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Preface

Membranes and membrane separation techniques have grown from a simple
laboratory tool to an industrial process with considerable technical and com-
mercial impact. Today, membranes are used on a large scale to produce pota-
ble water from the sea by reverse osmosis; to clean industrial effluents and
recover valuable constituents by electrodialysis; to fractionate macromolecu-
lar solutions in the food and drug industry by ultrafiltration; to remove urea
and other toxins from the bloodstream by dialysis in an artificial kidney; and
to release drugs at a predetermined rate in medical treatment. To maintain
membrane separations as economical alternatives to conventional water and
wastewater treatment technologies, we must produce a high-quality perme-
ate at a fast rate, and be able to maintain that production for an extended
period of time. However, the relationship between flux and selectivity along
with fouling introduce a challenge that must be addressed for all membrane
applications.

This book deals with both the fundamental concepts and practical applica-
tions of electrospun and phase inverted polymeric membranes. Moreover,
this book covers the research works of the authors as an example already
published/presented from the Membrane and Bioremediation Lab, Depart-
ment of Chemical Engineering, IIT Guwahati during the last few years. A
selection of these works is accumulated along with the fundamental con-
cepts of the prepared membranes. Some of the knowledge from the present
research is used as “practical examples” in the book. The book is divided
into two broad parts.

Membranes with the capacity to remove heavy metals and other con-
taminants while less susceptible to membrane fouling were developed
using electrospinning and phase inversion techniques are discussed in this
book. This book is organized and divided into seven chapters. Chapter 1 is
a platform to provide valuable information on the background knowledge
of this research work for better understanding of the types of membranes,
membrane preparation techniques, functionalization, characterization, and
applications. The functionalization and grafting methods for the modifica-
tion of polymer and/or membrane are discussed. Emphasis is given to the
phase inversion and electrospinning techniques of membrane preparations.
Moreover, the possible scopes for further enhancement on the preparation
and modifications of the membranes are also identified. Chapter 2 provides
detailed information on the membrane preparation procedures and physico-
chemical and instrumental characterization techniques. An empirical explora-
tion into the effects of time duration, voltage supply, concentration, and flow
rate on the membrane average fiber diameter and surface pore size distribu-
tion using response surface methodology (RSM) based on central compact

xiii



xiv Preface

design (CCD) are presented in Chapter 3. Hybrid membranes from cellulose
acetate (CA) and titanium oxide (TiO,) nanoparticles (NPs) were fabricated
using a novel electrospinning technique and evaluated as an adsorbent
for the elimination of lead and copper metal ions. The impacts of various
adsorption parameters, namely, pH, the amount of TiO, nanoparticles, con-
tact time, temperature, and kinetics on metal uptake were investigated using
batch adsorption experiments. The model isotherms, such as Dubinin—
Radushkevich (D-R), Freundlich, and Langmuir, were used to analyze the
adsorption equilibrium data. Pseudo first-order and pseudo-second-order
were preferred for kinetic model study. Furthermore, preparation and char-
acterization of electrospun polysulfone membranes; preparation and char-
acterization of electrospun polyvinyl alcohol membranes; and preparation
and characterization of electrospun polyvinylidene fluoride membranes are
also presented in this chapter. Chapter 4 presents the investigation on the
effects of two different hydrophilic additives and two solvents on the mor-
phological structure, permeability property, and anti-fouling performances
of CA ultrafiltration membranes. The experimental studies of fouling/
rinsing cycles, rejection, and permeate fluxes were used to investigate the
effect of PEG and PVP additives and effect of the two solvents on the fab-
ricated membranes using bovine serum albumin (BSA) as a model protein.
Effects of PEG additive and TiO, NPs on the preparation of phase inverted
CA ultrafiltration membrane were investigated. The influences of PVP and
TiO, on the preparation of phase inverted CA ultrafiltration membrane were
also explored. Furthermore, preparation and characterization of polysufone
membranes, preparation and characterization of polyvinylidene fluoride
membranes, and preparation and characterization of polymeric membranes
are also covered in this chapter. In Chapter 5, TiO, NPs were modified using
different amine groups, namely, ethylenediamine (EDA), hexamethylenetet-
ramine (HMTA), and tetra ethylene pentamine (TEPA), using an impregna-
tion process. The prepared amine modified TiO, composites were explored
as an additive to fabricate ultrafiltration membranes with enhanced capacity
toward the removal of chromium ions. The graft copolymerization of CA
and poly (methyl methacrylate) (PMMA) was synthesized through free radi-
cal polymerization with the presence of cerium sulfate (CS) as initiator under
nitrogen atmosphere in an aqueous solution. During the grafting reactions
the effect polymerization time and temperature on the grafting were inves-
tigated. Furthermore, functionalization of the synthesized product was done
using amine group. The membranes prepared from the modified polymer
were investigated for the ultrafiltration of humic acids. Additionally, topics
such as functionalization and characterization of polysulfone membranes;
functionalization and characterization of polyvinylidene fluoride mem-
branes; and grafting copolymerization of monomers on polymers are also
covered extensively in this chapter. Polymeric membranes for industrial
effluent treatments applications and polymeric membranes for biomedical
applications are covered in Chapters 6 and 7, respectively.



Preface XV

Though a number of books with excellent quality are available on this
topic, this book is an extra effort to offer additional knowledge on funda-
mental concepts of preparation, characterization, and modification of con-
ventional polymeric membranes, and presents their recent advancements for
specific applications to the readers. This book is a guideline for students,
scientists, and engineers, and it provides new ideas for creative thinkers. It is
the coalition of views into the past, the present, and the future.

We wish to thank Central Instrumental Facility, IIT Guwahati for con-
ducting all the experiments for characterizing the prepared membranes. We
would like to thank the entire departmental non-teaching lab staffs for their
enormous support. Moreover, the authors would like to thank their parents
and family members and all the well-wishers for their constant support.

Chandan Das
Kibrom Alebel Gebru
Guwahati and Adigrat
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Aim and Scope of the Book

Reader of this book will have a brief overview on both the fundamental con-
cepts and practical applications of electrospun and phase inverted polymeric
membranes. The book mostly covers the fundamentals and applications of
the novel electrospun and advanced phase inverted membranes. In addi-
tion, readers will have an idea about novel and affinity membranes (such
as charged membranes, adsorbent members, and anti-fouling membranes),
which could provide additional knowledge toward the industrial application
of the membranes.
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Membrane Technology

1.1 Introduction

Water is one of the most vital resources on the planet. Currently, fresh and
clean water supplies have been falling at an alarming rate. More than one
billion people do not have access to fresh water, and more than two billion
individuals are living in water shortage areas [1]. Since the world population
is rising and environmental pollution is increasing rapidly, water purifica-
tion has to be made more efficient and cost-effective. Access to clean water
has been recognized as a serious challenge for the world’s social and eco-
nomic growth. The advancement of alternative water supplies is crucial
and essential. One of the current challenges is to develop effective and less
energy consuming process through treating and recovering of pure water
from groundwater, industrial, and brackish water [2]. Removal of heavy met-
als and other contaminants from water and wastewater is a very important
factor with respect to environmental pollution control and human health.
Several methods have been used for the removal of heavy metal ions and
other contaminants from aqueous solutions, including ion exchange, chemi-
cal precipitation, electrodialysis, and solvent extraction. However, these tech-
niques are associated with problems such as excessive time requirements,
high costs, and high energy consumption. Moreover, adsorption method can
be considered as an effective and widely used process for removal of heavy
metals and other contaminants from wastewater due to its simplicity, mod-
erate operational conditions, and economic feasibility. The most important
properties of any adsorbent are its surface area and structure [3]. However,
particulate or powder adsorbents might re-pollute treated water because of
the tremendous problems in recovery.

Among the different water purification technologies, the pressure-driven
membrane filtration processes—microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO)—are the most energy effi-
cient processes. Distillation process consumes more energy as compared to
the membrane filtration processes, which are relatively fast, efficient, and
practical [4]. Depending on the impact of various constituents of water on
human health crops and industrial processes, certain water and stream



2 Polymeric Membrane Synthesis, Modification, and Applications

TABLE 1.1

List of Inorganic Chemicals and Their Maximum Contaminant Level (MCL)
in Drinking Water

MCL Potential Health Effects: Public Health
Contaminant (mg/L) Above the Limit Goal (mg/L)
Arsenic 0.01 Skin damage or problems with Zero

circulatory systems may have
increased risk of getting cancer

Cadmium 0.005 Kidney damage 0.005

Chromium 0.1 Allergic dermatitis 0.1
(total)

Copper 1.3 Liver or kidney damage 13

Fluoride 15 Pain and tenderness of the bones 1.0

Children may get mottled teeth
Iron 0.3 Leave the water with brown-red color <0.3
aesthetic problems
Lead 0.015 Infants and children: Delays in physical Zero
or mental development.
Adults: Kidney problems; high blood
pressure

Mercury 0.002 Kidney damage 0.002

Source: US EPA’s Safe Drinking Water Web site: http:/ /www.epa.gov/safewater; USEPA’s Safe
Drinking Water Hotline: (800) 426-4791; USEPA 816-F-09-004 May 2009.

water standards have been laid down by different standard institutions such
as Bureau of Indian Standards (BIS), Indian Council of Medical Research
(ICMR), World Health Organisation (WHO), and Food and Agriculture
Organization (FAO) of United Nations for deciding the suitability of water
for drinking and irrigation use. Table 1.1 [5] summarizes the drinking water
standards.

1.2 General Background
1.2.1 Preparation of Synthetic Membranes

Currently, membranes and membrane separation techniques have grown
from a simple laboratory tool to an industrial process with considerable tech-
nical and commercial impact. Today, membranes are used on a large scale to
produce potable water from the sea by reverse osmosis; to clean industrial
effluents and recover valuable constituents by electrodialysis; to fraction-
ate macromolecular solutions in the food and drug industry by ultrafiltra-
tion; to remove urea and other toxins from the bloodstream by dialysis in
an artificial kidney; and to release drugs at a predetermined rate in medical
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treatment. Although membrane processes may be different in their mode of
operation, in the structures used as separating barriers, and in the driving
forces used for the transport of the different chemical components, they have
several features in common that make them attractive as a separation tool.
In several cases, membrane processes are faster, more efficient, and more
economical than conventional separation techniques [6]. During membrane
process, the separation is usually performed at ambient temperature, thus
allowing temperature-sensitive solutions to be treated without the constitu-
ents being damaged or chemically altered.

1.2.2 Definition of Membrane

A synthetic membrane can be defined as a barrier that separates two phases
and restricts the passage of numerous chemical species in a rather spe-
cific way. A membrane can be homogeneous or heterogeneous, symmetric
or asymmetric in structure, solid or liquid, may carry positive or negative
charges, or may be bipolar. Its thickness may vary between less than 100 nm
to more than a centimeter. The mass transport through a membrane may be
caused by convection or by diffusion of individual molecules, induced by
an electric field, concentration, pressure, or temperature gradient. The term
membrane, therefore, includes a great variety of materials and structures, and
a membrane can often be better described in terms of what it does rather
than what it is. Schematic diagram of the basic membrane separation process
is shown in Figure 1.1.

