.1

shows the composition of different membrane casting solutions.

HO, -
AT
a® HO  OH
Doﬁémin‘: 3¢3t -~
MWCNT/PDA
Fig 3.1 Synthesis of MWCNT/PDA
Table 3.1 Composition of membrane casting solutions
PVDF MWCNT Dopamine APS Water DMF
(Wt. %) (Wt. %)  (Wt.%) (Wt.%) (Wt. %) (Wt %)
Pristine 12,5 0 0 0 0 87.5
P-PDA 12.5 0 2 1 3.0 81.5
PC-1 12,5 0.25 2 1 3.0 81.25
PC-2 12.5 0.5 2 1 3.0 81
PC-3 12.5 1.0 2 1 3.0 80.5
PC-4 12.5 1.5 2 1 3.0 80
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3.2 Enhanced permeability and antifouling properties of Poly (vinylidene

fluoride) ultrafiltration membranes using polyaniline as additives

3.2.1 Materials: All chemicals used as received without any treatment.

PVDF (solef 6010) was purchased from Solvay Company. Aniline hydrochloride and
Ammonium peroxydisulfate (APS) from Aldrich Company. N, N-Dimethylformamide
(DMF) from Merck. Suwannee River humic acid (HA), standard Il from (International

Humic Substances Society), was used as a model of NOM compound.
3.2.2 Membrane preparation

3.2.2.1 Synthesis of PVDF/PANI membranes

PVDF/PANI membranes were fabricated by two different methods: regular blending method
referred as PP-X and in-situ polymerization method referred as PI1-X. APS was used as an

oxidant for aniline polymerization in both methods, as shown in Fig. 3.2.

Simple blending method: The composition of the blended membranes produced by this
method with different aniline concentrations is summarized in Table 3.2. Aniline and APS
were dissolved in DMF solution. Thus PANI polymerized in advance, and the mixture was
stirred at 25 °C for 24 hrs. Then a fixed amount of PVDF was added to the mixture, which

was stirred again at 60 °C for 24 hrs.

In-situ polymerization method: The composition of the blended membranes produced by this
method with different aniline concentrations is summarized in Table 3.2. PVDF was
dissolved in (N, N-Dimethylformamide) DMF, and aniline and APS were added to the
solution. The mixture was stirred at 60 °C for 48 hr., and PANI in-situ polymerized in the

casting membrane solution.

The casting solutions for pristine PVDF and modified membranes were degassed by

ultrasonication for 30 min. After cooling to room temperature, it was cast on a glass plate
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using applicator with 250 um thickness. The cast film was then immersed into pure water
coagulation bath to form a porous membrane at room temperature. After phase inversion, it
was transferred and stored in a new pure water bath to remove any solvent or unpolymerized

PANI.

Method 1
Polvmerization

{

PPX (x=1,2,3)

Aniline/APS/DMF

PANLPVDF
casting solution

Method 2
Polvmerization Casting
In situ
PIX (x=1,2.3)
PVDF/Aniline/ APS/DMF PANLPVDF

casting solution

Fig 3.2. The two preparation methods used to fabricate PANI/PVDF modified membrane.

Table 3.2 Casting solution compositions for pristine, PP-X and PI1-X membranes.

Membrane PVDF Aniline APS DMF Total weight of
Type (9) (@) (@) (9) casting (9)
Pristine 4.5 0 0 25.5 30
PP-1, PI-1 3.75 0.45 0.3 25.5 30
PP-2, P1-2 3.75 0.65 0.45 25.15 30
PP-3, PI-3 3.75 0.84 0.56 24.85 30
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3.3 Poly (vinylidene fluoride) / Polyaniline/ MWCNT nanocomposite

ultrafiltration membrane for natural organic matter removal

3.3.1 Materials

PVDF (solef 6010) was purchased from Solvay Company. Aniline hydrochloride and
Ammonium peroxydisulfate (APS) from Aldrich Company. N, N-Dimethylformamide
(DMF) from Merck. Suwannee River humic acid (HA) standard 11 from (International Humic
Substances Society) was used as a model of NOM compound. Hydroxylated-MWCNT was
supplied from Bucky USA with the following characteristics: purity of 98 wt. %, diameters of

5-15 nm and lengths from 1-5um.
3.3.2 Membrane preparation
3.3.2.1 Synthesis of MWCNT/PANI

The first step of MWCNT/PANI in-situ polymerization synthesis is shown in Fig. 3.3. First
MWCNT was dispersed in DMF solvent by probe ultrasonication (500 W) for 30 min. Then
1.3 g of aniline hydrochloride and APS (0.9 g); Ammonium peroxidisulfate used as radical

initiators; were added to the mixture which was stirred for 72 hr at room temperature.
3.3.2.2 Fabrication of MWCNT/PANI/PVDF

In the final step of membrane preparation; 12.5 wt % of PVDF was added to MWCNT/PANI
composite and stirred at 60 °C for 24 hrs. The resultant casting solution was degassed by
ultrasonication for 30 min., after cooling to room temperature, it was cast on a glass plate
using applicator with 250 um thickness. The cast film was then immersed into pure water
coagulation bath to form a porous membrane at room temperature. Table 3.3 shows the

composition of different membrane casting solutions.
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MWCNT

Dispersed MWCNT

APS (Oxidant)
Chemical oxidation
In Sifu polymerization

fo--o-Ho——o-

Polvaniline (PANT)

MWCNT/PANI

Fig. 3.3 Synthesis of MWCNT/PANI.

Table 3.3 The composition of membrane casting solutions.

PVDF MWCNT  Aniline hydrochloride APS DMF

(Wt. %) (Wt. %) (Wt. %) (Wt. %) (Wt %)
Pristine 12,5 0 0 0 87.5
PIC-0.25 12.5 0.25 2.2 15 83.6
PIC-0.5 12.5 0.5 2.2 15 83.3
PIC-1 12.5 1 2.2 15 82.8
PIC-1.5 12.5 1.5 2.2 15 82.3
PIC-2 12.5 2 2.2 15 81.8
P-CN 12.5 1 0 0 86.5
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3.4 Membranes Characterization

3.4.1 Characterization and dispersion of the casting solution and the modified

membrane sheets

Fourier-transformation infrared spectroscopy (FTIR Model Nicolet 6700) was used to
characterize the modified MWCNT/PDA/PVDF membrane compared with PVDF pristine

and to investigate the incorporation of PANI within PVDF modified membranes.

Ultraviolet Spectrophotometer (UV-2450, Shimadzu) was used to check the characterization
and dispersion of MWCNT/ PDA between 250-500 nm wavelengths. Also to characterize the
dispersity and interaction between PANI and MWCNT composite as PANI/MWCNT

complex.

3.4.2 Membrane hydrophilicity measurement (contact angle)

Membrane hydrophilicity measurement was carried out with 1 uL sessile droplets of Milli-Q
water with Kriiss Easy Drop goniometer. Dry membrane was cut into 5 x15 mm pieces and
fixed on to 25x 75x 1 mm slide. The water drop volume ranged from 2.5 to 5 puL. The
reported contact angles are the results of the average of five measurements at different points

of a membrane sample.

3.4.3 Membrane surface (porosity and pore size)

Membrane porosity was determined by the gravimetric method. The wet membrane was cut
into 5x5 cm piece and placed in a glass tray; then it was put into an oven to dry [1, 2]. The
membrane samples were weighed before and after drying and then mass loss was measured

(porosity €) was calculated by the following equation (3.1):

(Ww—-Wq)/pwater
= 3.1
€ (Ww—Wq)/pwater+Wa/pp ( )
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Where Wy is the weight of the wet membrane (g), Wy is the weight of the dry membrane (g),

Pwater 1S the pure water density (0.998 g-cm3) and ppis the polymer density (as the inorganic
content in the membrane matrix is small and p, is approximate to ppypr, Namely 1.765

g-cm).

The mean pore size of the fabricated membrane was measured using two methods; the
average pore size calculation method [1, 3]; this method was used in chapter 4 and 5. The N>
adsorption/desorption isotherm (Brunauer-Emmett-Teller (BET)) method was used for
Chapter 6 and partly in chapter 5 [4, 5]. BET method is considered to be more accurate

method. The calculated mean pore size (r) was determined as follows:
r = [8x(2.9 — 1.75¢) - nLF /3600£AP] /2 (3.2)

Where r in (m), 1 was the viscosity of water (8.9x107*Pa s), L is the membrane thickness

(m), F is water flux(m3/m?.h), and AP is the working pressure (Pa).

The top surface and cross-sectional images of the modified membranes were taken by Field
Emission scanning electron microscopy (FE-SEM, Hitachi S4500), to obtain the cross-
sectional images samples were fractured in liquid nitrogen to preserve the real pore structure.

Samples were sputter coated with gold before the examination.
3.4.4 Zeta potential

The surface charge of membrane surface was measured by using the streaming potential
technique (Anton Paar electrokinetic analyzer). Zeta potentials were calculated from
streaming potentials versus pressure graphs using the Helmholtz-Smolushowski equation [6].
The experiment was run at an ionic strength of 0.001 M KCI and pH ranging from 3 to 6, at

room temperature (25+0.5°C).

70



Chapter3. Materials, Methods and characterization

3.4.5 Mechanical properties

The tensile strength and elongation-at-break of the membranes were determined at room
temperature (25+0.5°C) using Instron 5943 (Buckinghamshire, United Kingdom). Dry
membrane was cut into dumbbell shapes with the length of 16 mm and thickness of 12 mm,
and the tensile rate was 2 mm/min. For each specimen, three runs were performed and then

averaged.

3.4.6 Membrane performance
3.4.6.1 Water permeability and rejection efficiency of membranes

The pure water flux and HA rejection were measured by high pressure stirred cell (HP 4750,
Sterlitech) equipment. The rejection was carried out with an aqueous solution of HA (5 ppm
at pH 5.5). All experiments were conducted at room temperature and under the feed pressure
of 0.1 Mpa. The concentrations of HA in the permeation and feed solution were determined
by UV- spectrophotometer (Shimadzu UV-2450, Japan) at a wavelength of 254 nm. The

permeation flux and rejection were calculated using formulae (3.3) and (3.4), respectively:

v
T AX At

(3.3)
R=(1- g—z) x100% (3.4)

Where F is the permeation flux of membrane for pure water (L-m~2-h™%), V is the volume of
pure permeate water (L), A is the effective surface area of the membrane (=14.6 cm?), and At

is the permeation time (hr). R is the rejection of HA (%), Cp and Cr are the concentrations of

HA in the permeation and feed solution (mg/L), respectively.
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3.4.7 Flux recovery by chemical cleaning

HA was used as a model for natural organic matter (NOM) to evaluate the anti-fouling
performance of the modified membranes. Anti-fouling properties of the modified membranes
were investigated using a filtration test which was done as follow: initially permeation was
done with pure water, then filtration with Humic acid (5 ppm); and then the membrane was
cleaned by rinsing it with 0.1 M HCI for 1.5 hr then with 0.1 M of NaOH for another 1.5 hr,
and then the permeation of pure water was done again [7]. The flux recovery (FRw) and total

fouling ratio (R¢) were calculated by the following equations:

FR,, (%) = (%) %100 (3.5)
Re(%) = (1- %) x100 (3.6)

Where F,,,= pure water permeability, F,,,= pure water permeability of cleaned membrane,

H,= HA solution permeability.