1.2.3 Types of Membranes

A synthetic membrane is a synthetically created membrane usually intended
for separation purposes in a laboratory or industry. Synthetic membranes
have been successfully used for small and large-scale industrial processes

Membrane

Feed
Retentate

Permeate

/

Membrane support

FIGURE 1.1
Schematic diagram of the basic membrane separation process.
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since the middle of the 20th century. A wide variety of synthetic membranes
are known. They can be produced from organic materials such as polymers
and liquids as well as inorganic materials. Most commercially used synthetic
membranes in separation industry are made of polymeric structures. A sche-
matic diagram of the membrane types is presented in Figure 1.2.

Polymeric membranes lead the membrane separation industry market because
they are competitive in performance and economics. A polymer has to have
appropriate characteristics for the intended application. The polymer some-
times has to offer a low binding affinity for separated molecules (as in the
case of biotechnology applications) and has to withstand harsh cleaning
conditions. It has to be compatible with chosen membrane fabrication tech-
nology. The polymer has to be a suitable membrane former in terms of its
chains rigidity, chain interactions, and polarity of its functional groups. The
polymers can form amorphous and semi-crystalline structures, affecting the
membrane performance characteristics. The polymer has to be obtainable
and reasonably priced to comply with the low-cost criteria of membrane sep-
aration process. Many membrane polymers are grafted, custom-modified,
or produced as copolymers to improve their properties. The most common
polymers in membrane synthesis are cellulose acetate, nitrocellulose, cel-
lulose esters (CA, CN, CE), polysulfone (PS), polyethersulfone (PES), poly-
acrylonitrile (PAN), polyimide (PI), polyethylene (PE), polypropylene (PP),
polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), and poly-
vinylchloride (PVC).

Ceramic membranes are made from inorganic materials (such as alumina,
titania, zirconia oxides, recrystallized silicon carbide, or some glassy materi-
als). By contrast with polymeric membranes, they can be used in separations
where aggressive media (acids, strong solvents) are present. They also have
an excellent thermal stability that makes them usable in high-temperature

l Membranes
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FIGURE 1.2
Schematic diagram for types of membranes.
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membrane operations. Even though ceramic membranes have a high weight
and substantial production costs, they are ecologically friendly and have
long working life.

Liquid membranes refer to synthetic membranes made of non-rigid mate-
rials. Several types of liquid membranes can be encountered in industry:
emulsion liquid membranes, immobilized (supported) liquid membranes,
molten salts, and hollow fiber contained liquid membranes. Liquid mem-
branes have been extensively studied but thus far have limited commercial
applications. Maintaining adequate long-term stability is the problem, due
to the tendency of membrane liquids to evaporate or dissolve in the phases
in contact with them.

1.2.4 Preparation Techniques

The choice of a technique for polymeric membrane preparation depends on
a selection of polymer and the required structure of the membrane [7]. There
are many processing techniques to fabricate membranes, which include
sintering, stretching, track etching, template leaching, interfacial polymer-
ization, phase inversion (different ways include immersion precipitation,
thermally induced phase separation, evaporation induced phase separation,
vapor induced phase separation and precipitation by controlled evapora-
tion), and electrospinning.

1.2.4.1 Sintering

The sintering process (Figure 1.3) is a unique and simple technique allowing
porous material to be obtained from organic as well as from inorganic mate-
rials. The method involves compression of a powder consisting of particles of
given size and sintering at elevated temperatures. The required temperature
depends on the material used during sintering and the interfaces between
the contacting particles. A wide range of different material can be used as
powder of polymers (polyethylene, polytetrafluoroethylene, and polypropyl-
ene), metals (stainless steel and tungsten), ceramics (aluminium oxide and

Heat

Pore

FIGURE 1.3
Sintering process.
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zirconium oxide), graphite (carbon), and glass (silicates). The pore size of
the resulting membrane is determined by the particle size and particle size
destruction of the powder. Narrow particle size distribution gives a narrow
pore size distribution in the resulting membrane. This technique allows pore
sizes of about 0.1 to 10 pm to be obtained, the lower limit being determined
by the minimum particle size.

Sintering is a suitable technique for preparing membranes from polytet-
rafluoroethylene because this chemically and thermally resistant polymer is
not soluble. Only microfiltration membranes can be prepared via sintering.
However, the porosity of porous polymeric membrane is low, normally in
the range of 10 to 20% or sometimes a little higher.

1.2.4.2 Stretching

Another relatively simple procedure for preparing microporous membranes
is the stretching of a homogeneous polymer film of partial crystallinity.
This technique is mainly employed with films of polyethylene or polytet-
rafluoroethylene that have been extruded from a polymer powder and then
stretched perpendicular to the direction of extrusion. This leads to a par-
tial fracture of the film and relatively uniform pores with diameters of 1
to 20 pm. These membranes, which have a high porosity, up to 90%, and a
fairly regular pore size are now widely used for microfiltration of acid and
caustic solutions, organic solvents, and hot gases. They have to a large extent
replaced the sintered materials used earlier in this application. Stretched
membranes can be produced as flat sheets as well as tubes and capillaries.
The stretched membrane made out of polytetrafluoroethylene is frequently
used as a water-repellent textile for clothing, such as parkas, tents, sleeping
bags, etc. This membrane has high porosity, high permeability for gases and
vapors, but, because of the hydrophobic nature of the basic polymer, is up to
a certain hydrostatic pressure completely impermeable to aqueous solutions.
Thus, the membrane is repellent to rain water but permits the water vapor
from the body to permeate. More recently, this membrane has also been used
for a novel process, generally referred to as membrane distillation, that is, to
remove ethanol from fermentation broths or wine and beer to produce low-
alcohol products and for desalination of seawater. These membranes are also
used for desalination of saline solutions and in medical applications, such as
burn dressings and artificial blood vessels.

1.2.4.3 Track Etching

The simplest pore geometry in a membrane is an assembly of parallel cylin-
drical shaped pores of uniform dimension. Such structures can be obtained
by track-etching, and the preparation method is presented in Figure 1.4.
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FIGURE 1.4

Preparation of porous membrane by track etching.

In this method, a film or foil (often a polycarbonate) is subjected to high
energy particle radiation applied perpendicular to the film. The particles
damage the polymer matrix and create tracks. The film is then immersed
in an acid or alkaline bath, and the polymeric material is etched away along
these tracks to form uniform cylindrical pores with a narrow pore size dis-
tribution. Pore sizes can range from 0.02 to 10 pm, but the surface porosity is
low (about 10% at a maximum). The choice of the material depends mainly
on the thickness of the film and the energy of the particles being applied
(usually about 1 MeV). The maximum penetration thickness of particles with
this energy is about 20 pm. When the energy of the particles is increased,
the film thickness can also be increased, and even inorganic material (e.g.,
mica) can be used. The porosity is mainly determined by the radiation time
whereas the pore diameter is determined by the etching time.

1.2.4.4 Template Leaching

Template leaching is another method of producing isotropic microporous
membranes from insoluble polymers such as polyethylene, polypropylene,
and poly (tetrafluoroethylene). In this process, a homogeneous melt is pre-
pared from a mixture of the polymeric membrane matrix material and
a leachable component. To finely disperse the leachable component in the
polymer matrix, the mixture is often homogenized, extruded, and pelletized
several times before final extrusion as a thin film. After formation of the film,
the leachable component is removed with a suitable solvent, and a micropo-
rous membrane is formed. The leachable component can be a soluble, low-
molecular-weight solid, a liquid such as liquid paraffin, or even a polymeric
material such as polystyrene. A drawing of a template leaching membrane
production machine is shown in Figure 1.5.
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FIGURE 1.5
Template leaching process.

1.2.4.5 Phase Inversion

Phase inversion is a process whereby a polymer is transformed in a con-
trolled manner from a liquid phase to a solid phase. The process of solidifica-
tion is often initiated in the transition from one liquid phase into two liquid
phase (liquid-liquid demixing). At a certain stage during demixing one of
the liquid phases (the high polymer concentration phase) will solidify so that
a solid matrix is formed. By controlling the initial stage of phase inversion,
the membrane morphology can be controlled, that is, porous as well nonpo-
rous membrane can be prepared. The concept of phase inversion covers a
range of different techniques, such as solvent evaporation, thermal precipita-
tion, precipitation by controlled evaporation, precipitation from the vapor
phase, and immersion precipitation. The majority of phase inverted mem-
branes are prepared by immersion precipitation. In this process, a polymer
solution is cast on a suitable support and then immersed in a coagulation
bath containing a non-solvent, where an exchange of solvent and non-solvent
takes place, and the membrane is formed. Schematic representation of phase
inversion processes after polymer solution immersion in a non-solvent bath
is shown in Figure 1.6. This type of membrane can be made from almost any

Polymer solution
Phase-inverted
< Casting knife membrane

{__Cast film To rinsing/

l post treatment
I‘ Coagulation bath I
FIGURE 1.6

Membrane preparation byphase inversion methods.
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polymer that is soluble in an appropriate solvent and can be precipitated in
a non-solvent. By changing the type of polymer, the polymer concentration,
the precipitation medium, and the precipitation temperature, microporous
phase inverted membranes can be made with a large variety of pore sizes
(from less than 0.1 to more than 20 pm) with varying chemical, thermal, and
mechanical properties.

1.2.4.6 Electrospinning

Electrospinning is a process that fabricates fibers through an electrically
charged jet of polymer solution or polymer melt. To understand electro-
spinning, one can look at the mechanism behind the production of polymer
fibers. Conventional fibers of large diameter involve the drawing of molten
polymer out through a die. The resultant stretched polymer melt will dry to
form individual elements of fiber. Similarly, electrospinning also involves
the drawing of fluid, either in the form of molten polymer or polymer solu-
tion. However, unlike conventional drawing methods where there is an
external mechanical force that pushes the molten polymer through a die,
electrospinning makes use of charges that are applied to the fluid to provide
a stretching force to a collector where there is a potential gradient. When a
sufficiently high voltage is applied, a jet of polymer solution will erupt from
a polymer solution droplet. The polymer chain entanglements within the
solution will prevent the electrospinning jet from breaking up. While molten
polymer is used in both conventional fiber production method and electros-
pinning method, it cools and solidifies to yield fiber in the atmosphere. The
electrospinning of polymer solution relies on the evaporation of the solvent
for the polymer to solidify to form polymer fiber. Figure 1.7 shows the sche-
matic diagram electrospinning process and fiber formation.

Since electrospinning is the drawing of a polymer fluid, there are many dif-
ferent types of polymers and precursors that can be electrospun to form fibers.

Taylor cone

Needle \l

Syringe + polymer
solution

Collector

FIGURE 1.7
Basic schematic drawing of electrospinning process.
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The materials to be electrospun will depend on the applications. Materials
such as polymers and polymer nanofibercomposites can be directly pro-
duced by electrospinning technique. Other materials such as ceramics and
carbon nanotubes require post processing of the electrospun fibers.

1.2.4.6.1 Polymer Solution Parameters

The properties of the polymer solution have the most significant influence
in the electrospinning process and the resultant membrane morphology.
The surface tension has a part to play in the formation of beads along the
fiber length. The viscosity of the solution and its electrical properties will
determine the extent of elongation of the solution [8]. One of the factors that
affect the viscosity of the solution is the molecular weight of the polymer.
When a polymer of higher molecular weight is dissolved in a solvent, its
viscosity will be higher than solution of the same polymer but of a lower
molecular weight. One of the conditions necessary for electro-spinning to
occur where fibers are formed is that the solution must consist of polymer of
sufficient molecular weight and the solution must be of sufficient viscosity.
This will, in turn, have an effect on the diameter of the resultant electrospun
fibers. Koski et al. [9] have studied the effects of polymer average molecular
weight on the fiber structure of electrospun polyvinyl alcohol (PVA). They
have reported an average fiber diameter between 250 nm and 2 pm and the
fiber diameter increases with M,, and concentration. At lower M,, and/or
concentrations, the fibers exhibit a circular cross-section. They have also
observed flat fibers at high My, and concentrations. The effect of viscosity
on the membrane morphology has also studied by Mohammad et al. [10].
According to this study, viscosity of the spinning solutions has played an
important role on the morphology of the mullite nanofibers. Continuous
electrospun nanofibers with common cylindrical morphology were obtained
when PVA content was 6 wt.%. Further increasing the amount of PVA in
the pre-spinning solution led to excessively high viscosity level, making the
shape of the resulting mullite nanofibers wide and flat ribbon.

1.2.4.6.2 Processing Conditions

Another important parameter that affects the electrospinning process is the
various external factors exerting on the electrospinning jet. This includes
supplied voltage, feed rate, temperature of the solution, type of collector,
diameter of needle, and distance between the needle tip and collector. These
parameters have a certain influence in the fiber morphology although they
are less significant than the solution parameters. During the electrospinning
process, the droplet of polymer solution at the needle tip slowly elongates
from a semicircular shape to a conical shape or Taylor cone, as the applied
voltage is increased [11]. As the applied voltage increases further, it results
in the eruption of a jet from the tip of the Taylor cone and the diameter of
fibers collected decreases. Barhate et al. [12] studied the effect of electro-
spinning process parameters on structural and transport properties of the
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TABLE 1.2
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Different Membrane Fabrication Techniques and Their Properties

Pore
Fabrication Diameter
Technique (pm) Porosity (%) Properties
Sintering 0.1-10 10-20 Outstanding chemical, thermal, and
mechanical stability
Both organic and inorganic material
can be used
Stretching 01-20 90 High permeability for gases and
vapors
Can be produced as flat sheets,
tubes, or capillaries
Track-etching 0.02-10 Max 10 Low tendency to plug
Good long-term flux stability
Template Min 0.05 Porous membrane High surface area
leaching
Phase inversion <0.21->20 Both porous and Properties varied according to
non-porous polymer used
Electrospinning ~ Porous Highly porous Relatively high flux and less

membrane (>80)

tendency to fouling

High surface area

electrospun membranes in detail. In the absence of an aerodynamically
driven bending instability, electrical bending instability is the only mecha-
nism that influences the way in which the jet is oriented before its deposi-
tion over the collector. The fiber crossing and pore size can be optimized
to attain improved structural (pore size distribution, pore interconnectivity,
and porosity) and transport (permeability) properties of the electrospun fil-
tering media. Finally, they have suggested that optimization can be attained
by coordination of the applied voltage and collection rates. Since the jet fol-
lows a bending, winding, spiraling, and looping path in three dimensions
due to electrical bending instability before its deposition over the collector,
the tip-to-collector distance is another parameter that may alter the morphol-
ogy of the membrane. The area of the Taylor cone (resulting from the electri-
cally driven bending instability) is an important parameter to consider when
targeting uniform deposition of nanofibers. A summary of the various mem-
brane fabrication techniques, range of pore size/porosity, and their resultant
properties are presented in Table 1.2.

1.2.5 Functionalization of Membranes

To maintain membrane separations as economical alternatives to conven-
tional water and wastewater treatment technologies, we must produce a
high-quality permeate at a fast rate, and be able to maintain that produc-
tion for an extended period. However, the relationship between flux and
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selectivity along with fouling introduce a challenge that must be addressed
for all membrane applications. There are three main areas of interest when it
comes to improving membrane performance:

Synthesis process: Synthesis process improvement involves using the
techniques, methods, and materials of the manufacturing processes
to produce a high-performance membrane.

Application process: The application process involves the specific
operating parameters for a membrane system. These include select-
ing the raw water characteristics, operating pressure, and cleaning
intervals to allow the system to operate at maximum efficiency.

Modification (functionalization): Post- or pre-synthesis modification
involves functionalization of the polymer before synthesis and the
modification of membrane after the initial preparation process is
completed.

Functionalization or modification of membranes are mostly related to
the introduction of functional groups into membranes such as carboxylic
(~COOH), amine (-NH,), hydroxyl (-OH), thiol (-SH), epoxide, aldehyde,
etc. [13]. The functionalized membranes with proper activating groups can
cover a great variety of applications such as an anti-fouling membrane (tun-
able permeation and separation), affinity membrane (toxic metal capture,
nanoparticles immobilization for toxic organics degradation), membrane
based biosensor, biomedical compatible biomaterials, and super hydropho-
bic or hydrophilic surfaces, etc. Many membranes are naturally hydrophobic
due to the polymers that are used in the manufacturing process. A draw-
back of a membrane exhibiting a hydrophobic nature is that it increases the
required transmembrane pressure (TMP) that must be used for operation
since the solvent (i.e., water) is repelled by the surface of the membrane.

However, if a membrane can be rendered hydrophilic, the solvent is
attracted to and transported through the membrane at a much faster rate,
which reduces the required TMP for operation. In addition, many solutes
found in feed waters are hydrophobic, so using a hydrophilic membrane could
increase the membrane’s selectivity and fouling resistance [14]. Moreover,
membranes with higher surface roughness have different peaks and valleys
and are more susceptible to fouling, and with a reduction of roughness, fou-
lants are less likely to adhere to the membrane. Post-synthesis modifications
may ultimately lead to a higher flux and selectivity and improved fouling
resistance.

1.2.5.1 Functionalization Techniques

Membrane modification or functionalization can be achieved through either
covalent or non-covalent attachment. The membrane modification can be
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completed using different techniques such as physical coating or blending,
graft polymerization, plasma treatment, chemical treatment, etc.

1.2.5.1.1 Physical Coating or Blending

This technique is the easiest and the most straightforward way to modify
polymer surface by blending functional groups into the bulk polymer or
just coating it on the polymer surface. The biggest drawback of this tech-
nique is the instability of the bulk polymer surface composition caused by
the loss of the functional materials from the polymer. But it is still a good
choice if this loss is too slow to be considered or not fast enough to affect
the application of the materials. Physical coating or blending of functional
molecules into/onto the polymers was significantly developed by some new
methods, such as self-migration (a), self-assembly (b), and layer by layer (c)
(Figure 1.8). In a self-migration method, the functional group with spe-
cial interest is mixed into the bulk polymer. By making it reach the lowest
free energy state, the functional materials or molecules can automatically
migrate toward the polymer surface and finally accumulate onto the poly-
mer surface so that it can change the properties of the bulk polymer surface
considerably [15]. In self-assembly method, the surfactant molecules coated
onto substrate surface self-assembled into a thin film, driven by hydropho-
bic interaction, hydrogen bond, electrostatic interaction, or chemical reac-
tion [16]. Furthermore, the layer-by-layer method is a special case of the
self-assembly method and negatively and positively charged macromol-
ecules are alternatively introduced onto the polymer surface through the
strong electrostatic interaction [17].

a) Self migration
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FIGURE 1.8
Schematic representation of (a) self-migration, (b) self-assembly, and (c) layer-by-layer adsorp-
tion techniques.
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1.2.5.1.2 Graft Copolymerization

Grafting is one of the chemical modification methods developed to date and
has emerged as a simple, useful, and versatile approach to improving sur-
face properties of polymers for a wide variety of applications. Grafting has
numerous advantages:

e The ability to modify the polymer surface to have distinct properties
through the choice of different monomers

¢ The ease and a controllable introduction of graft chains with a high
density and exact localization of graft chains to the surface with the
bulk properties unchanged.

e Covalent attachments of graft chains onto a polymer surface assur-
ing the long-term chemical stability of introduced chains, in contrast
to physically coated polymer chains

For the graft copolymerization to be occurring, that which can produce
radicals must be introduced onto the polymer surface first to activate the
polymer surface. Most of the chemically inert polymers can be activated via
irradiation (UV, ¥-ray, electron beams, etc.), plasma treatment, ozone or H,O,
oxidization, or Ce** oxidization (Figure 1.9).

1.2.5.1.3 Plasma Treatment

For plasma induced graft polymerization, an inert gas is often used to pro-
duce radicals on the polymer surface. While reactive gas such as O,, SO,,
NHj;, and CO, are used, chemical functional groups such as hydroxyl, car-
boxyl, carbonyl, and sulfonate can be yielded on the polymer surface directly.
However, the functional groups introduced on the polymer surface are not

UV, electron etc.
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The general scheme of how the surface of polymer can be grafted.
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distinct. As mentioned above, plasma consists of a unique mixture of differ-
ent positively charged or negatively charged ions, electrons, free radicals,
atoms, and molecules. The variety of the particles in a plasma chamber also
causes a variety of the functional groups yielded on the polymer surface.
Plasma treatment is usually not expected to introduce a specific functional
group, but just to increase the polarity, hydrophilicity, and charge of the
polymer surface to benefit applications like adhesion, dye removal ability,
blood compatibility, etc.

1.2.5.1.4 Chemical Treatment

Polymer molecules that possess functional groups such as hydroxyl, car-
boxyl, amino and ester, etc., can be directly modified by chemical treatment.
The chemical modification involves the introduction of one or more chemical
species to a given surface so as to produce a surface that has enhanced chem-
ical and physical properties. Chemical reactions can be carried out at sites
that are vulnerable to electrophilic or nucleophilic attack. Structures such
as benzene rings, hydroxyl groups, double bonds, halogen, ester groups, etc.
qualify for such attacks. Wet chemical oxidation treatments are also com-
monly employed to introduce oxygen-containing functional groups (such
as carbonyl, hydroxyl, and carboxylic groups) at the surface of the polymer.
This can be conducted using gaseous reagents or with solutions of vigor-
ous oxidants. The oxygen-containing functional groups increase the polarity
and the ability to hydrogen bond, thus in turn resulting in the enhancement
of wettability and adhesion.

1.3 Preparation and Applications of Electrospun Membranes

In the electrospinning process, a number of parameters can affect the mor-
phology of the attained fibers. The main parameters are polymer solution
(concentration, viscosity, surface tension, and conductivity of the polymer
solution), process conditions (applied voltage, tip-to-collector distance, and
feed rate), and ambient parameters (temperature, relative humidity, and
velocity of the surrounding air in the spinning chamber) [18]. Electrospun
membranes or fibers are normally collected in the form of nonwoven mats,
which are interesting for a variety of applications such as semipermeable
membranes, filters, composite reinforcement, and scaffolding used in tis-
sue engineering, etc. [19]. Figure 1.10 represents the various applications of
electro-spun membranes.