3.5 Variables selection for the membrane casting procedure

The membrane casting variables such as the concentration of base polymers, the
concentration of additives, the thickness of membrane films and casting techniques were
determined based on measurement and literature. The selection of the component
concentration depends on literature studies with a principle of 10-18 wt. % for PVDF and 0-4

wt. % additives of PDA and PANI.

Song et al. studied PVDF concentration between (10-18) wt. %, he observed that the casting
solution became too viscous to produce a membrane when the PVDF content transcended 18
wt. % but when PVDF content was 12 wt. %, the membrane had a good combination of
membrane flux and rejection [8]. Generally, membrane concentration should not be too low
to avoid brittle membranes or too high to avoid the formation of the low porous (tight)

membrane. Thus, in this research, 12.5 % of PVDF was used.
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In Chapter 4 to determine the optimal PDA concentration to be used in the fabricated
membranes, a comparison between 3 concentrations (1.5, 2, 2.5 wt. %) was done, as using
concentration greater than 2.5 wt. % leads to the formation of extra big pores with resultant
very low HA rejection and using concentration less than 1.5 wt. % leads to a very limited
effect on the membrane performance. Fig. 3.4 illustrates the effect of different dopamine
concentrations on both pure water permeability and HA rejection with a constant amount of
PVDF (12 wt. %). The water flux was found to increase with the increase of dopamine
concentration, which might be due to large pore formation as dopamine is a pore forming
agent. HA rejection appeared to decrease with the increase of dopamine concentration. As
shown from the results the best combination of flux and HA rejection was observed when
dopamine concentration was 2 wt. % and therefore dopamine concentration were fixed at 2

wt. % in PDA/MWCNT/PVDF fabrication experiments.

Jiang et al. studied the addition of dopamine to PVDF membrane with three different
methods. He noticed that in-situ polymerization of PDA in casting solution is the most
efficient method to form surface pores and inner three-dimensionally connected pores which
result in a relatively high permeate flux and tensile strength in comparison to the other

methods used [7].
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Fig. 3.4 Effect of dopamine content on membrane performance.
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Two methods of blending PANI with PVDF in the fabricated membrane presented in chapter
5 with different aniline concentrations. The results indicate that in situ polymerization
method of PANI on PVDF showed more uniform and homogeneous structure with better
performance enhancement in comparison to simple blending method, and upon this results;
we used in situ polymerization method of PANI/MWCNT in fabrication procedure in chapter
6 in order to obtain the best enhanced membrane performance results and also for
overcoming MWCNT aggregation seen in simple blending method. Moreover, depending on
the results of chapter 5, PI-2 showed a combination of the good permeability and HA
rejection. Therefore PI-2 concentration (2.16 wt. %) was used in PANI/MWCNT/PVDF

fabrication in chapter 6.

The casting was conducted at room temperature (25+0.5°C). The casting solution was poured
over a clean, and smooth glass plate, and the membrane film was shaped by dragging gently
over the solution where the membrane thickness kept in the range of 200 to 300 um. The
glass plate then immersed immediately into pure water coagulation bath at room temperature,
in this step exchange between the non-solvent (pure water) and the solvent (DMF) occurred
immediately, and the membrane sheet peeled off from the glass plate. The glass plate then
cleaned carefully and rinsed thoroughly with tap water and ultrapure water. Each membrane

was fabricated at least three times to confirm the permeability and HA rejection results.
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CHAPTER 4. Poly(vinylidene fluoride) / MWCNT
Polydopamine/ nanocomposite ultrafiltration

membrane for natural organic matter removal

4.1 Results and discussion

4.1.1 Characterization of MWCNT/PDA in the polymer matrix

4.1.1.1 MWCNT/PDA dispersion (PDA coated MWCNT)

UV-vis spectroscopy of MWCNT/ PDA was performed to investigate the interaction and the
dispersion of MWCNT in PDA; to check the ability of PDA to overcome MWCNT aggregation.
Absorbance spectra of MWCNT/PDA and MWCNT were performed (in the range of 250-500
nm). It showed that MWCNT/PDA complex has a strong absorbance band at around 263 nm as
seen in Fig. 4.1 indicating the presence of PDA and the coating of the MWCNT surface to form
separate MWCNT bundles with stable incorporation and dispersion [1-4], while no strong peak

was observed in the same range when dispersing MWCNT in DMF.
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Fig.4.1. UV-vis spectra of MWCNT and MWCNT/PDA composite.

To check the dispersion status of the MWCNT; UV-vis absorbance spectra were measured at 263
nm for MWCNT/PDA and MWCNTSs dissolved in DMF. The pristine MWCNTSs agglomerated
and precipitated immediately after ultrasonication (within 30 min) due to strong van der Waals
interactions [1] and its absorbance spectrum dropped, while MWCNT/PDA formed a
homogeneous solution, and the dispersion was stable for 12 hrs as shown in Fig. 4.2. This
excellent dispersion stability of MWCNT/PDA is attributed to the strong n—m stacking
interactions of dopamine with MWCNT, which improved the dispersibility of MWCNTSs in the
aqueous reaction solution [3]. Fig. 4.3 shows the dispersion of MWCNT/PDA and MWCNT in

DMF after 12 hr.
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Fig.4.2. Stability of MWCNT and MWCNT/PDA dispersion over time (UV/Vis. spectra of

MWCNT and MWCNT/PDA composite at 263 nm for 12 hrs).

Fig. 4.3. Photo of MWCNT/PDA and MWCNT in DMF mixtures showing the dispersion status

with time (after 12 hr.).
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4.1.1.2 FTIR spectrophotometer

FTIR was used to characterize the modified MWCNT/PDA/PVDF membrane compared to
pristine PVDF membrane. Fig. 4.4 showed the spectra of both membranes, in the absorption
spectrum of modified membrane it is noticed that there are a new absorption band peaks at 1658
cm™ and 1536 cm™ which are likely represent the stretching vibration of C = C in the aromatic
ring and the N-H bending vibration respectively. These results indicate that blended PVDF
membrane has been successfully modified by PDA/MWCNT complex via the oxidative
polymerization method of dopamine, and these results showed agreement with the previous

reports [5, 6].
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Fig. 4.4. FTIR spectra for pristine PVDF and MWCNT/PDA/PVDF membranes.
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4.1.2 Membrane surface and Morphology

4.1.2.1 Hydrophilicity

The hydrophilicity of the samples was determined by measuring the contact angle (CA).
Hydrophilicity measurement results which are shown in Fig. 4.5 demonstrated that the CA
decreased with increasing the amount of MWCNT, suggesting an increase in hydrophilicity of
the membrane surface. Thus, played a major role in water permeation of the resultant modified

membranes [7].

The CA of pristine PVDF was 91 and decreased with PDA addition to reaching 82.2, with
MWCNT inclusion CA decreased further and reached 66.4 for 1 wt. % MWCNT PC-3
membrane, this decline in CA indicated an increase in the hydrophilicity which enhanced the
water permeability of the blended membrane. However, with the further increase in the MWCNT
to 1.5 wt. % for PC-4 membrane, a slight increase in CA was seen, this might be due to the high
viscosity of the solution due to high MWCNT concentration in the membrane matrix; and so
decreased the uniformity and irregular dispersion of MWCNT in the membrane structure during
membrane fabrication which leads to the formation of an aggregate and reduces the effectiveness

of carbon nanotubes; same results were concluded by Ma et al. [7, 8].
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Fig. 4.5. Contact angle measurement for blended membranes.

4.1.2.2 Porosity and average pore size

The effect of MWCNT/PDA inclusion on the porosity and pore size of the fabricated membranes
is shown in Table 4.1. Results indicated that the porosity increased with the addition of
MWCNT/PDA. The porosity of the fabricated membranes ranged from 84.5 to 86.3%., it
reached its maximum value of 86.3% in the PC-3 membrane (1 wt.% MWCNT). This increase in
the porosity can be attributed to the hydrophilic effect of MWCNT/PDA inclusion which
accelerates the diffusion rate between non-solvent (water) and the solvent (DMF) exchange

leading to the formation of more porous structure resulting in an increase in porosity [8].

Furthermore, MWCNTSs are hollow materials, which result in the formation of new macrovoids
and porous structure as a consequence of the interaction of solid-liquid contacted in the polymer
matrix compared with pristine PVDF, which contains less hydrophilic groups [7, 9]. Therefore,

the inclusion of MWCNT is valuable to fabricate a membrane with higher porosity.

However, with the further increase in MWCNT concentration to 1.5 wt. % in PC-4 membrane,

porosity decreased to 85.3 due to the growing viscosity of the casting solution with the excess
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addition of MWCNT amount. Consequently, a denser layer with fewer finger-like structures was

formed [7].

Table 4.1 Porosity and average pore size of the top layer of membrane.

Type of membrane Porosity Calculated mean
(%) pore size (nm)
pristine 70.4 4.3
PC-1 84.0 6.6
PC-2 85.0 7.3
PC-3 86.3 9.5
PC-4 85.1 8.4

The average pore size (calculated as presented in chapter 3, section 3.4.3) showed a similar trend
by changing the concentration of MWCNT/PDA; all the fabricated membranes exhibited larger
pore size compared to pristine PVDF. When the MWCNT concentration increased to 1 wt. % in

PC-3, the membrane pore size increased and reached the maximum value of 9.5 nm.

However, when the concentration of MWCNT further increased to 1.5 wt. % in PC-4, pore sizes
decreased, and denser structure formation was noted, this was likely related to the increasing

viscosity effect [8].

4.1.2.3 Zeta potential measurement

Measuring the electrokinetic properties such as zeta potentials for the membrane surface and the
particles are important in understanding the nature and magnitude of membrane fouling caused
by the membrane—particle interfacial interactions[10]. Zeta potential of the modified membranes
was studied at pH 5.5 to investigate the surface charge of the membranes when using HA

solution. The results of zeta potential measurements are shown in Fig. 4.6; stated that pristine
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PVDF has a negative surface charge equal to -11.3 mV. With PDA addition to PVDF membrane,
the negative charge of the membrane increased to -19.6mV, while with the addition of MWCNT,

further increase in negative charge of the membrane surface to reach -25.85 mV was noticed.