Deitzel et al. [19] have reported the controlled deposition of electrospun
poly (ethylene oxide) fibers and the feasibility of dampening the instabil-
ity of submicron polymer fibers less than 300 nm in diameter. Accordingly,
poly(ethylene oxide) (PEO) with 10 wt% in water was electrospun at high
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Various applications of electrospun membranes.

voltage supply from 5 to 15 kV to the vertically oriented syringe tip and col-
lected to the plate situated at the bottom of the apparatus 17 cm apart. In
their conclusion, they have shown the possibility to control the deposition
of electrospun fibers through the use of an electrostatic lens element and
biased collection target. Moreover, the possible control or elimination of the
bending instability occurring in electrospinning experiments by applying a
secondary external field of the same polarity as the surface charge on the jet
was suggested. Krishnappa et al. [20] have electrospun bisphenol-A polycar-
bonate using two solvents: chloroform and a 1:1 mixture of tetrahydrofuran
(THF) and dimethylformamide (DMF). The polycarbonate concentrations in
the solutions were 14% and 15% by weight; the tip to target distances was
maintained between 80-120 mm; voltage was varied from 6 kV to 30 kV. The
morphological features of the electrospun polycarbonate fibers have been
studied as a function of the solvent and processing voltage and the diameters
of the fibers range from 100 nm to 500 nm. Finally, they have concluded that
the surface tension, electrostatics, and viscosity, which are a function of the
concentration of the polymer in the solution, play a major role in determin-
ing the morphology of the spun material. Choi et al. [21] also studied the
application of electrospun PVDF nanofiber webs as an electrolyte binder or
a separator for a battery where PVDF of 25 wt% was dissolved in dimeth-
ylacetamide (DMAc); the distance between the needle tip and the rotating
collector was 15 cm, and the applied voltage was kept at 10 kV. The diameters



Membrane Technology 17

of the electrospun PVDF nanofibers were found to be 100-800 nm. Follow-
ing thermal treatment at 150-160 °C, the membrane’s physical property, dimen-
sional stability, tensile strength, and elongations at break as well as the tensile
modulus were notably improved. Yang et al. [22] have spun polyvinyl alcohol
(PVA) cross-linked with maleic anhydride (MA) at a positive voltage of 20 kV
and a tip to collector distance of 20 cm. From water durability tests they have
found that the average mass loss and standard deviation of electrospun 8%
PVA/MA (20/1, mole/mole) membrane was the least after boiling in water
for 1 h, and they have also observed that the average diameter of fibers in
PVA/MA membrane was larger than that in PVA membrane. Moreover, their
experimental results indicated that rapid evaporation of water and high elec-
tric field during electrospinning process could promote esterification reac-
tion. Tsioptsias et al. [23] have prepared cellulose acetate-Fe,O; composite
nanofibrous materials by electrospinning process where 20% (w/v) CA solu-
tions with dispersed Fe,O; nanoparticles varying between 1.4% and 4.5%
(w/v), and N,N-dimethylacetamide/acetone was used as solvent. During the
electrospinning process, they have kept the solution flow rate as 0.38 mL/h;
needle to target distance was 5 cm; high voltages (13, 16.5, and 20 kV); and the
collecting target was a rotating drum covered with aluminium foil. Finally,
they have recommended that these composite materials with enhanced ther-
mal stability compared to pure cellulose acetate and fairly uniform compos-
ite fibrous structures for potential use in separation processes or biomedical
applications. Tsai et al. [24] have prepared electrospun chitosan-gelatine—
polyvinyl alcohol hybrid nanofibrous mats using only a mild concentration
(20 wt.%) of acetic acid (solvent) by electrospinning. During the preparation,
different concentrations were used, and the solution was loaded into a 3 mL
syringe with a flow rate of (0.15-0.3 mL/h) that was controlled by a syringe
pump. High electric voltages (15-30 kV) were applied, and the fiber mats
were collected on a vertical collector where the distance was kept to 15 cm.
The optimum weight ratio of chitosan:gelatine:PVA to be 2:2:4, with resultant
fiber diameters of around 150 nm and uniform nanofibers, were obtained at
an applied voltage of 20 kV. The stability and tensile strength of the nanofi-
brous mats were both improved by glutaraldehyde vapor-crosslinking for
12 h. From cyto compatibility and 3-dimethylthiazol-2,5-diphenyltetrazolium
bromide (MTT) assay (which measured cell activity) tests, they have found
good results as compared to sponges and chitosan—gelatine-PVA nanofi-
brous mats were suggested as suitable for attachment and proliferation of
KP-hMSCs, probably because the morphology and structure of nonwoven
electrospun nanofibers are similar to the extracellular matrix (ECM). Kimura
et al. [25] have prepared poly (vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP-6/1/3) nanofiber membranes with different amounts of poly-
ethylene glycol (PEG) and polyethylene glycol dimethacrylate (PEGDMA)
oligomer via electrospinning. The experiments were performed at room
temperature, and the collecting roller distance was 12 cm from the tip, and
a voltage of 11 kV was applied. The prepared nanofiber membrane had a
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higher porosity, electrolyte uptake, and bulk resistance value than existing
separator, and this membrane was suggested to be a promising candidate as
a separator for lithium-ion batteries.

1.4 Electrospun Membranes for Water
and Wastewater Treatment Applications

Perm-selectivity and flux are important specificity in membrane separation.
Until now it has been a dream for membranologists to simultaneously
improve both perm-selectivity and flux, which generally show a trade-off
relationship. An advancement in membrane separation would be realized by
adopting membranes with higher surface area and higher porosity [26].
Polymer nanofibers are a main class of nanomaterials, which can be easily
tuned to exhibit novel and significantly improved physical and chemical
properties. In the last 10 years, they have received increasing attention
because of their high surface-to-mass ratio and special characteristics that
are attractive for advanced applications. Specifically, electrospun nanofiber
membranes have high porosity, interconnected open pore structure, and tai-
lorable membrane thickness [27]. Though nanofiber membranes have been
commercially used for air filtration applications, their potential in water
treatment is still largely unemployed [28]. Gopal et al. [29] have prepared
electrospun membranes of polyvinylidene fluoride nanofibers by using elec-
trospinning process and characterized to relate its structural properties to
membrane separation properties and performance. They have confirmed
that the membranes have similar properties to that of conventional microfil-
tration membranes with fiber diameter 106—-308 nm; thickness 300 pm; trans
membrane pressure 0.5 bar; pore size 10.6-4.0 pm; and flux of 200 kg/m?h.
The electrospun membranes were used to separate 1, 5, and 10 pm polysty-
rene particles and they were successful in rejecting more than 90% of the
microparticles from the solution. The authors suggested that these mem-
branes could be employed in the separation technology as a potential mem-
brane for pretreatment of water prior to reverse osmosis or as prefilters to
minimize fouling and contamination prior to ultra- or nano-filtration. Wang
et al. [30], on the other hand, have developed high flux ultrafiltration (UF)
membrane based on poly (vinyl alcohol) (PVA) electrospun nanofibrous scaf-
fold support and PVA hydrogel coating. They have found that the electros-
pun scaffold fabricated by 96% hydrolysed PVA with relatively high
molecular weight showed good overall mechanical performance before and
after crosslinking. The PVA hydrogel coating was also fabricated with differ-
ent crosslinking conditions and used as the anti-fouling layer for high-
throughput water ultrafiltration. Their ultrafiltration test specified that
the hydrophilic nanofibrous composite membranes showed a flux rate
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(>130 L/m? h) significantly greater than commercial UF membranes but with
similar filtration efficiency (rejection rate >99.5%). Yoon et al. [31] have
reported about conventional ultrafiltration (UF)/nanofiltration (NF) filters
for water treatments based on porous membranes, typically manufactured
by the phase immersion method, where their torturous porosity usually
results in a comparatively low flux rate. They have fabricated a new type of
high flux UF/NF medium based on an electrospun nanofibrous scaffold
(polyacrylonitrile, PAN) attached with a thin top layer of hydrophilic, water-
resistant, and water-permeable coating (chitosan). The average diameter
ranged from 124 to 720 nm and porosity of about 70% together with a chito-
san top layer having a thickness of about 1 pm. The flux and rejection studies
also evaluated in this report in which the flux rate was an order of magni-
tude higher than commercial NF membranes in 24 h of operation, while
maintaining the same rejection efficiency (>99.9%) for oily wastewater filtra-
tion. Kim et al. [32] have investigated electrospun polycarbonate (PC) with
quaternary ammonium salt (benzyl triethylammonium chloride, BTEAC) as
an additive to develop antimicrobial nanofibrous membranes for ultrafiltra-
tion. They have found that the conductivity of the PC solution was a key
parameter affecting the morphology and diameter of the electrospun PC
fibers. Finally their report showed that the PC nanofibrous membrane with
BTEAC had an excellent antimicrobial activity and filtration performance.
Zhang et al. [33] also have assessed an adsorptive membrane made from
electrospun cellulose acetate nanofibers as an ion-exchange medium for pro-
tein separations. They have found that the electrospun cellulose acetate
nanofibers had diameters ranging from tens of nanometers to microns, and
the pore sizes within the nanofiber felts were ranging from submicrons to
microns. The results have indicated that the diethylaminoethyl (DEAE) sur-
face functionalized nanofiber felt showed the highest static binding capacity
of 40.0 mg/g for BSA, compared to 33.5 mg/g, 14.5 mg/g, and 15.5 mg/g for
the functionalized commercial membrane, cellulose microfiber medium,
and cotton balls, respectively. The porous nature of the nanofiber felts
caused in a higher permeability compared to the commercial membranes.
Aussawasathien et al. [34] have prepared electrospun nylon-6 nanofibrous
webs with fiber diameters in the range of 30-110 nm and was employed as a
membrane material for water filtration due to its excellent chemical and ther-
mal resistance as well as high wettability. They have reported that this mem-
brane was able to separate all particles with sizes from 10 pm down to 1 pm
whereas roughly 90% separation was obtained for 0.5 pm particles, where
low content of particles in the filtrate, indicated by the high separation factor.
Finally, they have recommended that the prepared membrane could be used
as prefilters prior to ultrafiltration or nanofiltration to increase the filtration
efficiency and prolong the life of downstream membranes. Yoon et al. [35]
have demonstrated a high flux thin-film nanofibrous composite (TFNC)
membrane system based on polyacrylonitrile (PAN) electrospun scaffold
(porosity of about 85%) attached with a thin barrier layer of cross-linked