HA is a negatively charged solution with zeta potential equal to -7 mV, and the fabricated
membrane surface is negatively charged as shown from zeta potential results. Consequently,
repulsion interactions [11] will occur between HA and the surface of the modified membranes,

which lead to a reduction in membrane fouling as explained in the following sections.
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Fig. 4.6. Zeta potential of the membrane surface for pristine PVDF, P-PDA, and PC-1.
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Fig. 4.7A. SEM images including the top surface and the cross-sectional views at 20 um and 2um respectively, of the blended

membranes with different compositions; (a) pristine. (b) P-PDA.
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Fig. 4.7B. SEM images including the top surface and the cross-sectional views at 20 um and 2jum respectively, of the blended
membranes with different compositions; (c) PC-1 (d) PC-2.
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Fig. 4.7C. SEM images including a top surface and the cross-sectional views at 20 um and 2um respectively of the blended

membranes with different compositions; (e) PC-3 (f) PC-4.
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4.1.2.4 Membrane Structure

The top surface and cross sections of the fabricated membranes are shown in Fig. 4.7A, B, and C
cross section images revealed that all membranes exhibited inhomogeneous asymmetric structure
with large voids and finger-like cavities; this was due to the strong interaction between the non-
solvent (water) and the solvent (DMF) which affected the demixing process significantly and
accelerated exchange rate [12, 13]. As can be seen in Fig. 4.7A, B, and C the finger-like pores in
the blended membrane are larger compared to pristine PVDF, and the size of those voids are
increased with increased MWCNT content. Therefore water transfer is much easier through these

modified membranes leading to an increase in their water permeability.

These results could be attributed to the hydrophilic MWCNT, which accelerated the exchange

phase inversion process between solvent and non-solvent.

It can be seen from Fig. 4.7C (e) that PC-3 membrane with 1 wt. % MWCNT showed the most
evident changes in the morphology with more finger-like voids and larger pores compared to
pristine PVDF. However, by increasing MWCNT to 1.5 wt. % in the PC-4 membrane, the
solution viscosity increased and thus slowed down the phase separation which resulted in the

membrane with smaller finger-like cavities and pores as can be seen in Fig. 4.6C (f).

4.1.3 PVDF/MWCNT/PDA mechanical properties

Mechanical properties of the fabricated membranes were determined by measuring the tensile
strength and the elongation at the point of breakage. The results are shown in Fig. 4.8. Compared
to pristine PVDF membrane, the tensile strength of all of the fabricated membranes was
enhanced. The tensile strength of PVDF membrane initially increased on adding PDA from 1.1
MPa to 1.7 MPa. It was further increased with MWCNT/PDA inclusion to 2.3 MPa for PC-2

membrane, but when the MWCNT concentration was increased to 1 wt. % for the PC-3
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membrane, the tensile strength decreased from to 1.8 MPa, further increase in MWCNT to 1.5
wt. % for PC-4 membrane decreased the tensile slightly to 1 MPa, but it is still more than the

pristine PVDF membrane.
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Fig. 4.8. Mechanical properties of PVDF blended membranes.

This may be attributed to aggregation caused by increasing the amount of MWCNT, which
accelerates the fracture of the membranes [14] as well as the formation of large finger-like pores

within the membrane.

The elongation of the blended membranes decreased significantly on adding MWCNT/PDA
complex; this may be attributed to the high rigidity of the modified membranes. Also, it might be
due to the weak compatibility between the hydrophilic MWCNT/PDA complex and the

hydrophobic PVDF matrix, which lead to a decrease in mechanical strength [6, 7].

These results demonstrated that adding MWCNT/PDA to the PVDF membranes could increase

tensile strength but reduced membrane elasticity.
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4.1.4 Membrane performance

4.1.4.1 Water permeability

A comparison between pure water permeability of different membrane types (pristine PVDF,
PVDF/PDA, PVDF/CNT and PVDF/PDA/MWCNT) is presented in Fig. 4.9 which showed that
pristine PVDF has the lowest permeability results (30 LMH/bar) and this is expected due to the

relatively smaller average pore sizes and disribution, low porosity, and decreased hydrophilicity.

P-CN membrane which is simple blended 1 wt.% PVDF/MWCNT showed low permeability
results (107 LMH/bar) compared to PC-3 (1 wt. % PVDF/PDA/MWCNT) membrane which has
the highest permeability (502 LMH/bar). The low permeability of P-CN can be attributed to
aggregation and low dispersion of MWCNT in P-CN membrane; leading to reduced porosity and
blockage of membrane pores. While for PC-3 membrane the dispersion and aggregation problem
of MWCNT was solved by the inclusion of MWCNT as MWCNT/PDA complex in the polymer
matrix and this enhanced the fabricated membrane performance for water permeability as seen in

Fig. 4.9.
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Fig. 4.9 Water permeability for pristine PVDF, P-CN simple blended 1% CNT with PVDF, P-
PDA membrane fabricated by in-situ polymerization of PDA/PVDF, PC-3 membrane fabricated

by in-situ polymerization of PDA/ 1% MWCNT/PVDF.

P-PDA which was obtained by PDA addition to PVDF as PVDF/PDA membrane showed water

permeability reached to 275 LMH/bar; which is 9 times greater compared with pristine PVDF

membrane; this is due to the dopamine polymerization on PVDF polymer, a thus fraction of

unpolymerized dopamine and a polymerized dopamine (PDA) released from the membrane

structure during membrane fabrication forming pores in the modified PVDF membrane [6].

Jiang et al. [6] studied the preparation of PVDF/PDA membranes under different polymerization

conditions, and their membranes showed permeability up to 100 LMH/bar with 15% rejection,

while for our membrane the performance significantly improved (permeability: 272 LMH/bar,

rejection: 63%).

90



Chapter 4. PVDF/MWCNT/PDA UF MEMBRANE

600

500 F

400 |

300 r

200

Water permiability (L/m2.hr.bar)

100

pristine PC-1 PC-2 PC-3 PC-4

Membrane sample

Fig. 4.10 Effect of MWCNT concentration on water permeability.

A comparison between water permeability of modified PVDF/PDA/MWCNT (PC) membranes
with different MWCNT concentrations is illustrated in Fig. 4.10. The results shown in Fig. 4.10

are consistent with the characterization results obtained in the previous sections.

For PC-1 (0.25 wt.% MWCNT) membrane, water permeability increased to 203.2 LMH/bar
compared to 30 LMHY/bar for the pristine membrane, when the concentration of MWCNT rose to

0.5 wt. % for PC-2 membrane; water permeability increased to 331.5 LMH/bar.

The maximum permeability was achieved with the addition of 1 wt. % MWCNT for PC-3; in
this case water permeability reached 506 LMH/bar which is 16 times more permeable than
pristine PVDF membrane. This improvement in permeability is consistent with the porosity and
pore size measurement shown in Table 4.1; as higher porosity decreases the hydraulic resistance
and so increases water passage through the membrane. Furthermore, increased the hydrophilic

surface due to the MWCNT/PDA addition increased the overall surface hydrophilicity, which
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causes water molecules preferentially adsorb inside membrane pores surface with less interaction
making their passage through the membrane easier and as a result increasing water permeability.
Moreover, the hydrophilic MWCNT/PDA additives accelerate exchange phase inversion process
between solvent and non-solvent through the fast exchange of the demixing process and thus
leading to form a porous layer with uniformity of MWCNT in the membrane which helps in
improving water permeability [3, 9, 12, 15]. It is also evident that with increasing MWCNT, the

average pore size and porosity increased (Table 4.1), and hence water permeability increased.

Further increase in MWCNT concentration to 1.5 wt. % in PC-4 membrane showed a decrease in
water permeability which can be attributed to increased viscosity of the casting solution due to
high amount of MWCNT [8, 15 ]. This high viscosity casting solution delayed the exchange
between solvent and non-solvent with a resultant membrane of less MWCNT uniformity and
relatively dense top layer with smaller average pore size and smaller finger-like cavities [3, 8,

11] as can be seen in Table 4.1 and Fig.4.7C (f).

The addition of 1 wt. % of MWCNT used in PC-3 proved to be the optimum concentration

which resulted in the highest water permeability for the modified membranes, see Fig. 4.10.

4.1.4.2 HA rejection efficiency of membranes

A comparison between HA rejection efficiency of different membrane types (pristine PVDF,
PVDF/PDA, PVDF/CNT and PVDF/PDA/MWCNT) is shown in Fig. 4.11. MWCNT coating
with PDA as MWCNT/PDA complex successfully overcame the dispersion problem in the
polymer matrix and enhanced the results of the fabricated membrane rejection performance; this
can be concluded by comparing the high rejection efficiency of PC-3 (up to 81%) to P-CN (up to
30%). The low rejection efficiency of P-CN is attributed to agglomeration and low dispersion of

MWCNT on the membrane surface.
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As the adsorption of HA is governed by the high surface area of MWCNT [16], consequently,
the simple blended MWCNT/PVDF membrane was less effective in increasing the adsorption

ability of MWCNT [17].
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Fig. 4.11 HA rejection for pristine PVDF, P-CN simple blended 1% MWCNT with PVDF, P-
PDA Membrane fabricated by in-situ polymerization of PDA/PVDF, PC-3 Membrane fabricated
by in-situ polymerization of PANI/ 1% MWCNT/PVDF.

The HA rejection efficiency results for modified membranes with different MWCNT

concentrations are shown in Fig. 4.12.

As can be seen, HA rejection increased significantly with the inclusion of MWCNT; HA
rejection reached 86 % for 0.25 wt. % MWCNT in the PC-1 membrane, with 37 % HA rejection

increase compared to the pristine membrane.

As the MWCNT concentration increased to 1 wt. % for PC-3 membrane, HA rejection slightly
decreased to 81%. This reduction is possibly due to the highest permeability results (502

LMH/bar) which make the contact time between the feed solution and the membrane surface in
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the filtration test not lengthy enough for HA adsorption on the membrane surface; besides that

the larger average pore size will allow HA to pass easily with the high flux [17, 3].

However, when the concentration of MWCNT increased to 1.5 wt % in PC-4, the rejection
increased again to 88 %, likely due to the high density of MWCNT, which caused increased
viscosity that delayed the exchange between solvent and non-solvent, resulting in a smaller pores

membrane and more.
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Fig. 4.12 Effect of MWCNT on HA rejection.

HA removal mechanism depends on the average pore size of the membrane and the adsorption of

HA on the membrane surface.

As the HA molecule sizes are less than the modified membrane average pore size; (HA molecule

size is less than 1 nm and the modified membranes measured pore sizes are between (6.6 — 9.5
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nm), hence, the membrans are not able to reject HA by pore sieving, thus the high HA separation
property is mainly attributed to the adsorptin capacity of the membrans. Inclusion of MWCNT as
MWCNT/PDA enhanced the adsorption capacity of the modified membranes, as MWCNTSs have
high adsorption capacity to organic matters which is mainly due to the n-n bonds between bulk ©

system on CNT surfaces and the HA molecules [18].

Moreover, the high separation of HA in the modified membranes might be due to the aggregation
of HA on the membrane surface by the steric hindrance effect for their relatively large molecules
[19, 20]. Furthermore, HA is a negatively charged molecule (contains mainly carboxylic groups
and phenolic hydroxyl groups with a zeta potential of -7 mV at pH 5.5). The membrane surface
is also negatively charged as found by zeta potential measurements (-25.8 mV at pH 5.5), as
showen inFig. 4.6, thus a repulsion interaction occurs between HA, and the membrane surface,
however, from the rejection results shown, PDA was able to show a balance between
permeability and HA rejection performance which is considered to be largely responsible for the

high HA rejection efficiency noticed in this study [3, 19].

When the particle size is less than the membrane average pore size as in this case where HA
particles less than membrane average pore size; HA particles deposited on the internal pores
decreased the pore diameters, and is expected to have a standard blocking model or blocking
cake layer on the membrane surface [21, 22, 23], thus leading to flux decline. Fig. 4.13 showed
the pure water permeability of all modified membrane, and as comparison (Fig. 4.14) which

showed the flux decline of HA rejection with time.

Jucker and Clark [20, 24] suggested that the membrane pores are the preferable place for organic
adsorption. This HA deposition on the membrane surface would explain severe flux decline of

NOM fouling compared to other colloidal particles.
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When HA adsorbed and covers the membrane surface then the membrane reached its capacity,
desorption might happen and decrease HA rejection efficiency. Repulsion between HA particles
itself may also occur, and as explained before some adsorption causes pore narrowing or
blocking or even cake layer on the membrane surface. However, even when the membrane

reached its adsorption capacity, rejection rate drops slightly [17].

A filtration test with HA solution was performed to check the adsorption capacity of the
membrane for a run of (24 hrs) as seen in Fig. 4.15; HA rejection was measured every 6 hrs
results showed a marginal decrease in HA removal over 24 hrs for the PC-3 membrane, which
means that the membrane does not reach its adsorption capacity yet, while for the pristine

membrane it showed a drop in HA efficiency from 49 % to 21%.
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Fig. 4.13 Water permeability behavior for pristine and modified membranes PIC.
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4.1.5 Flux recovery after chemical cleaning

Flux recovery and a decline in flux test for HA and its cleaning method were conducted. As
shown in Fig. 4.13 and 4.14, the flux of HA rapidly decreased compared to the flux of pure
water due to fouling. The permeation of pure water and HA for modified membranes was
enhanced compared to pristine PVDF this is because of higher porosity and hydrophilicity,

which reduced the resistance of the membrane to water flux [6].

HA removal from the membrane surface was accomplished by cleaning the membrane surface
with both acid (HCI) and base (NaOH). HA removal occurred through hydrolysis and
solubilization effect. First, NaOH hydrolyzing the HA with carboxylic and phenolic functional
groups as it can change the configuration of NOM to a looser fouling layer with an open
structure. Then HCI is oxidizing and breaking down the functional groups of organic foulant to
soluble carboxyl, ketonic and aldehyde groups, and then they detached from the membrane

surface [11, 25].
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Fig. 4.16 Flux recovery and total fouling ratio for pristine and modified membranes.
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As can be seen from Fig. 4.16 The modified membranes showed higher recovery flux Frw and
lower total flux Rt in comparison to pristine PVDF membrane. HA adsorption usually caused a
significant fouling found to be (70-74) %, and flux recovery for all membranes after cleaning by
acid and base is between (85.4-89.6)%. This high flux recovery of the membranes indicates that
HA has a weak tendency to interact with membrane surface due to increased negative charge of
membrane surface as a result of the PDA/MWCNT additives, which exhibits higher electrostatic
repulsion to negatively charged HA. Therefore, more fouling resistant; consequently, decreasing

membrane fouling and easier HA removal from the membrane surface [11, 26].

Most of the HA adsorbed on the membrane surface can be easily removed using both acid and

base with water flux recovery and HA recovery up to 90 %.
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4.2 Conclusion

MWCNT/PDA/PVDF ultrafiltration membrane was fabricated by in-situ polymerization using
phase inversion method with improved water permeability and antifouling properties. The effect
of MWCNT/PDA on the performance of PVDF blended membrane was investigated. In-situ
synthesis of PDA on MWCNT was found to be valuable to form a porous membrane with larger

finger like cavities which results in high water permeability.

The synthesized MWCNT/PDA/PVDF membrane showed higher porosity, hydrophilicity, and
larger pore size compared to the pristine membrane. The significant performance enhancement
reflected as 20 times permeability increase of the modified membranes compared to pristine
PVDF membrane and 12.5% increase in HA rejection when the membrane was blended with 1
wt. % of MWCNT (PC-3); therefore, the addition of 1wt. % of MWCNT and 2wt. % fixed
amount of PDA was recommended concentrations for PVDF membrane modification to obtain
the optimal results. However, the mechanical property of the blended membrane was slightly

reduced.

Humic acid was used as a model for natural organic matter (NOM) to evaluate the performance
of the modified membranes. Improvement in HA rejection was shown with the inclusion of
MWCNT/PDA; which is due to the repulsion interaction between negatively charged HA and the
negatively charged membrane surface and the excellent adsorption properties for MWCNT,

rejection reached up to 89% in PC-4 with 40% increase compared to pristine PVDF membrane.
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CHAPTER 5. Enhanced permeability and antifouling
properties of Poly(vinylidene fluoride) ultrafiltration

membranes using polyaniline as additive

5.1 Results and Discussion

5.1.1 PVDF/PANI membrane characterization
5.1.1.1 FTIR spectrophotometer

In order to study the chemical changes of PVDF membrane surface after PANI addition, FTIR
spectra analysis was performed to examine the new chemical composition bands, the neat PANI
and PVDF spectra were also measured for comparison. As shown in Fig. 5.1 PVDF showed
absorption band at 1401 cm™ and 876 cm™ which are due to the C-F stretching vibration, and
absorption band at 1168 cm™ which was for C-C bond [1, 2]. PANI showed absorption band at
1558 cm™ and 1496 cm™ which were assigned for quinoid and benzenoid ring system in
polyaniline [3]. The FTIR spectrum of PVDF/PANI membrane showed an overlapped absorption
band for both PANI and PVDF, i.e. at 1558, 1457, 1398, 1169 and 877 cm™ which confirm the
polymerization of aniline to PANI in the membrane sheet coated the PVDF in the modified

blended membranes [2, 3].
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Fig.5.1 FTIR spectra for pristine PVDF, PANI and PANI/PVDF (PI-3) membrane.

5.1.2 Membrane surface and morphology

5.1.2.1 Hydrophilicity

The hydrophilicity of the samples was determined by measuring the contact angle (CA). The
hydrophilicity measurement results, as shown in Fig. 5.2, demonstrated that the CA for
PANI/PVDF modified membranes is lower than pristine PVDF. The CA of pristine PVDF was
90° and decreased with PANI addition reaching 73° for PP-3 membrane and 69° for the PI-3
membrane, indicating hydrophilicity of the membranes surface increased due to the presence of
nanospheres and oligomers of PANI in the blended membranes [4]. This increase in

hydrophilicity leads to increase water permeability as going to be discussed later.
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Fig. 5.2 Contact angle measurement for pure and modified membranes.

5.1.2.2. Porosity and average pore size

The average pore size was calculated (shown in chapter 3, section 3.4.3) and part of the
membranes was measured by BET, approximate near results was noticed see Table 5.1 and the
Appendix. PVDF average pore size found to be 4.3 nm while the average pore sizes of the
modified membranes are in the range of (4.6 -7.5 nm) for PP-X modified membranes and in the
range of (5.0 - 8.8 nm) for PI-X membranes. It can be noticed that PANI/PVDF composite
membranes showed larger average surface pore size than pristine PVDF membrane which

resulted in an increase in water flux.
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Table 5.1 Porosity and average pore size of the modified membrane.

Membrane type Porosity Mean pore size
(%) (nm)
PVDF 70.4 4.3
PP-1 79.70 4.6
PP-2 80.03 5.8
PP-3 85.84 7.5
Pl-1 74.43 5.0
P1-2 85.22 6.1
PI-3 89.81 8.8

As can be seen from Table 5.1, there is an increase in the membrane average pore size and
porosity with increasing PANI content for PP and Pl membranes. Also, it can be noticed that PI
membranes showed a larger pore size and higher porosity than PP membranes; this might be for
the larger fraction of unpolymerized aniline and PANI released from the membrane structure
during membrane formation in water bath in-situ polymerization method for Pl membranes;
leading to larger pores formation in comparison to simple PANI blended method PP membranes
by which less unpolymerized aniline released in the PVDF casting solution resulted in a smaller

pore sizes [4, 5].

5.1.2.3 Zeta potential measurement

Zeta potential measurement is an important factor to understand the interaction type between the

membrane surface and the feed solution. Thus it affects the membrane fouling and rejection [6].

Zeta potential of the modified membranes was studied at pH 5.5 to investigate the surface charge
of the membrane when using HA solution (pH 5.5). As shown in Fig. 5.3 and in the previous

chapter, the results of zeta potential measurements of pristine PVDF is -11.3 mV. With the
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addition of PANI by in-situ method for PI-2, zeta potential decreased to be equal to -6.1 mV,
while for a simple blended method for PANI addition; slightly higher zeta potential value —7.5
mV.

Zeta potential (mV)
o

-8
-10 +
-12
PVDF PI-2 PP-2
|Zeta potential -11.3 -6.1 -1.5

Fig.5.3 Zeta potential measurement of pristine PVDF, PI-2, and PP-2 at pH: 5.5.

HA is a negatively charged solution with zeta potential equal to -7 mV as shown in the previous
chapter, and the membrane surface is negatively charged; Consequently, repulsion interactions
[7] occur between HA and the surface of the modified membranes, with the expectation to

decreased membrane fouling as going to be explained later.
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Fig. 5.4A. SEM images including top surface and the cross-sectional views at 20 um and 2jum respectively with different compositions;
(@) Pristine (b) PI-1.
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Fig. 5.4B. SEM images including top surface and the cross-sectional views at 20 um and 2um respectively with different PANI composition
(c) PI-2. (d) PI-3
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Fig. 5.4C. SEM images including top surface and the cross-sectional views at 20 um and 2um respectively, with different PANI
composition (e) PP-1 (f) PP-2.
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Fig.5.4D SEM images including the top surface and the cross-sectional views at 20 um and 2um respectively, with different PANI

composition (g) PP-3.
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5.1.2.4 Membrane morphology

As can be seen in Fig. 5.4A, B and C; the cross section images of the modified membranes
show that all modified membranes exhibited asymmetric non-homogeneous structures with
finger-like pores and cavities, probably due to the powerful interaction between the non-
solvent (water) and the solvent (DMF) which affected the demixing process significantly and
accelerated exchange rate [8, 9]. pristine PVDF showed shorter and smaller finger-like pores
Fig. 5.4 (a), however, with PANI addition to the PVDF matrix, it can be noticed that the
finger-like pores size increased with macrovoids in the sub-layer Fig. 5.4A(b) and Fig.
5.4C(e). With further increase in PANI concentration, finger-like pores become longer and
better vertically linked mostly for P1-3 and PP-3, resulting in easier water transfer through the
membranes and increased water permeability. In comparison with pristine PVDF, the
modified membrane showed larger pores under the top layer. These results could be
attributed to PANI oligomers and PANI nanospheres migration during membrane fabrication
which was advantageous to increase pore size, porosity, and the production of longer

vertically-connected pores [4].