20 Polymeric Membrane Synthesis, Modification, and Applications

polyvinyl alcohol (PVA) on which its thickness was about 0.5 pm. According
to the authors, the TENC membrane system will be useful for ultrafiltration
(UF) applications, exhibiting a high flux (12 times higher than that of conven-
tional PAN UF membranes) and excellent rejection ratio, >99.5% for separa-
tion of oil/water mixture (1500 ppm in water). The membranes were tested
up to 190 h in a practical pressure range of up to 130 psig. In addition, the
MWCO characteristics of PVA-PAN TFNC membrane (between 9-11 k and
35-45 k) was studied and a slightly lower than that of PAN10 UF membrane
was attained. Xu et al. [36] have developed hierarchically nanofibrous mem-
brane of thermal plastic elastomer ester (TPEE) and iron alkoxide with high
crystallinity as well as hierarchical structure. The synthesized membranes
have indicated high efficiency for the removal of Cr (VI) from water and
were mainly attributed to the adsorption and reduction of Cr (VI) to Cr (III),
because of the hierarchical structure and the exposed iron oxide active sites.
First, the adsorption of Cr (VI) on the surface of iron oxides by the electro-
static adsorption was achieved; second, the reduction of Cr (VI) to Cr (III),
which is much less toxic, and almost all of Cr (VI) removal has been reported.
Wang et al. [4] have prepared electrospun nanofibrous membranes for high
flux microfiltration of polyacrylonitrile (PAN) on nonwoven polyethylene
terephthalate (PET) support, with a total thickness of 200 + 10 pm; average
fiber diameter of 100 + 20 nm; high effective porosity (up to 80%); interconnected
pores; and optimized small pore size (maximum pore size of 0.62 + 0.03 pm and
mean flow pore size of 0.22 + 0.01 pm). They have evaluated the membrane
performance for microfiltration and showed significantly better in flux (1.5 L/
m?h) (i.e., 2-3 times) over the Millipore GSWP 0.22 pm membranes, while
maintaining a high rejection level in the microparticle retention test, and
achieved complete bacteria removal. Mahapatra et al. [37] have prepared iron
oxide—alumina mixed nanocomposite fiber by electrospinning with fibers
diameters range of 200-500 nm for heavy metal ion adsorbent. The electros-
pun nanofiber membranes were sintered at 1000 °C to convert them to pure
oxide. The best isotherm fit for copper and lead was obtained with Langmuir
adsorption isotherm while Freundlich was the best option for nickel and
mercury, and complete removal of mixed oxide nanocomposite fibers was
reported as copper (21%), lead (52%), nickel (67%), and Hg (89%). Li et al. [3§]
have fabricated novel high-performance hydrophilic poly (vinyl alcohol-
coethylene) (PVA-co-PE) nanofiber membrane for filtration media. The inves-
tigation of the rejection rate of PVA-co-PE nanofibrous membrane to TiO,
suspension was above 99%, and such unique hydrophilic nanofibrous mem-
brane showed a higher flux rate than the commercial microfiltration mem-
brane. According to their conclusion, the fabricated membrane indicated
good performances of flux and low fouling, and was suggested to be used
for potential applications in the microfiltration fields. You et al. [39] have
developed a new class of high-performance thin-film nanocomposite (TFNC)
ultrafiltration membrane using electrospinning technique combined with
solution treatment method to separate an oil/water emulsion based on a
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polyacrylonitrile (PAN) nanofibrous substrate coupled with a thin hydro-
philic nanocomposite barrier layer. The PVA-MWNT/PAN TFNC (10 wt%
MWNT) membrane showed a high water flux (270.1 L/m?h) and high rejec-
tion rate (99.5%) at a low feeding pressure (0.1 MPa). Aliabadi et al. [3] have
prepared poly ethylene oxide (PEO)/chitosan nanofiber membrane by elec-
trospinning technique with the average diameter and surface area of 98 nm
and 312.2 m? g7, respectively. The prepared membrane was evaluated for
potential adsorption of nickel (Ni), cadmium (Cd), lead (Pb), and copper (Cu)
from aqueous solution. It was found that the adsorption of metal ions onto
the PEO/Chitosan nanofiber membrane was feasible, spontaneous, and
endothermic within the deceasing order of Pb (II), Cd (II), Cu (II), and Ni (II)
and the adsorption percentages of these metal ions were obtained as 68%,
72%, 82%, and 89%, respectively. Liu et al. [40] have presented a novel class of
high-flux microfiltration filters consisting of an electrospun nanofibrous
membrane and a conventional nonwoven microfibrous support with an aver-
age fiber diameter of 100 + 19 nm; mean pore size 0.30 pm to 0.21 pm; and
thickness varying from 10 pm to 100 pm. The water permeability was found
to be 3 to 7 times than the Millipore GSWP 0.22 pm membrane due to the
high porosity of the microfiltration filters based on these electrospun mem-
branes. The nanofibrous PVA membranes with an average thickness of 20 pm
could successfully reject more than 98% of the polycarboxylate microsphere
particles with a diameter of 0.209 + 0.011 pm, and still maintain 1.5 to 6 times
higher permeate flux than that of the Millipore GSWP 0.22 pm membrane.

1.5 Preparation and Application of Phase-Inverted Membranes

Most commonly available commercial membranes are prepared by phase-
inversion technique [41]. This technique is suitable for preparing membranes
with all types of morphological structures. In this method, a casting solution
comprising of polymer and solvent is immersed into a nonsolvent coagula-
tion bath, and a polymer is transformed from liquid phase to a solid phase in
a controlled condition. The solidification process is frequently started by the
change from one liquid phase to two liquids (liquid-liquid de-mixing). At cer-
tain period during de-mixing, the polymer rich phase solidifies so that a solid
membrane matrix is formed [41,42]. Many researchers have tried to describe
the membrane’s fabrication mechanisms in the phase inversion technique for
several years. Membrane morphologies, particularly the pore size distribu-
tions, can be controlled by selecting the different solvent, nonsolvent, poly-
mer, pore former, and fabrication parameters depending on the particular
application [43-46]. Many researchers have prepared different membranes
for various applications. Cellulose acetate is broadly applicable for the syn-
thesis of membranes because of having tough, biocompatible, hydrophilic
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characteristics, good desalting nature, high flux, and it is moderately less
expensive to be employed for reverse osmosis, ultrafiltration, microfiltration,
and gas separation applications [47-50]. For this reason, cellulose acetate poly-
mer based studies have been conducting for different applications. Cellulose
acetate blended with polyvinylpyrrolidone (PVP) asymmetric membranes
were prepared and evaluated for their performance. Membranes with differ-
ent polyvinylpyrrolidone concentration and coagulation-bath-temperature
were prepared by a group of researchers [51]. They have found that the addi-
tion of 0 to 3 wt.% of PVP to the polymer solution increased the macro-voids
development and consequently the pure water flux was high. Nevertheless,
due to further addition of PVP to 6 wt.% the macro-void formation was sup-
pressed, and pure water flux (PWF) was reduced. Increasing the coagulation-
bath-temperature up to 25 °C resulted in increasing macro-voids formation.
Another study was conducted to evaluate the effect of molecular weight of
polyethylene glycol on membrane morphology and transport properties. In
this study, the authors [52] prepared flat sheet polysulfone membranes from
casting solutions by using NMP and DMAc solvents. Polyethylene glycol
(PEG) of average molecular weights of 400 Da, 6000 Da, and 20000 Da were
used as an additive. They have confirmed that PEG 6000 can be an appro-
priate additive for preparing asymmetric membranes with dense skin layer
and a relatively macro-void free sponge-type support layer. The PWF and
hydraulic permeability (P,) were enhanced significantly as the PEG molecu-
lar weight was increased. A substantial increase in rejection of bovine serum
albumin (BSA) solution was also reported due to increasing the molecular
weight of PEG from 400 Da to 6000 Da in the membrane casting solutions.
Kim et al. [53] have investigated the effect of PEG additive as a pore-former
on polysulfone/N-methyl-2-pyrrolidone (NMP) membrane formation using
phase inversion process. Characterizations like light transmittance, coagula-
tion value, and viscosity were used to study the kinetic and thermodynamic
characteristics of membrane preparation method. The coagulation value was
decreased as the PEG additive molecular weight (M,,) was increased. This
result was explained due to the occurrence of the thermodynamically less
stable casting solution. Furthermore, the relationship between the observed
precipitation rate and thermodynamic data was analyzed using the viscosity
of the casting solution. It was also observed that the membrane surface pore
size becomes larger and the top layer appears more porous, and the dis-
tance from the top surface to the starting point of macro-void development
becomes greater. In the case of using 15 wt.% of the polysufone casting solu-
tion, symmetric cross-sections and macro void free structures were found. It
was reported that with increasing the PEG additive M,,, water flux increased
and solute rejections were observed to decrease. It is well known that addi-
tives are important to improve membrane properties such as pore structure,
mechanical stability, thermal stability, hydrophilicity, flux, and rejection
capabilities. According to the literature, the most common additives are poly-
ethylene glycol (PEG) [52-55] and polyvinylpyrrolidone (PVP) [51,56-58].
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Using organic-inorganic membranes, the separation properties of polymeric
membranes can be enhanced and may possess properties such as selec-
tivity, good permeability, thermal, and chemical stability and mechanical
strength [59]. Another challenge in the field of membrane process is foul-
ing. Since membrane fouling is causing a severe decline of the solvent flux,
it becomes essential to fabricate membranes less susceptible to fouling by
making some modification during preparation. In ultrafiltration processes,
several attempts have been accomplished to decrease fouling, which in gen-
eral include feed solution pretreatment, membrane surface enhancements,
and process modifications [60,61]. In recent research, it is confirmed that the
introduction of nanoparticles in a membrane matrix develops the membrane
hydrophilicity, anti-fouling property, and permeability. Accordingly, several
inorganic oxide nanoparticles such as Al,O,, ZnO, TiO,, and SiO, have been
added with in polymer casting solution [62-64]. Current researchers have
paid attention to TiO, due to its stable nature, ease of availability, and the
potential for different applications. Moreover, TiO, can enhance the hydro-
philicity of different polymers to improve flux and decrease the fouling
problem, which are important parameters in water and wastewater treat-
ment [61,65]. In membrane filtration process factors such as thermal, foul-
ing, and flux Z are important properties, and our current study is focused on
improving these properties simultaneously.