The addition of hydrophilic PANI accelerated the exchange phase inversion process between
solvent and non-solvent; thus reduced the non-solvent tolerance and so the phase separation
of the membrane surface happened at less polymer concentration, resulting in the formation

of more pores, larger surface pore size, and larger pores below the skin layer [9, 10].

Furthermore, as can be seen in Fig. 5.4B (d) and Fig. 5.4D (g); in-situ polymerization method
(P) membranes showed a larger finger-like pores with a homogeneous distribution in
comparison to PP membrane, which can be explained by the in-situ method, by which larger
fraction of unpolymerized aniline and PANI released from the membrane structure during
membrane formation in water bath, leading to larger pores formation in the PANI/PVDF
membrane in comparison to simple PANI blended method by which less unpolymerized

aniline released in the PVDF casting solution resulted in a smaller pore sizes [4].
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Furthermore, PI membranes showed more uniform homogenized structure as shown in Fig.
5.4B (d) and Fig. 5.4D (g); results similar to that demonstrated by Bae et al. [11] who
prepared Polystyrene with PANI by two blending methods in-situ polymerization and direct
blending and revealed that in-situ polymerization method had a much better miscibility and

homogeneous morphology.
5.1.3. PVDF/PANI mechanical properties

The mechanical properties of modified membranes were determined by tensile strength and
elongation test at the point of breakage as shown in Fig. 5.5 PANI/PVDF nanocomposite
membranes showed higher tensile strength but with lower elongation in comparison to
pristine PVDF membrane. As the amount of PANI additive increased the tensile strength
increased from 1.3 for PP-1 to 1.65 MPa for PP-3 and from 1.37 for PI-1 membrane to 1.66

MPa for PI-3 membrane, as compared to 1.1 MPa for pristine PVDF.

This increment in tensile strength can be attributed to the PANI nanospheres and oligomers
rigidity in the modified membranes. However, the elongations of blended membranes
decreased with increasing PANI concentration from 34 % for PP-1 to 13.4 % for PP-3 as
compared to 48 % for pristine PVDF; which is due to the reduction in flexibility of the

modified membranes due to the hard structure resulted from PANI addition [4].
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Fig. 5.5. Mechanical properties of pristine and modified PVDF membranes.
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5.1.4. Membrane performance
5.1.4.1. Water permeability and rejection efficiency of membranes

The low water flux of pristine PVDF membrane is attributed to relatively small average pore
size with small broad pore size distribution, low porosity and low hydrophilicity and so the
lack of permeability. The permeate flux of water and HA rejection for PVDF/PANI modified
membranes fabricated by both methods are improved in comparison to pristine PVDF
membrane and the permeability increased with increasing the amount of PANI reaching 388
and 400 LMHy/bar for PI-3 and PP-3 respectively which is about 13 times greater than the
pristine PVDF membrane as showen in Fig. 5.6). This significant increase can be explained
by the increase in surface hydrophilicity, increased porosity, longer and better linked finger-
like pores and wider pores under the top layer of the modified membranes blended with
hydrophilic PANI additive which not only increased the average surface pore size; due to the
migration of PANI oligomers and nanospheres during membrane fabrication, but also

increased the hydrophilicity of the membrane and speed up the phase inversion process [4].

Furthermore, the strong adsorption of water molecules and PANI reduced the binding force
between water molecules, therefore few water clusters formed on the membrane surface
which enabled to permeate quickly through the filtration process and enhance membrane
water permeability [5, 12]. In literature Zhao, et al. [4] studied poly (sulfone) PS/PANI
nanocomposite membrane by in-situ blending, and the results showed 300 LMH/bar (2-4
times faster water permeability than pure PS). Fan et al. [12] also studied PS/PANI
membrane by blending PANI directly to PS, which resulted in water permeability 175

LMH/bar (1.6 times faster than PS).

HA rejection efficiency results for membranes are shown in Fig. 5.7. As the HA size (<1 nm)
is much smaller than the pore size of PANI/PVDF modified membranes (4.6-7.7 nm),
therefore, the separation of HA depends mainly on the interaction of membrane with feed

[13].
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Enhanced HA separation depends on the adsorption capacity of the membrane. As shown in
zeta potential measurement PANI/PVDF is negatively membrane surface while HA is
negatively charged due to carboxylic, phenolic group and carbonyls [14] and as measured
previously (-7 mV). Therefore, an electrostatic repulsion between the membrane surface and
the HA occur, however, a reduction in the membrane charge was shown with addition of
PANI, and so the electrostatic repulsion decreased between the membrane surface and the
HA, which allow HA to accumulate more densely on the membrane surface [15], thus

increase HA adsorption on the membrane surface.

Furthermore, HA adsorption on the membrane surface enhanced by the steric hindrance of
HA particles and the aggregation they formed on the membrane surface, because of their

relatively large molecules [16, 17].

Maximum HA rejection was achieved in PP-1 membrane, with 75 % rejection and PI-1
membrane with 65%. It is noticed that with increasing PANI concentration the rejection
efficiency decreased; where it reached 36% for PP-3 membrane and 32% for PI1-3 membrane;
this may be attributed to the bigger average pore size formed with high PANI concentration.
Thus the permeability increased (according to Hagen-Poiseuille equation) and so reduced the
contact time between the feed and the membrane surface, consequently, HA adsorption

decreased [18].

Also, the membrane surface, which was covered with HA adsorption, may reduce more HA

deposition due to the repulsion force of HA-HA. So HA adsorption decreased.
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Fig. 5.7. Humic acid rejection for pure and modified PVDF membranes.

When the amount of PANI additives are similar, the permeate flux values of modified
membranes showed more regularity for the membranes blended with in-situ polymerization
method than simple blending method which suggests that in-situ polymerization method of
PANI on PVDF is preferable to form larger pores and inner linked pores in the modified

membranes, this also can be demonstrated by the cross-section SEM images showed in Fig.
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5.4A, B, and C The longer and larger pore size of in-situ polymerization membranes are more

evident in comparison to direct blending membranes as explained above.

5.1.5 Flux recovery after chemical cleaning

Flux decline behavior with HA and membrane proper cleaning method were examined. Fig.
5.8 and 5.9 illustrate that modified membranes permeation of pure water and HA was much
enhanced compared to the pristine PVDF; this is most likely due to the higher porosity and

hydrophilicity, which reduced the resistance of the membrane to the water flux [5].

It can also be shown that there is considerable flux decline for PI-3 and PP-3 PANI/PVDF
membranes with PI-3 Fig. 5.8 (D) had the highest flux decline; which could be due to the
larger average pore size, as larger pores probably allow HA to fill and block the pore more
easily by pore adsorption (standard blocking model) [19] compared to smaller pore size,
which leads to more significant flux decline as shown inFig. 5.8 and 5.9, this results showed
agreement with the results found by Li et al. [20]. Who studied the effect of membrane
fouling with humic acid at different MWCOs, they suggested that membranes with larger
MW(CO had the highest flux decline in comparison with lower MWCO flux decline as shown

in Fig. 5.8 and 5.9 [4, 21].
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Fig. 5.8. Permeate flux for pristine and PP-(1, 2 and 3) modified membrane with (A) pure

water then (B) HA solution.
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Fig. 5.9. Permeate flux for pristine and PI-(1, 2 and 3) modified membrane with (C) pure

water then (D) HA solution.

All PANI/PVDF nanocomposite membranes showed higher flux recovery Frw and lower total

fouling (Rt) in comparison with pristine PVDF.
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This indicates that HA has a weak tendency to interact and adsorb on hydrophilic membrane
surface resulted from hydrophilic PANI addition as the hydrophilic surface interacts tightly
with water by hydrogen bond formation and also because of the negative charge of membrane
surface which exhibits electrostatic repulsion to negatively charged HA molecules. So this
lead to increase fouling resistance. This HA-modified surface weak interactions suggesting
that total membrane fouling (Ry) is reduced and HA can be washed away easily with cleaning

in acid and base as demonstrated in Fig. 5.10.

It is noticed that PP-3 and P1-3 membranes have slightly lower Frw values, and this is likely
due to their large pore size which permits easier pores adsorption and blocking as previously

explained.

90

FRw and Rt values (%)

Pristine PP-1 PP-2 PP-3 PI-1 P1-2 P1-3

Membrane sample

Fig. 5.10. Flux recovery ratio for pure and modified PVDF membranes.
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5.2 Conclusion

PANI/PVDF ultrafiltration membranes were fabricated by two different blending methods of
aniline using phase inversion technique. Greatly enhanced water permeability and antifouling
properties were achieved. Water permeability of PANI /PVDF modified membranes was 7-16
times faster than pristine PVDF, with HA rejection ranged maximally from 78% for the PP-1
membrane to 32% for the P1-3 membrane. The effect of PANI on the performance of PVDF

blended membrane was investigated.

The modified PANI/PVDF membranes showed higher porosity, hydrophilicity, and larger
pore sizes. Cross-sectional structures of PANI/PVDF modified membranes showed larger
pores under the top layer and longer finger-like pores with better vertically linked pores
mostly seen for PI-3 and PP-3 membranes. PANI/PVDF membranes exhibited higher flux
recovery after cleaning with acid and base and lower total fouling compared with pristine

PVDF.

It can be concluded from the results that the in-situ polymerization blending method (P1) of
PVDF/PANI contributed to the formation of membranes with larger pore sizes and more
inter-linked finger-like pores, which resulted in higher water permeability and tensile strength
in comparison to the membranes fabricated using the direct blending method (PP). For future
studies, in-depth research of the addition of carbon nanotubes to further improve PVDF

/PANI blended membranes will be carried out.
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CHAPTER 6. Poly(vinylidene fluoride) / MWCNT/
Polyaniline Nanocomposite Ultrafiltration Membrane for

natural organic matter removal

6.1 Results and discussions

6.1.1 Characterization of MWCNT/ PANI

6.1.1.1 MWCNT/PANI dispersion

In the membrane fabrication procedure, PANI stirred well with MWCNT and PVDF for 24 hr. in
DMF, UV-Vis absorption measurements were used to test the dispersion of MWCNT/PANI
compared to pristine MWCNT, and to characterize the interaction between PANI and MWCNT.

The absorption spectra of MWCNT and PANI/MWCNT complex are shown in Fig. 6.1.

A charge-transfer complex formed between MWCNT and aniline; as aniline is good electron
donor while CNT is good electron acceptor, a 7-7 interaction is occurred as evidenced by the

UV-vis absorption spectra of MWCNT and MWCNT/PANI [1] Fig. 6.1.
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Fig. 6.1 UV- vis spectra of MWCNT and MWCNT/PANI composites.

In Fig. 6.1 MWCNT/PANI showed new strong peak band at 290 and wide band at 508 indicating
that the charge transfer of benzoid and quinoid excitation bands and suggesting the strong
interaction between MWCNT and PANI as a charge transfer complex and a good compatibility
between MWCNT and aniline. Which resulted in well-dispersed MWCNT within PVDF matrix
(MWCNT/PANI enhance the dispersion of MWCNT). However for MWCNT in DMF solution,

no characteristic absorption peaks were shown in range 250 - 700 nm [1, 2].

The dispersion status of MWCNT/PDA and MWCNT in DMF after 12 hrs. are shown in Fig.

6.2. MWCNT shows aggregation and settlement, while MWCNT/PDA stay dispersed over 12 hr.
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Fig. 6.2. Photo of MWCNT/PANI and MWCNT in DMF mixtures showing the dispersion status

with time.

To assure the dispersion of MWCNT by MWCNT/PANI complex, the dispersion of MWCNT in
the PVDF membrane was observed by SEM. Fig. 6.3 shows the SEM cross-sectional images in
PVDF/MWCNT/PANI (PIC) membrane; the white arrows presented individual MWCNT
particles, which is well dispersed and spread into PVDF matrix without agglomeration. Thus
MWCNT/PANI enhances the dispersion of MWCNT in PVDF membrane by in-situ

polymerization method.
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Fig. 6.3. SEM image for CNT dispersed in polymer matrix. (Arrows point to CNT particles

dispersed in the membrane matrix). Scale bar: 2 um.

6.1.2 Membrane surface and morphology

6.1.2.1 Hydrophilicity

Hydrophilicity of the modified membranes were determined by measuring Contact Angle (CA).
Measurement results are illustrated in Fig. 6.4 which shows that the CA for all
MWCNT/PANI/PVDF (PIC) modified membranes is lower than pristine PVDF. The CA of
pristine PVDF was 91° and decreased with MWCNT/PANI complex addition to reaching 85° in
PIC- 0.25 (0.25 wt. % MWCNT) membrane. With increasing the comcentration of MWCNT
inclusion in PVDF matrix, CA decreased further to minimum value and the highest
hydrophilicity reaching 55° for PIC-2 (2 wt. % MWCNT) indicating that hydrophilicity of the
membranes surfaces increased as a result of modification with hydrophilic MWCNT in the form
of MWCNT/PANI complex in the blended membranes. This hydrophilicity increase leads to

enhancement in water permeability, as going to be discussed later in the next sections.
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Fig. 6.4 Contact angle measurement for blended membranes.

6.1.2.2 Porosity and average pore size

The effect of MWCNT/PANI inclusion on the porosity and pore sizes of the fabricated
membranes is illustrated in Table 6.1; all the fabricated membranes exhibited larger pore sizes

and increased porosity in comparison to pristine PVDF.

From the results shown in Table 6.1; the porosity increased with the addition of MWCNT, the
porosity of the fabricated membranes ranged from 84.7 % to 91.0%. In PIC-0.25 (0.25 wt. %
MWCNT) membrane porosity increased by 14% compared to pristine PVDF. Further increase of
MWCNT to 1.5% in PIC-1.5 resulted in the maximum porosity which reached 91%. This
increase in the porosity can be attributed to MWCNT/PANI addition as they considered to be
hydrophilic materials that accelerate the diffusion rate between non-solvent (water) and the
solvent (DMF) exchange leading to the formation of the more porous structure resulting in an

increase in porosity. Also, MWCNTSs themselves are hollow materials, which result in the
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formation of the new macro-voids porous structure as a consequence of the interaction of solid-
liquid contacted in the polymer matrix [3, 4]. Therefore, and based on these results it is evident
that modification of PVDF membrane with the addition of MWCNT/PANI complex is valuable

to fabricate higher porosity membranes.

However, further addition MWCNT/PANI in PIC-2 membrane lead to a slight decrease in
porosity; this may be due to the high concentration of MWCNT, which causes less MWCNT
uniformity as a high concentration of MWCNT/PANI increased the viscosity of the mixture [5]
which slow down the phase separation during membrane formation. Thus, the high viscosity
casting solution reduces the water ability to get into the solution and so delay the demixing
process resulting in a denser top layer with low porous membrane and fewer macrovoids pores

[3, 4].

Table 6.1 Porosity and average pore size of the modified membrane.

Membrane type Porosity Mean pore size
(%) (nm)
Pristine 70.4 4.3
P1C-0.25 84.7 4.8
PI1C-0.5 87.1 6.3
PIC-1 90.6 7.4
PIC-1.5 91.0 5.3
PIC-2 88.4 4.7

The average pore sizes of all membranes were determined by BET, see the Appendix. The
average pore size found to be in the range of 4.8 to 7.4 nm as shown in Table 6.1. The fabricated

membranes pore sizes tend to increase with increase concentration of MWCNT/PANI; all the
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modified membranes showed larger pore size in comparison to pristine PVDF. As the
concentration of MWCNT/PANI increased the average pore size increased simultaneously to
reach the maximum at 1% wt. MWCNT in PIC-1 (7.4 nm compared to 4.3 in pristine PVDF).
With increase the MWCNT/PANI weight concentration more, this lead to a decrease in the
average pore size to 5.3 nm for PIC-1.5, and 4.7 for PIC-2. Adding the hydrophilic
MWCNT/PANI accelerate the diffusion rate between non-solvent (water) and the solvent (DMF)
and so forming a more porous layer with bigger pores. But with the further increase, the viscosity
of the casting solution increased and so delayed the diffusion rate resulting in a smaller average

pore size [3, 4].

Many studies reported similar trend when adding nanomaterials to the polymer matrix [5, 6].

6.1.2.3 Zeta potential measurements

Measuring electrokinetic properties of the membrane such as Zeta potential is considered
valuable to understand the interactions between the membrane surface and the solution in contact
with the membrane as it has a significant effect on the membrane rejection and fouling
performances. Zeta potential of the modified membranes was studied at pH 5.5. As shown in
Fig. 6.5, the results of zeta potential measurements stated that pristine PVDF has a negative
surface charge equal to -10.3 mV, with PANI addition to PVDF membrane, zeta potential value
reduced to -6.1 mV. While with the addition of MWCNT to the membrane, zeta potential

showed a positive charge membrane surface equal to + 12.3 mV.

The interaction between PANI and MWCNT resulted in dopant effect. Doping is a unique
process in conducting polymers in which polymers are transforming to its conductive form by
chemical oxidation, during the doping process, positive or negative charge are developed in the
polymer by the effect of doping agent like chemical oxidants [7, 8]. Thus, the doping effect

(chemical oxidation) of MWCNT/PANI complex during the membrane synthesis resulted in
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changing the surface charge of MWCNT/PANI complex to be positively charged. Positively
charged MWCNT/PANI complex converted negatively charged pristine PVDF membrane to the
positively charged membrane. So as can be seen in Fig. 6.3 by inclusion MWCNT/PANI

complex, the zeta potential of the membrane surface became positive.

HA is a negatively charged solution with zeta potential equal to -7 mV; consequently,
electrostatic interactions [9] occur between HA and the surface of the modified membranes,
which result in more HA adsorption on the modified membrane surface; leading to enhanced HA

rejection (about 37 %) higher than pristine PVDF membrane.
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Fig. 6.5 Zeta potential of pristine PVDF, PI, and PIC-2.
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6.1.2.4 Membrane morphology

The top surface and the cross sections of the fabricated membranes are shown in Fig. 6.6A, B,
and C; the modified PVDF membranes showed larger surface pore size and finger-like structure
compared with pristine PVDF membrane which is related to improved water permeability of the

modified membranes.

MWCNT/PANI/PVDF (PIC) membranes showed asymmetric finger-like pores with large voids
and cavities. Modified membranes formed smaller pores on the top layer connected to larger

pores in the underneath layer structure, this resulted in higher water permeation and HA rejection

[5].

The inclusion of hydrophilic MWCNT/PANI complex accelerates the diffusion rate between
non-solvent (water) and the solvent (DMF) and so forming a more porous layer with bigger
pores [4]. Increasing the concentration of MWCNT/PANI increased the pore size (as shown
previously), and the width of the finger-like structure as can be seen in Fig. 6.6A (b) and Fig.
6.6B (c, d), however, with the further increase, the viscosity of the casting solution increased,
and so delayed the diffusion rate resulting in a smaller average pore size and finger-like structure

as shown in Fig. 6.6C (e, f) [3]. These results agree with studies reported by Ma et al. [3, 4].
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Fig. 6.6A. SEM images of the top surface and the cross-sectional views at 20 um and 2jum respectively of the blended membranes with different
compositions; (a) pristine, (b) PIC-0.25.
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Fig. 6.6B. SEM images of the top surface and the cross-sectional views at 20 um and 2um respectively of the blended membranes with different
compositions; (c) PIC-0.5, (d) PIC-1.
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Fig. 6.6C. SEM images of the top surface and the cross-sectional views at 20 um and 2jum respectively of the blended membranes with different
compositions; (e) PIC-1.5, (f) PIC-2.
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6.1.3 PVDF/MWCNT/PANI mechanical properties

Tensile strength and elongation at the point of breakage test were performed, and the results
are shown in Fig. 6.7 The modified PVDF/MWCNT/PANI nanocomposite membranes
showed higher tensile strength in comparison to pristine PVDF membrane. As the
concentration of MWCNT additive increased the tensile strength increased (1.1 MPa for
pristine PVDF compared to a maximum of 2.1 MPa for PIC-1.5). This increase in tensile
strength of modified PVDF membranes can be attributed to MWCNT's inclusion, as
MWCNTSs considered to be one of the stiffest and strongest materials [10]. Thus, promising
in the strengthening membranes and formation of composite materials with desired

mechanical properties.

On the other hand, with further MWCNT increase tensile strength slightly decreased to 1.9
for PIC-2, this may be due to aggregation occur as a result of increased MWCNT
concentration and hence accelerates the break of the membrane [3]. However, elongation at
break for modified PVDF membranes decreased with increasing MWCNT's concentration
from 48% for pristine PVDF to 35% for PIC-2; likely due to the high rigidity of the

membranes and as a result of large finger-like pores and cavities appeared [3].

In conclusion, MWCNT/PANI addition relatively enhanced the mechanical strength of the

modified membranes.
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Fig.6.7 Mechanical properties: tensile strength, and elongation, of pristine PVDF and the

modified membranes.

6.1.4 Membrane performance
6.1.4.1 Water permeability

The results of pure water permeability of different membranes are presented in Fig. 6.8 and
6.9. The inclusion of CNT as MWCNT/PANI complex in the polymer matrix highly
enhanced the fabricated membrane performance for water permeability. Fig. 6.8 showed a
general comparison between pristine PVDF, 1 wt. % MWCNT/PVDF (P-CN), PANI/PVDF
(PI) and 1 wt. % MWCNT/PANI/PVDF (PIC-1) membranes.