1.6 Modification of Membranes for Specific Application

Ma et al. [66] have fabricated nonwoven polyethylene terephthalate nanofiber
mats (PET NFM) by electrospinning technique and that were surface modi-
fied to mimic the fibrous proteins in native extracellular matrix toward con-
structing a biocompatible surface for endothelial cells (ECs). Therefore, first,
the electrospun PET/NFM was treated in formaldehyde solution to yield
hydroxyl groups on its surface, followed by grafting polymerization of meth-
acrylic acid (MAA) initiated by Ce(IV). Finally, the PMAA-grafted PET/NFM
was again grafted with gelatin using water-soluble carbodiimide as coupling
agent and ECs were cultured on the original and gelatin-modified PET/
NFM, and the cell morphology, proliferation, and viability were studied. It
was concluded that the gelatin grafting method can obviously improve the
spreading and proliferation of the ECs on the PET/NFM, and moreover, can
preserve the EC’s phenotype. Zhang et al. [33] have described a facile
approach for the surface modification of polypropylene nonwoven fabric
(NWFEF) by polyvinyl alcohol (PVA) to determine its filterability where the
NWF surface modification involved the physical adsorption of PVA to immo-
bilize PVA on the NWF surface. The protein fouling property of the modified
NWF with PVA was studied and results showed that after PVA modification,
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the polar groups such as C-O and C-O-C were introduced to the NWF sur-
face; hydrophilicity was improved; and water static contact angles were
decreased from 86 + 1° to 43 + 3° the amount of bovine serum albumin (BSA)
static adsorption on modified NWEF was decreased by 83.4%. The filterability
nature of modified NWF was also tested by using membrane bioreactor for
the treatment of a pharmaceutical wastewater and results revealed that flux
declination of modified NWF was only 12% in comparison with the original
NWEF of 40%. The authors concluded that the anti-fouling property for the
modified NWF was enhanced greatly. Saeed et al. [67] have prepared electro-
spun polyacrylonitrile (PAN) nanofibers for metal adsorption on which the
nitrile group in the PAN had chemically modified with amidoxime groups
(hydroxylamine hydrochloride). It was confirmed that adsorption of the
amidoxime-modified PAN (PAN-oxime) (25% conversion) nanofibers fol-
lowed Langmuir isotherm and adsorption capacities for Cu(ll) and Pb(II)
was found to be 52.70 and 263.45 mg/g, respectively, indicating that the
monolayer adsorption occurred on the nanofiber mats. Moreover, over 90%
of metals were recovered from the metal-loaded PAN-oxime nanofibers in a
1 mol/L HNO; solution after 1 h showing that the potential use of the PAN-
oxime nanofibers as a filter for recycling metals from wastewater. Zhang
et al. [68] have prepared electrospun polyacrylonitrile (PAN) nanofiber mem-
branes and surface modified. This membrane was studied as a novel affinity
membrane, using bromelain as a research model. A series of modification
were completed where initially, chitosan (CS) was tethered onto the electro-
spun membrane surface to form a dual-layer biomimetic membrane through
the use of glutaraldehyde (GA). Second, the dye cibacronblue F3GA (CB) as a
ligand was then covalently immobilized on the CS-coated membranes where
the content of CB attached onto the membrane was 370 pmol/g. The adsorp-
tion isotherm fitted to the Freundlich model well and the CB-attached PAN
nanofibers membrane showed a capturing capacity of 161.6 mg/g toward
bromelain. Finally, it was demonstrated that the modified electrospun PAN
nanofiber membrane has potential for affinity membrane applications in
wastewater treatment system. Shi et al. [69] have developed a facile graft
polymerization of methacrylic acid (MAA) onto polyethersulfone (PES)
flakes using benzoyl peroxide (BPO) as chemical initiator. The polymeriza-
tion was carried out in a heterogeneous polymer-monomer reaction system
using water as reaction medium where the crucial parameters affecting the
graft yield, such as monomer concentration, reaction time, and temperature,
were studied. It was confirmed that the amount of grafted PMAA on PES
was increased with increasing monomer concentration and reaction time.
The optimum temperature for the grafting was around 75 °C. The synthe-
sized PMAA-g-PES was cast into ultrafiltration membranes via phase inver-
sion process. Finally, the results showed that the grafting of PMAA onto PES
could not only increase the hydrophilicity where it occurred during the
coagulation step of PES membranes but also give the membranes distinct pH
sensitivity. Due to the pH-induced conformational change of the PMAA chains,
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the permeability of the membranes displayed pronounced pH depen-
dence, which was large under low pH values and small under high pH val-
ues. Teng et al. [70] have reported the preparation of mesoporous polyvinyl
alcohol (PVA)/SiO, composite nanofiber membrane functionalized with
cyclodextrin groups by sol-gel/electro-spinning process. The mesoporous
PVA/SiO, composite nanofiber membranes showed good performance in
adsorption of indigo carmine dye in which the maximum adsorption capac-
ity reached 495 mgg~! where the adsorption equilibrium was obtained in less
than 40 min. Furthermore, it was confirmed that the membranes exhibited
good recycling properties for practical usage. Taha et al. [71] have success-
tully prepared a novel NH,-functionalized cellulose acetate (CA)/silica com-
posite nanofibrous membranes by sole-gel combined with electrospinning
technology. They have employed tetraethoxysilane (TEOS) as a silica source,
CA as precursor, and 3-ureidopropyltriethoxysilane as a coupling agent in
membrane preparation. The results have confirmed that the composite nano-
fibrous membranes showed high specific surface area and porosity that were
used for Cr (VI) ion removal from aqueous solution through static and
dynamic adsorption experiments. The adsorption behavior of Cr (VI) was
well described by the Langmuir adsorption model and the maximum
adsorption capacity for Cr (VI) was estimated to be 19.46 mg/g where for CA
and CA/SiO, was found to be 1 mg/g and 3 mg/g, respectively, under a pH
of 1.0, and membrane can be conveniently regenerated by alkalization.
Abbasizadeh et al. [72] have synthesized a novel polyvinyl alcohol (PVA)/
titanium oxide (TiO,) nanofiber adsorbent modified with mercapto groups
by electrospinning. They have studied the influence of several variables such
as TiO, and mercapto contents, adsorbent dose, pH, contact time, initial con-
centration of U (VI) and Th (IV) ions, and temperature in batch experiments.
From the adsorption experiments they have presented that the sorption
capacities of both metal ions for the modified PVA/TiO, nanofibers were
remarkably greater than those of the unmodified nanofibers, and maximum
sorption capacities of U (V1) and Th(IV) by Langmuir isotherm were esti-
mated to be 196.1 and 238.1 (mg/g) at 45 °C with pH of 4.5 and 5.0, respec-
tively. Yu et al. [73] have reported a multi-amino cellulose acetate adsorbent
for arsenic adsorption. First cotton cellulose was treated with 100 mL of
aqueous NaOH solution (20%, w/v) at 25 °C for 6 h to obtain alkali cellulose,
and glycidyl methacrylate (GMA) was grafted onto the surface of cotton cel-
lulose using ceric ammonium nitrate (CAN) as the chemical initiator. Then,
the introduced epoxy groups reacted with tetraethylenepentamine (TEPA) to
obtain a multi-amino adsorbent. Then, the adsorbent was investigated for
adsorption of arsenic, and the results showed that Langmuir model could fit
the experimental data perfectly and the adsorption capacities were 5.71 mg/g
for As (IlI) and 75.13 mg/g for As (V), respectively. The adsorbent could be
effectively regenerated for four cycles with 0.1 mol/L NaOH solution. Cellulose
acetate is mostly abundant organic material and broadly applicable for the
synthesis of different products because of having tough, biocompatible,
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hydrophilicity characteristics, and moderately less expensive [47-49]. The
drawback of cellulose acetate membranes is that it is susceptible to thermal
and mechanical stabilities depending on the environments and conditions of
application [74]. Therefore, modification of cellulose acetate using graft copo-
lymerization process gives a substantial way to modify the chemical and
physical properties [75]. Recently, the modifying of polymers has received
great attention, and grafting is one of the promising approaches. Grafting
co-polymerization is an attractive technique to introduce different func-
tional groups to the backbone of a polymer [76]. Moreover, grafting is one of
the chemical modification methods advanced to date and has appeared as a
simple and versatile method to develop surface properties of polymers for a
various applications. Grafting method has numerous benefits such as the
capacity of modifying the polymer surfaces to have a distinctive properties
by choosing of various monomers; the ease and well-regulated introduction
of grafting chains with a high density and an exact localization on the sub-
strate surface without changing the bulk properties; and graft chains onto a
substrate surface with covalent attachments promising a long-term chemical
stability of introduced chains, in contrast to physically coated polymer
chains. For the graft copolymerization to be occurring, groups that can gen-
erate radicals should be introduced onto the backbone of the polymer first to
activate the polymer surface. Most of the polymers having chemically inert
properties can be activated via UV irradiation [77], plasma treatment [78], ion
and electron beam [79-82], benzoic per oxide oxidization [83-88], and Ce**
oxidization [89-92]. In most of the grafting processes, the free radicals are
initiated on the backbone of a polymer by numerous irradiations and free
radical polymerizations of vinyl monomers or chemical initiators.

1.7 Economic Analysis of Membranes

While membrane technologies are attractive, these may not be appropriate
for all separation processes. Further, they need to be economical. There are
plenty of examples where membrane-based separation techniques are eco-
nomical. The economic benefits of ion transport membrane (ITM) Oxygen
technology for the Integrated Gasification Combined Cycle (IGCC) applica-
tion are a 2.9% improvement in thermal efficiency and a 6.5% decrease in
the cost of generated electric power. The efficiency increase also produces a
simultaneous reduction in carbon dioxide and sulfur emissions. Therefore,
integration of ITM Oxygen technology with IGCC offers the benefits of fur-
ther improving system efficiency, resulting in better environmental per-
formance and lower costs [93]. Lee et al. have shown the techno-economic
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feasibility of one-stage membrane-based propylene/propane separation,
which produces 99.6% purity of propylene with 97% recovery. They have
claimed that with high stage cut, membrane separation has higher eco-
nomic potential than the distillation [94]. The membrane processes used to
control the quality of products for several biological and chemical indus-
tries are successful as these are effectively and economically implemented
at the large stage. Integrated membrane separation technology also shows
simplicity of the units and possibility of advanced levels of autoimmuni-
zation. Membrane hybrid technologies work best when developed as one
concept. Among the impending applications of cross-flow microfiltration,
the clarification of rough beer represents a huge potential market (approx-
imately 200,000 m? membrane areas). The wastewaters generated in fish
meal production comprise a large quantity of potentially valuable proteins.
A suitable treatment for fish meal effluents consisting of a microfiltration
pretreatment, followed by ultrafiltration, produced a permeate flux of
7.78 x 107 m3/m?2s and 62% proteins rejection with a volume reduction
factor of 2.3 [95].

1.8 Summary

This chapter presents a platform to provide valuable information on the
background knowledge of this work for better understanding of the types
of membranes, membrane preparation techniques, functionalization, char-
acterization, and applications. Membrane technology presents an attrac-
tive character comprised of easy manufacturing, modification, operation,
and compactness. Several membrane preparation techniques are assessed
and compared in this chapter in detail. Moreover, the functionalization
using physical blending and grafting methods for the modification of poly-
mer and/or membrane are discussed. Finally, the possible applications of
the membrane processes have been extensively discussed for water and
wastewater treatments. A detailed literature review about the preparation,
modification, and application of the polymeric membranes was included.
A particular emphasis was given to the phase inversion and electrospin-
ning techniques of membrane preparations. The functionalization and/
or grafting effects on the resultant membrane structures were assessed in
terms of their specific applications. Moreover, the possible scopes for further
enhancement on the preparation and modifications of the membranes are
also identified. Furthermore, the specific objectives on the preparation, char-
acterization, modification and application of the polymeric membranes have
been discussed extensively.
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Materials and Characterization Methods

2.1 Materials
2.1.1 Chemicals

Polyvinyl alcohol, MW 80,000, 98-99 mole% hydrolyzed, was purchased
from M/s. Loba Chemie Private Limited, India, acetone (99.9% purity), glu-
taraldehyde (GA) (25% aqueous solution) and hydrochloric acid (35% aque-
ous solution) were purchased from M/s. Merck Specialities Private Limited,
Mumbeai, India. First, the PVA solutions were prepared by dissolving the
polymer in distilled water at 70 °C with continuous stirring overnight and
subsequently cooled to room temperature (28 + 2 °C) prior to electrospinning
process. Cellulose acetate polymer (acetyl: 29 to 45% content, MW = 50,000 g/
mol) was purchased from M/s. Loba Chemie Private Limited, India. The
degree of substitution for acetyl groups, DS (Ac), is usually defined as the
number of acetyl groups per glycosidic ring and according to the "TH NMR
analysis, it is found to be 2.47. The two solvents, namely, N, N-dimethyl acet-
amide (DMAc) and acetone (both with an analytical purity of 99%), deuter-
ated dimethyl sulfoxide (DMSO-d6, deuteration degree min. 99.8% for NMR
spectroscopy) were obtained from M/s. Sigma-Aldrich Co., USA. Deionized
water (DI) was used throughout this experiment. Titanium oxide (TiO,)
nanoparticles with 99.5% purity were obtained from M/s. Sigma-Aldrich
Co., USA. Copper chloride (CuCl,.2H,0O) and lead nitrate (Pb (NO,),) were
used as the source for copper (II) and lead (II) stock solution, respectively.
All the required solutions were prepared with analytical reagents and deion-
ized water; 2.7 g of 99% CuCl,.2H,O and 1.6 g of 99% Pb (NO,), (M/s. Merck
Specialities Private Limited, Mumbai, India) was dissolved in deionized
water of 1.0 L volumetric flask up to the mark to obtain 1000 mg/L of Cu (II)
and Pb (II) stock solution. Synthetic samples of 50 mg/L of Cu (II) and Pb (II)
were prepared from this stock solution by appropriate dilutions. The pH val-
ues of the prepared solutions were adjusted using 1 (N) of HCl and NaOH.
Deionized water (DI) was used throughout this experimentation to avoid
side reactions and contamination of the solution. Polyethylene glycol 4000
and ethylenediamine (EDA) (Mw. 60 g/mol and with purity of 99%) were
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obtained from M/s. Merck Specialities Private Limited, Mumbai, India; tetra
ethylene pentamine (TEPA) (Mw. 189.3 g/mol and with purity of 99%) and
hexamethylenetetramine (HMTA) (Mw. 140.2 g/mol and with purity of 99%)
were obtained from M/s. Sigma-Aldrich Co., USA. Polyvinyl pyrrolidone
(PVP, M, of 40,000 Da) polymers were purchased from M/s. Loba Chemie
Private Limited, India. Deionized water (DI) was used as the non-solvent in
the coagulation bath throughout this experiment, which was purified using
Millipore system. Bovine serum albumin (BSA) protein having a molecu-
lar weight of 66 kDa was purchased from M/s. Sisco Research Laboratories
Private Limited, India. Potassium chromate (K,CrO,) is used as the source
for Cr (VI) (M/s. Merck Specialities Private Limited, Mumbai, India). Methyl
methacrylate (MMA, 99% purity and MW = 86.09) was purchased from
M/s. Chemika Biochemika Reagents, Mumbeai, India. Ceric (IV) sulfate (CS),
hydroquinone (MW = 110.11 g/mol with 99.5% purity), and sulfuric acid (98%
purity) were obtained from M/s. Merck, Germany. Methanol (with 99.8%
purity HPLC grade) was purchased from M/s. Sisco Research Laboratories
Private Limited, India. Ceric (IV) sulfate and sulfuric acid were analytical
reagent grade and used without further purification. Humic acid (60-70%,
dry basis) was purchased from M/s. Loba Chemie Private Limited, India.

2.2 Characterization Methods
2.2.1 Physicochemical Characterization
2.2.1.1 Pure Water Flux and Hydraulic Permeability

In this study, a 400 mL stirred batch cell experimental setup was used for
the permeability experiments, which is presented schematically in Figure
2.1. This experimental setup included (1) a pressure source to supply the
pressure required for the filtration experiment; (2) feed tank where the
feed is collected; (3) filtration cell; (4) membrane piece; and (5) permeate
collector after membrane filtration. Membranes with the circular shape of
7 x 102 m diameter and with an effective filtration area of 3.848 x 10-3 m?
were employed for this experiment. Compaction studies of each of the pre-
pared membranes were done using deionized water for 2 h using a fixed
pressure of 300 kPa, and PWFs were recorded with 10 min interval. The
membrane compaction factors (CF) were found by calculating the ratio of
initial PWF (J,,) to steady state PWF (J,). PWF results were calculated using
the following equation:

| Q
]W—[(Axm)} 2.1)
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Pressure supply (1)

—— Feed (2)

Pressure gauge

Filtration cell (3)

Membrane (4)

H Permeate (5)

FIGURE 2.1
Schematic diagram of the batch cell ultrafiltration setup.

where [, is PWF (L/m?2 h), Q is the volume of water permeated (L), A is the
effective membrane area (m?), and At is permeation time (h). Thus, PWFs
were evaluated by passing deionized (DI) water through the membranes.
PWF values at different operating pressures (AP) (ranging from 100 to
300 kPa) were recorded. The hydraulic permeability (P,) (L/m2h kPa) of the
membranes was calculated from the inverse slope of |, versus AP plot. The
calculations for the hydraulic permeability were completed as follows:

_[Jw
P, _(AP) 2.2)

The resistances (R,,) of the prepared membranes were calculated according
to Darcy’s law (Equation 2.3):

AP
R =
" [(uxm} @3)

where p is the water viscosity (8.9 x 10~%) (Pa. s).

2.2.1.2 Membrane Porosity Measurements

To study the membranes porosity results, two parameters were applied,
namely, equilibrium water content (EWC) and membrane porosity (e). The
€ plays a significant role in the permeability and rejection nature of the
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membrane. On the other hand, the EWC and & were evaluated using a simple
gravimetric method, where each membrane samples (2.5 x 2.5 square cm)
were immersed in DI water beakers for a specified period. Then, the samples
were dabbed with dry filter paper and weighed immediately (W,,). Finally,
the membranes were kept inside vacuum atmosphere for 24 h at 50 °C. The
final dry weights of the samples (W) were taken again. The membrane
porosities were calculated by dividing the volume of the pores by the total
volume of the membrane. Therefore, the results are found using the follow-
ing equation [1,2],

0]
P x 100 (2.4)
o)
Pw Pr
where W, is the wet membrane weight (g), W, is the dry membrane weight (g),
pw is the pure water density at working condition (g cm™), and p,, is the poly-

mer density (g cm~3).
EWC results were calculated using the subsequent equation [34]:

EWC(%) = {{W} X 100} 2.5)

W

& (0/0) =

The average values of EWC and membrane porosity were taken after
measuring five different samples to reduce the error of the balancing
measurement.

2.2.1.3 Membrane Fouling and Rejection Experiments

Membrane fouling experimentations were done using a stirred batch cell
specified before to investigate the effect of PEG and PVP additives and effect
of the two solvents on BSA rejection and permeate fluxes of the fabricated
membranes. The BSA solution (1 g L) was prepared using deionized water
as a solvent. The pH of the BSA solutions was kept at 79. The flux values
were calculated using Equation 2.3 and the % rejection of BSA solutions was
evaluated by the next equation:

C
Ry (%) = {[1—(”]}100} 2.6)
Cs

where C;and C, are the BSA concentrations (mg L™) on the feed side and the
permeate side, respectively. The ultrafiltration experiments for BSA solution
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was achieved through all prepared membranes at an operating pressure of
150 kPa. After that, the permeates were collected using a measuring container
at a constant interval of time (20 min) to calculate flux values, and the length
of each filtration test was for 2 h. Finally, the permeate concentration of BSA
solution was evaluated by using UV-vis spectrophotometer (Make: M/s.
Thermo Fisher Scientific, India; Model: UV 2300) at a wavelength of 278 nm.
After filtration of BSA solutions, fouled membranes were soaked in DI water
and rinsed for 30 min, and the water flux of the membranes was measured.
These experimentations were repeated three times, and the graphs includ-
ing error bars are presented. To investigate the anti-fouling properties of the
prepared membranes, the flux losses due to irreversible fouling (F;), revers-
ible fouling (F,), and total fouling (F,) of all the experiments were calculated
using the following equations, respectively [5,6].

]Wi
. <1Wf] - L;)} 29

(s
E=[1-] 2% 29
() 09

where the fouling resistant capacity of the prepared membranes was evalu-
ated using normalized flux ratio (NFR) as shown in Equation 2.10.

Wi

NFR(%) = ngf] x 100} (2.10)

where ]y, is the flux of the membrane after fouling (2 h) and J,; is the flux of
the membrane found at the start of the fouling stage. Normally, greater NFR
value (next to 1) indicates better anti-fouling nature of the membranes.

2.2.1.4 Average Pore Radius Determination

Image J software and water filtration velocity method were employed to
determine the average pore size of the membranes, and the results were
calculated at constant operating pressure (250 kPa). Water filtration velocity
method was employed to determine the average pore size of the membranes,
and the results were calculated at constant operating pressure (300 kPa).
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Membrane average pore radius (r,,) is considered as an approximation of true
pore size, and it denotes the average pore radius throughout the membrane’s
thickness ({). Average pore radius can be estimated by using the Guerout-
Elford-Ferry equation [2,7],

. :\/{(2.9—1.75><s)(8xu><§wa)} o
(ex A,, X AP)

where p is the water viscosity (8.9 x 10-%) in Pa. s, Q,y is the water flow (m?®s),
and AP is the operating pressure (0.3 MPa).

2.2.1.5 Chromium Removal Performances

Ultrafiltration experimentations were done in the stirred ultrafiltiration
batch cell to investigate the performances of prepared membranes’ on the
rejection and permeate flux Cr (VI) ions. The flux values and the rejection of
Cr (VI) ions were evaluated by the following equations, respectively.

| Q
Jor = {(Axm)} (2.12)

C
Re, (%) = [(1 - ”J x 100} 2.13)
Cs

where C, and C; are the concentrations (ppm) in the permeate side and the
feed side, respectively. Subsequently, all the required solutions were pre-
pared with analytical reagents and deionized water; 2.9 g of 99% K,CrO,
was dissolved in deionized water of 1.0 L volumetric flask up to the mark
to obtain 1000 ppm of Cr (VI) stock solution. Synthetic samples of Cr (VI)
with different concentrations (i.e., 10, 30, 50, 70, and 100 ppm) were prepared
from this stock solution by appropriate dilutions. The pH of the Cr (VI) ion
solutions was kept at 3.5 and 7. The pH values of the prepared solutions
were adjusted using 1 N of HCI and NaOH. Deionized water (DI) was used
throughout this experimentation to avoid side reactions and contamination
of the solution. The initial and final concentrations of Cr (VI) ions before
and after ultrafiltration process were determined by using an atomic absorp-
tion spectrophotometer (Make: M/s. Varian, Netherland; Model: Spectra AA
220 FS). The analytical wavelength for Cr (VI) was fixed at 357.9 nm. These
experiments were repeated three times. The washing experiments of the
adsorbed/deposited Cr (VI) ions in the membranes were performed usinig
a 2.5 g/L KCl solution for four times, and the membranes were rinsed to a
neutral condition by using DI water.
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2.2.1.6 HA Ultrafiltration and Regeneration Performance

Ultrafiltration experimentations were done in the stirred ultrafiltiration
batch cell to investigate the performances of prepared membranes on the
removal and permeate flux of HA solution. The flux values were calculated
using Equation 2.11, and the removal efficiencies of HA molecules were eval-
uated by Equation 2.14.

| Q
Jua = [(AxAt)} (2.14)
C
R4 (%) = [1 - [pJ X 100] (2.15)
Cy

where C, and C; are the concentrations (mg L) in the permeate side and
the feed side, respectively. The ultrafiltration experiments for HA solution
were achieved through all prepared membranes at an operating pressure of
150 kPa. After that, the permeates were collected in a measuring container at
a constant interval of time in order to calculate flux values, and the length of
each filtration test was 2 h. A 1000 ppm stock solution of HA was prepared by
dissolving 1 g HA in to100 ml DI water following by the addition of 900 ml DI
water. This solution was stirred for 6 h at 200 rpm and then filtered through
a filter paper. The pH values of the prepared solutions were adjusted using
1 N of HCl and NaOH. Finally, the permeate concentration of HA solution was
evaluated by using UV-vis spectrophotometer (Make: M/s. Thermo Fisher
Scientific, India; Model: UV 2300) at a wavelength of 254 nm. Later filtration
of HA solutions, fouled membranes were cleaned with 0.05 M NaOH solu-
tion followed by rinsing using DI water for 30 min, and the DI water fluxes
of the tested membranes were measured.

2.2.2 Instrumental Characterization
2.2.2.1 Field Emission Scanning Electron Microscopy (FESEM)

Morphological studies of the electrospun and phase inverted membranes
were done using a high-resolution field emission scanning electron micros-
copy (Make: M/s. Zeiss, Germany; Model: Sigma), which provides visual
information of the topographic view besides the cross-sectional structure of
the membrane. The elemental composition analysis was done by using high
energy electrons of the energy dispersive X-ray spectroscopy (Make: M/s.
Zeiss, Germany; Model: Sigma). For both the analyses, a gold coating for the
samples was done using a high-resolution sputter coater, Quorum, to protect
the membranes from charging during the image analysis. Finally, the pieces



42 Polymeric Membrane Synthesis, Modification, and Applications

of the membranes were attached to a plate holder using double-sided adhe-
sive carbon tape in a horizontal position.