Pristine PVDF showed the lowest permeability results among membranes with 30 LMH/bar
as expected because it has the smallest average pore sizes, lower porosity, and hydrophilicity
relatively. For PI membrane water permeability reached 275 LMH/bar; 9 times greater
compared with pristine PVDF membrane, this attributed to PANI oligomers and nanospheres
migration during membrane fabrication which increases the pore sizes as explained in the
previous chapter 5. It can also be noticed that simple blending method used in case of 1%

MWCNT for P-CN membrane preparation affected the results and leads to low permeability
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(107 LMHY/bar) compared to the excellent results of 1% MWCNT in PIC-1 (1000 LMH/bar)
prepared by in situ polymerization; this is possibly due to aggregation and low MWCNT
dispersion in P-CN, which lead to less porosity and more blocked pores in the membrane
compared to PIC-1. While PIC-1 succeeds in overcoming aggregation with MWCNT/PANI
homogenous dispersion and presented with the highest water permeability results among the

four membranes presented.
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Fig. 6.8 Water permeability for pristine PVDF, P-CN simple blended 1% CNT with PVDF,
Pl Membrane fabricated by in-situ polymerization of PANI/PVDF, PIC-1 Membrane
fabricated by in-situ polymerization of PANI/ 1% MWCNT/PVDF.

Fig. 6.9 showed a comparison between different MWCNT concentrations fabricated
membranes permeability. As shown in Fig. 6.9, with the incorporation of 0.25 wt. %
MWCNT for the PIC-0.25 membrane, the permeability increased to 344 LMH/bar, when
MWCNT increased to 1wt. % for PIC-1, the permeability continued to rise to reach
1000LMH/bar (28 times more permeable than pristine PVDF). With the further increase to
1.5 % MWCNT for PIC-1.5, water permeability reached the maximum value of 1320

LMH/bar (35 times increase in permeability compared to pristine PVDF). This trend of
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permeability results is consistent with the membrane porosity results explained in the
previous section, as larger porosity decreases the hydraulic resistance and hence improves the
permeate flux. Moreover, MWCNT/PANI complex addition increased the hydrophilicity of

the fabricated membranes (Fig. 6.2) and consequently improved the water permeability.

The inclusion of MWCNT/PANI complex in the PVDF matrix formed a more porous area
with well-developed finger like smaller pores on the top layer connected with larger pores in
the lower structure of the membrane. The inclusion of hydrophilic MWCNT/PANI
accelerates the diffusion rate between non-solvent (water) and the solvent (DMF) and so
leads to the formation of the more porous layer and increase porosity [5, 11]. As shown in
Table 6.1, by increasing MWCNT, the average pore size and porosity increased and hence
water permeability also increased as (according to Hagen Poiseulle equation which stated that

increased average pore size would lead to flux increase) [11].

However, with more MWCNT inclusion to 1.5 - 2 wt. % MWCNT in PIC-1.5 and PIC-2
membranes respectively, the viscosity of the casting solution increased which delay the
exchange between solvent and nonsolvent with a relatively dense top layer and smaller pore

size resultant membrane.

Although PIC-1.5 and PIC-2 membranes have the smallest pore size, their water permeability
exceeded the other modified membranes Fig. 6.8, this is probably as a result of their high
hydrophilicity which control water flux (Fig. 6.2), as mentioned before with high
hydrophilicity water molecules preferentially adsorbed inside membrane pores surface with
less interaction making their passage through the membrane easier and so increased water
permeability [12].Within the MWCNT range used in this work 1.5 wt. % MWCNT used in
PIC-1.5 membrane appears to be the optimal concentration that produces the highest

membrane permeability results.
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Fig. 6. 9 Effect of MWCNT concentration as MWCNT/PANI on water permeability.

6.1.4.2 HA rejection efficiency

As can be seen in Fig. 6.10 which demonstrates a general comparison between pristine
PVDF, 1% MWCNT/PVDF (P-CN), PANI/PVDF (Pl) and MWCNT/PANI/PVDF (PIC-1)
membranes, P-CN membrane showed the lowest HA rejection among the four membranes,
which equal to 30 %. This low rejection may be due to agglomeration and low dispersion of
MWCNT on the membrane surface. As the adsorption of HA governed by the high surface
area of MWCNT [13], consequently, the simple blended MWCNT/PVDF membrane was less
effective in increase the adsorption ability of MWCNT [14] compared to PIC-1 which shows

significant improvement in HA removal reached up to 76%.
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Fig. 6.10. HA permeability for pristine PVDF, P-CN simple blended 1% CNT with PVDF, Pl
membrane fabricated by in-situ polymerization of PANI/PVDF, PIC-1 membrane fabricated
by in-situ polymerization of PANI/ 1% MWCNT/PVDF.

Fig. 6.11 presents HA rejection efficiency at different MWCNT concentration. It can be
noticed that HA rejection increased gradually with the rise of MWCNT concentration in the
modified membranes; for 0.25 wt. % MWCT in PIC-0.25 membrane HA rejection increased
by 7.2 % compared to pristine PVDF membrane. Increasing the concentration of
MWCNT/PANI to 1.5 wt. % in PIC-1.5 membrane showed HA rejection rise to 79 %. On the
other hand, when the concentration of MWCNT reached 2 wt. % in PIC-2 membrane the
rejection slightly increased to 81 %; due to the high concentration of MWCNT, the viscosity
increased and this slowed down the exchange between solvent and non-solvent, resulting in a

formation of the membrane with smaller pores [3].
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Fig. 6.11. Effect of MWCNT concentration as MWCNT/PANI on HA rejection

HA removal mechanism depends on two factors; the first is the average pore size of the
membrane, the second is the adsorption of HA on the membrane surface. In our case and as a
result of the fact that the HA molecule sizes are less than the modified membrane average
pore size; (HA size is less than 1 nm and the modified membranes measured pore size are
between (4.8-7 nm)). Thus the separation of HA is primarily dependent on the adsorption
mechanisms [15]. HA rejection efficiency results for all membranes are shown in Fig. 6.10

and 6.11.

HA rejection is mainly governed by the interaction of membrane with feed, basically
adsorption of HA on the membrane surface. HA is negatively charged molecules (contains
mainly carboxylic groups and phenolic hydroxyl groups with a zeta potential of -7 mV at pH
5.5), and the membrane surface is positively charged as found by zeta potential
measurements (with +12.3 mV at pH 5.5), as showen in Fig. 6.5). Consequently, an
electrostatic interaction occurs between HA and the membrane surface causing adsorption of
HA molecules to the membrane surfaces leading to increasing in HA removal by the
modified membranes in comparison to the pristine negative zeta potential of PVDF

membrane (-10.3 mV at pH 5.5) [13].
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In addition to the electrostatic interaction, MWCNTSs considered having high adsorption
capacity to organic matters which is mainly due to the n-m bonds between bulk © system on
MWCNT surfaces and the HA molecules [16]. Su and Lu [17] suggested that the higher

NOM adsorption on MWCNT is due to the larger surface area and volume.

According to constant pressure filtration laws [18], the adsorption of HA on the membrane
surfaces depends on the pore size of the membrane, when the particle size is less than the
membrane average pore size as in our study where HA particles less than membrane average
pore size; thus a standard blocking model or blocking cake layer on the membrane surface

[19, 20], consequently leading to flux decline.

Fig. 6.12 showed the pure water permeability of all modified membrane with time, in
comparison of Fig. 6.13 which showed the flux decline of HA rejection with time. Similar
results concluded by Jucker and Clark [21] who suggested that the membrane pores are the
preferable place for organic adsorption, this would demonstrate the severe flux decline of

NOM fouling.
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Fig. 6.12. Permeate flux for pristine and modified membranes PIC with pure water.
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Fig. 6.13. Permeate flux for pristine and modified membranes PIC with HA solution.

Filtration test cycles were run for PIC-1.5 membrane about 350 min. The results are shown in
Fig. 6.14, HA rejection efficiency was measured every 60 min, and the membrane was
chemically washed every 120 min and then used. Results revealed that while flux declined,
HA acid removal efficiency slightly decreased with cycle time, which suggests that HA
adsorption on the membrane surface has not reached its capacity. Thus, the adsorptive
properties of MWCNT/PANI enhanced HA removal with the high capacity membrane
surface which might be due to the increased hydrophilicity of membrane surface and internal

pores [22].

Flux decline is due to fouling of the membrane by shrinkage of the membrane pores and cake
formation. It is noted that the increase in the membrane thickness caused by HA deposition
on the membrane surface; which can be hydraulically considered to be an increase in
thickness of a clean membrane with a low flux of HA [13, 23]. Therefore, even if the

adsorption reached its capacity, the rejection decreased slightly with time.
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Fig. 6.14. HA Flux decline behavior of PIC-1.5 membrane versus time in three filtration
cycles with chemical cleaning by acid and base (Arrows point to the time when chemical

cleaning was conducted)

6.1.4.3 Membrane performance summary

MWCNT/PANI/PVDF membranes improved porosity, pore size and hydrophilicity were
fabricated by increasing the amount of MWCNT/PANI complex gradually up to 2 wt. %.
Results showed a good agreement between porosity and water permeability, as porosity rose
to 91% for PIC-1.5 permeability increased up to 1320 LMH/bar, more additions of
MWCNT/PANI to 2 wt. % slightly reduced the porosity to 88.4 %, which is still higher than

with pristine PVDF.

Insertion of hydrophilic MWCNTs is advantageous to increase membrane surface
hydrophilicity which increases water permeability due to the increasing affinity between
water and membrane surface. In the membrane formation process through phase inversion
method, MWCNT was placed on the top of the membrane for its high hydrophilicity, while in

sub-layer the less hydrophilic layer was placed. Consequently, membrane surface with high
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hydrophilicity and high affinity for water were fabricated and the hydrophobic pores channel
below the top layer which increases the slipping effect both contribute to enhancing water

permeability.

The rejection of all modified membranes was increased in comparison to pristine PVDF
membrane, because of the good adsorption of NOM on the positively charged membrane
surfaces due to the electrostatic interaction and the high capacity of MWCNT/PANI/PVDF
membranes. The smaller pores on the top layer connected to larger finger-like pores in the

lower structure are also resulting in high water permeation and HA rejection.

Within the dosage range used in this study, the optimum MWCNT/PANI dosage was 1.5 wt.

%, with water permeability of 1320 LMH/bar and rejection up to 79 %.

6.1.5 Flux recovery after chemical cleaning

Flux recovery test for HA and its proper cleaning method were conducted. Fig. 6.15

Presented flux recovery results and the total fouling ratio for all modified membranes.

Removing HA from the membrane surface was achieved by cleaning the membrane surface
with both acid (HCI) and base (NaOH). HA removal occurred through hydrolysis and
solubilization effect. First, NaOH hydrolysing the HA with carboxylic and phenolic
functional groups, then HCI oxidizing and breaking down the functional groups of organic
foulant to soluble carboxyl, ketonic and aldehyde groups, and then they detached from the

membrane surface [15, 24].
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Fig. 6.15. Flux recovery and total fouling ratio for pure and PIC modified PVDF membranes.

As can be seen from Fig. 6.15, flux recovery Frw for all the membranes after cleaning by acid
and base is between 83-85%, which is quite good as the high HA adsorption usually caused a
significant fouling Rt found to be between (70-79) % as shown in Fig. 6.15. This good
recovery suggested the easy cleanability of the modified membranes in comparison to pristine

PVDF.

HA flux decline of three cycles of filtration test for PIC-1.5 shown in previous section, Fig.
6.14, as can be seen with cleaning with acid (HCI) and base (NaOH), most of the HA
adsorbed on the membrane surface can be easily removed using both acid and base with
water flux recovery up to 85 %. It can also be noticed that HA permeate flux was 85%

recovered after chemical cleaning in the second and third cycles.

Although NOM usually caused significant fouling and hence flux decline [21], most of the

HA adsorbed on the membrane surface can be easily removed using both acid and base.
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6.2 Conclusion

MWCNT/PANI/PVDF ultrafiltration membrane was fabricated by in-situ polymerization of
PANI using phase inversion method with improved water permeability and antifouling
properties. The effect of MWCNT/PANI concentration on the performance of PVDF blended

membrane was investigated.

MWCNT/PANI/PVDF modified membranes showed higher porosity, pore size, and
hydrophilicity (CA) which decreased from 92 for pristine PVDF to 54.8 for PIC-2, the
enhancement in permeability reached a maximum in PIC-1.5 up to 1320LMH/bar; (about 35

times increase compared to pristine PVDF).

Humic acid was used as a model for natural organic matter (NOM) to evaluate the rejection
performance of the modified membranes. Improvement in HA rejection was shown with the
inclusion of MWCNT/PANI; which is due to the electrostatic interaction and the high
capacity of MWCNT/PANI/PVDF membrane. HA rejection increased with increasing
MWCNT/PANI, rejection reached up to 81% in PIC-2. The flux recovery increased from

43% for pristine PVDF to 85% for PIC-1.5 modified membrane.

The MWCNT/PANI complex played a significant role in separation and water permeability
enhancement in the modified membranes. The unique nature of MWCNTs and easy
functionalization of well dispersed MWCNT is a promising modifier for ultrafiltration

membranes for future applications.
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CHAPTER 7. Conclusions and Recommendations

This chapter presents the summary of the findings, and the conclusions arrived at based on

the findings and the scope of future work recommended.

7.1. Final Conclusions

The original contribution of this research was focused on fabrication of novel PVDF
ultrafiltration membrane with enhanced water permeability and rejection efficiency for
natural organic matter removal from water through modification with various additives by

phase inversion method.

In the first part of this research (chapter 4), MWCNT/PDA/PVDF ultrafiltration membranes
were fabricated through in-situ polymerization of dopamine over MWCNT to produce
MWCNT/ PDA complex. This composite was added to PVDF base polymer to fabricate a
blended membrane with an enhanced permeability and rejection properties using phase
inversion technique. The effects of MWCNT/PDA addition on the performance of PVDF

blended membrane was explored in detail, and the results showed:

e MWCNTs have exceptional water treatment capabilities and excellent adsorbent
properties which are due to its large specific surface area. However, it has poor
adhesion to the membrane as well as dispersion problems. Modifying MWCNTSs with
PDA play an important role in overcoming the dispersibility problem of MWCNT.
We notice that coating MWCNTSs with PDA make it more dispersible and reduce

aggregation; besides CNTs retain their inherent properties. Furthermore, PDA
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improves its binding to the base polymer (PVDF) which is reflected as an

improvement on the performance of the blended membrane.

e Characterization and performance studies of the modified membranes revealed higher
porosity, hydrophilicity and larger pore size of all modified membranes compared to
pristine PVDF membrane. Modified PVDF membrane was blended with a mixture of
2% dopamine/ 1% MWCNT which showed the excellent performance enhancement
results with 20 fold increase in permeability compared to pristine PVDF membrane
and 12.5% increase in HA rejection. Furthermore, it demonstrated about 81%

rejection of HA based on filtration test.

e HA rejection of the modified membranes reached up to 97.7% for the membrane
blended with 0.25 wt. % MWCNT/PANI/PVDF, providing 28.8 % increase compared

to pristine PVDF membrane.

e The modified membranes showed higher recovery flux FRw (71-78) % and lower total

flux Rt (73-81%) in comparison with pristine PVDF membrane.

These results indicate that the use of PDA/MWCNT complex as additives improved the
performance of PVDF membranes, with significant enhancement in water permeability and

HA removal.

In the second part of this research (chapter 5), PANI/PVDF ultrafiltration membrane was
fabricated through in-situ polymerization of aniline over PVDF to produce a blended

membrane with enhanced permeability, HA rejection, and antifouling properties.

Polyaniline (PANI) is a well-known conducting polymer. It has been used in membranes for
different applications due to its stability and simple acid-base doping chemistry. PANI was

prepared by the polymerization reaction.
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The effects of PANI addition on the performance of PVDF blended membranes as well as the

influence of the blending method on the membrane morphology, structure and performance

were investigated thoroughly and the results showed that:

A comparison between two blending methods of aniline to PVDF matrix : in-situ
polymerization method and simple regular blending method and their effects on the
morphology and structure of modified membranes was conducted, results
demonstrated that the in-situ polymerization blending method of PVDF/PANI
contributed to formation of uniform and homogeneous structure membranes with
higher pore sizes and more inter-linked finger-like pores, which resulted in higher
water permeability and tensile strength in comparison to the membranes fabricated

using the regular blending method for membrane fabrication.

PANI act as a pore forming agents due to PANI oligomers and PANI nanospheres
migration during membrane fabrication which was advantageous to increase pore

size, porosity, and the production of longer vertically-connected pores

Characterization and performance studies of the modified PANI/PVDF membrane
revealed higher porosity, hydrophilicity and larger pore size of all modified

membranes compared to pristine PVDF membrane.

Water permeability of PANI /PVVDF modified membranes were 7-16 times faster than

pristine PVDF and with HA rejection up to 75%.

In the third part of this research (chapter 6) and to further enhance the performance of the

previously fabricated PANI/PVDF membrane, we further added MWCNT to fabricate a

PVDF/MWCNT/PANI membrane with more enhanced permeability and rejection properties

by in-situ polymerization of PANI using phase inversion method.

Depending upon the results demonstrated in part 2 of this research regarding the blending

method which showed that the in-situ polymerization method of PANI on PVDF produced a
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uniform and homogeneous structure with better performance. This approach has been used as

a primary blending method to achieve in-situ polymerization of aniline over MWCNT.

The effect of MWCNT/PANI addition on the performance of PVDF blended membrane was

investigated and the results showed:

Characterization and performance studies of the modified membranes demonstrated
that addition of MWCNT/PANI complex resulted in significant performance
enhancement of the resultant modified membrane in comparison to pristine PVDF
membrane. Within the MWCNT concentrations used; the membrane with (PANI/ 1.5
% MWCNT) showed the highest permeability results (1320 LMH/bar), with 40 fold
permeability improvement in comparison to pristine PVDF ultrafiltration membrane.
It also showed about 79% rejection for HA filtration test. This high enhancement of
the fabricated membrane is attributed to the high hydrophilicity, and porosity with

positive charge membrane due to the addition of MWCNT/PANI.

PANI act as a pore forming agent and together with MWCNT which has the
exceptional water treatment capabilities and excellent adsorbent properties which
resulted from its large specific surface area as well as the role of PANI in improving
the dispersibility and adherence of MWCNT to the base polymer. These factors
contribute to the significant enhancement of the performance of the modified

membranes.

The rejection of all modified membranes was increased in comparison to pristine
PVDF membrane, because of the good adsorption of negatively charged NOM on the
positively charged membrane surfaces due to the electrostatic interaction and the high

capacity of MWCNT/PANI/PES membrane.
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e Flux recovery for the modified membranes after cleaning by acid and base was
between 83-85%, which is quite good as the high HA adsorption usually caused a

significant fouling found to be between (70-79) %

e The unique nature of MWCNT/PANI complex and easy functionalization of well
dispersed MWCNT is a promising modifier for ultrafiltration membranes for future

application.

These results indicate that the use of PANI/MWCNT complex as additives significantly
improved the performance of PVDF membrane, with significant enhancement in water

permeability and HA removal.

In conclusion, three novels modified PVDF-UF membranes with improved permeability,
rejection efficiency, and antifouling properties were successfully fabricated and performance
studies showed a great potential for their use in NOM removal from water with promising

future water treatment applications.

Table 7.1 summarizes the results of modified PVDF membranes with various additives

compared to the results of the modified membranes in this study.
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Table 3. Comparative results of modified PVDF membranes with different additives.

Xiaoyu Zhao et al MWCNT/amine-ester

(2012) [1]
Chuangi Zhao et Graphene Oxide 27 - 76.8 64
al (2013) [2]
Jin-Hong Jiang et Dopamine 100 15 - 79.6
al (2014) [3]
Hai-peng Xu Oxidized MWCNT 403 72 85 71
(2014) [4]
MA et al (2013) Oxidized MWCNT 1200 80 86 54.7
[5]
Current work PANI 400 35 89 73.0
Current work MWCNT/dopamine 505 81 86 66.4
Current work MWCNT/PANI 1320 79 91 57.1
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7.2. Recommendations for future work

e The use of more uniformed SWCNT for PVDF modification and studying its effect
on the improving the PVDF membrane performance in water treatment.

e Designing a filtration process system using the modified membranes with other water
pre- treatment processes to be applied on the real surface water system.

e Application of the membrane modifiers to PVDF used in other filtration processes
like nanofiltration.

e Exploring another method for enhancing the performance of PVDF like using
graphene and comparing the resultant membranes performance with the used method
in this research

e Studying the factors affect HA membrane fouling in sea water such as pH and ionic

strength.
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Pore size distribution of pristine PVDF and modified membrans measured by BET:

0.006

0.005

0.004

0.003

0.002

Pore volume (cm3/gm.nm)

0.001

0.03

o
o
]
(&)

0.02

0.015

0.01

Pore volume (cm3/gm.nm)

0.005

mPVDF
1 1 -
1 6 11 16 21 26 31
Pore diameter (nm)
Fig. A. Pore size distribution for pristine PVDF
H PP-2
1 5 9 13 17 21 25 29

Pore diameter (nm)

Fig. B. Pore size distribution for pristine simple blended PVDF/PANI

161




Appendix

0.025

mPI-2
0.02

0.015

0.01

Pore volume (cm3/gm.nm)

0.005

1 5 9 13 17 21 25

Pore diameter (nm)

Fig. C. Pore size distribution for pristine simple blended in-situ PVDF/PANI

0.012

m PIC-0.25

21 25 29

Fig. D. Pore size distribution for pristine simple blended 0.25 wt. %
(PVDF/MWCNT/PANI)

0.01

0.008

0.006

0.004

Pore volume (cm3/gm.nm)

0.002

1 5 9 13 17

Pore diameter (nm)

162



Appendix

Pore volume (cm3/gm.nm)
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