2.2.2.2 Thermo Gravimetric Analysis (TGA)

The thermal degradation analysis was conducted by thermo-microbalance
(Thermo gravimetric Analyzer) (Make: M/s. Netzsch, Germany; Model: TG
209 F1 Libra®). The TGA results were found from 30 to 800 °C using nitrogen
gas where the flow rate was kept as 40 mL/min at a heating rate of 10 °C/
min. All the membranes were loaded into a platinum sample holding pan.
The graphs were plotted as weight loss (%) vs. temperatures (°C).

2.2.2.3 Nuclear Magnetic Resonance (NMR) Analysis

'H NMR spectra were recorded on a 600 MHz Nuclear Magnetic Resonance
(NMR) Spectrometer (Make: M/s. Bruker, Japan). All the samples (20 mg)
were dissolved in DMSO-d6. Each solution was placed in a 5 mm NMR glass
tube (Make: M/s. WILMAD-Lab Glass Co., USA).

2.2.2.4 ATR-FTIR Spectroscopy Analysis

The chemical structures of all the samples were characterized by using
attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectro-
photometer (Make: M/s. Shimadzu, Japan; Model: IRAffinity-1). Each spec-
trum was acquired in transmittance mode by an accumulation of 40 scans
through resolutions of 4 cm™, and the wave number was ranged from 500 to
4000 cm™.

2.2.2.5 Zeta Potential () Analysis

Zeta potential ({) results of the samples were measured by dynamic and
electrophoretic light scattering (Make: M/s. Beckman Coulter, Switzerland;
Model: Delsa Nano C). Next, 10 mg of sample was dissolved in 40 mL
water and then placed in the ultrasonic bath for 20 min at pH ranging from
1 to 10.

2.2.2.6 Water Contact Angle (WCA) Measurements

The hydrophilicity natures of all the prepared membranes were evalu-
ated from the contact angle measurements. The contact angle (CA) mea-
surements of the prepared membranes were conducted on a contact angle
measuring instrument (Make: M/s. Kruss, Germany; Model: Drop Shape
Analyzer — DSA100).
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2.2.2.7 X-Ray Diffractometer (XRD)

X-ray diffraction patterns of the electrospun membranes, membrane textural
properties, were recorded using an X-ray diffract meter (Make: M/s. Bruker,
USA; Model: D8 Advance) working at 40 KV/50 mA with radiation of Cu Ka.

2.2.2.8 lLeica Microscope

The thickness of the electrospun membranes was measured by Leica micro-
scope (Make: M/s. Leica Microsystems, Germany; Model: DM 2500M).

2.2.2.9 Atomic Force Microscopy (AFM)

The Atomic force microscopy (AFM) (Make: M/s. Agilent, USA; Model: 5500
series) was employed to examine the smoothness of the electrospun mem-
brane surfaces and top surface morphology in the size of 5 pm x 5 pm.

2.2.2.10 Transmission Electron Microscopy (TEM)

The particle size and microstructural information of U-TiO, (commercial)
and M-TiO, NPs were characterized by using transmission electron micros-
copy (Make: Jeol, USA; Model: Jem 2100F) at 210 kV. First, the TiO, nanopar-
ticle sample was prepared by dispersing in distilled water (500 mg/L) and
then poured on a carbon tape covered plate. Finally, the sample was dried at
room temperature and ready for TEM analysis.

2.2.2.11 Brunauer-Emmet-Teller (BET) Isotherm

The specific surface areas of the electrospun membranes were analyzed
using N, adsorption-desorption isotherm measurements in surface area and
pore size analyzer and high pressure analyzer (Make: M/s. Quantachrome®,
USA; Model: ASiQwin™) by using Brunauer-Emmet-Teller (BET) isotherm
model.

2.2.2.12 Atomic Absorption Spectrophotometer (AAS)

The initial and final concentrations of Pb (IT) and Cu (II) ions before and after
equilibrium adsorption were determined by using an atomic absorption
spectrophotometer (Make: M/s. Varian, Netherland; Model: Spectra AA
220 FS). The analytical wavelengths were fixed at 217.0 and 324.7 nm for
Pb (II) and Cu (II) ions, respectively. The initial and final concentrations of
Cr (VI) ions before and after ultrafiltration process were determined by
using an atomic absorption spectrophotometer (A A240FS, USA). The analytical
wavelength for Cr (VI) was fixed at 3579 nm.
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2.2.2.13 UV-vis Spectrophotometer (UV-2600)

To examine the interaction between the adsorbent and the heavy metal ions
and to evaluate the Ti leaching tendency, their UV-vis absorbance was deter-
mined using a Shimadzu UV-vis Spectrophotometer (Make: M/s. Shimadzu,
Singapore; Model: UV-2600) over a wavelength of 250-600 nm.

The permeate concentration of HA solution was evaluated by using UV-
vis spectrophotometer (Make: M/s. Thermo Fisher Scientific, India; Model:
UV 2300) at a wavelength of 254 nm. BSA solution was evaluated by using
UV-vis spectrophotometer (Make: M/s. Thermo Fisher Scientific, India;
Model: UV 2300) at a wavelength of 278 nm.
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3

Electrospun Composite Membranes:
Preparation and Application

3.1 Electrospinning Process Parameters
3.1.1 Introduction

During electrospinning process, a high voltage (i.e, approximately 10 to
50 kV) is supplied in a polymer solution to the extent that charges are pro-
duced within the polymer solution. Once a sufficient amount of charge is
supplied, a solution jet escapes from the needle-tip droplet, causing the
development of the so-called Taylor cone. After that, the electrospinning jet
travels to the grounded collector (i.e., with lower potential). The morpho-
logical structure of the electrospun fibers can be influenced by processing
parameters. Several polymer types can be electrospun into nanofiber, pro-
viding that the molecular weight of polymers is sufficient and the solvent
can be vaporized in a timely fashion throughout the jet journey time over the
given distance between the needle tip and ground collecting plate. It is men-
tioned in the literature that more than 100 polymers, including polyvinyl
alcohol, have been effectively electrospun into nanofibers commonly from
a polymer solution [1,2]. The nanofiber jet can be condensed into a mat that
forms a highly porous membrane structure. It is evident that the electrospun
polymeric membrane possesses specific properties, including high specific
surface area, high porosity, and continuous interconnected fibers. They can
be easily modified to have good physical and chemical properties by blend-
ing polymer-inorganic nano composites prior to electrospinning and can
be used for water and air filtration, tissue engineering, sensors, and other
applications [3-5]. Therefore, as observed from the literature, further inves-
tigations are required to advance the electrospinning process, specifically to
fabricate membranes for the purpose of water treatments. Electrospun nano-
fibrous membranes, such as PVA/Chitosan, polyvinyl alcohol, and PVA/
cyanobacterial extracellular polymeric materials composite membranes, were
fabricated for prospective water filtration applications using a microfiltration
poly vinylidene fluoride as support membrane [6]. Electrospun nanofibrous
membranes with a conventional non-woven microfibrous support showing
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higher flux microfiltration were also reported. The polyvinyl alcohol nano-
fibrous nonwoven membranes were directly fabricated on top of the porous
support by using electrospinning technique [7]. Another study presented
a nanofiber thin film composite membrane crosslinked electrospun polyvi-
nyl alcohol nanofiber and was uniquely found to be a very effective support
layer, specifically for forward osmosis applications, due to its low tortuosity,
high porosity, and remarkable hydrophilic property [8]. It is known that PVA
among synthetic polymers is easily soluble in water, nontoxic, relatively low-
cost, stable in chemical and thermal conditions, and less degradable in most
physiological environments. It is apparent that the polymer solution proper-
ties have the major impact in the electrospinning process and the result-
ing membrane morphological structures. The surface tension, viscosity,
and electrical properties of the polymer solution play important roles in the
degree of elongation of the solution and in the development of beads along
the fiber length [9]. Koski et al. [1] have studied the effects of polymer aver-
age molecular weight on the fiber structure of electrospun polyvinyl alcohol
(PVA). They have reported an average fiber diameter between 250 nm and
2 pm and the fiber diameter increases with MW and concentration. From their
experimental results, they have confirmed that at lower MW and/or concen-
trations, the fibers exhibit a circular cross-section. They have also observed
flat fibers at high MW and concentrations. Furthermore, the effect of vis-
cosity on the membrane morphology has also studied by Mohammad Ali
Zadeh et al. [2]. According to their study, viscosity of the spinning solutions
had played an important role on the morphology of the mullite nanofibers.
Continuous electrospun nanofibers with common cylindrical morphology
were obtained when PVA content was 6 wt.%. Further increasing the amount
of PVA in the pre-spinning solution led to excessively high viscosity level,
making the shape of the resulting mullite nanofibers wide and flat ribbon.
Other important parameters that influence the electrospinning process are
voltage supply, feed rate, solution temperature, collector type, needle diam-
eter, and the collector-needle tip distance. Barhate et al. [10] have studied
the effect of electrospinning process parameters on structural and trans-
port properties of the electrospun membranes. They have mentioned that
the pore size and fiber entanglements can be optimized to enhance the pore
size distribution, porosity, pore interconnectivity, and permeability perfor-
mances of the electrospun membranes. Finally, they have suggested that an
optimized structure of the membrane can be achieved by coordinating the
collection rates and applied voltage. The shapes and the sizes of nanofiber
membranes are controlled through numerous parameters, such as conduc-
tivity, concentration, viscosity, and surface tension of the polymeric solu-
tions. Though all the parameters are significant factors, polymeric solution
concentration and applied voltage are considered the most significant on the
final characteristics of electrospun fibers. The polymeric solution properties
had the main substantial effect in the electrospinning processes. The viscos-
ity of the solution, surface tension, and its conductivity also determined the
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degree of elongations of the polymeric solution, which possibly had an influ-
ence on the diameters of the resulting electrospun fibers [9]. Electrospun
poly vinyl alcohol was prepared using electrospinning technique and two
parameters (i.e, membrane average fiber diameter and membrane surface
pore diameter) were optimized using response surface methodology (RSM).
Polymer concentration, voltage supply, time duration, and solution flow rate
were optimized based on central composite design (CCD). An effort was also
given to further investigate the effect of electrospinning process time dura-
tion on the resulting membranes, which was introduced as a new field along
with the above important electrospinning parameters. On the other hand,
this study also aims to realize the interaction between process parameters
with the experimental responses (i.e.,, membrane average fiber diameter and
membrane surface pore diameter). The experimental and predicted values
(which were found from the mathematical model) were compared to validate
the model and were able to predict the optimum independent parameters for
the preparation of micro/ultra-filtration electrospun PVA membranes.

3.1.2 Preparation Methods: Electrospinning Technique
3.1.2.1 Preparation of Electrospun PVA and Cellulose Acetate

Electrospun PVA membranes were prepared by using the electrospinning
technique. During electrospinning process, a high voltage is supplied to a poly-
meric solution in the syringe pump such that charges are induced within the
polymer solution (Figure 3.1). When charges inside the solution become suffi-
ciently high and able to overcome the surface tension of the solution droplet,

Syringe Rotating Collector

High-voltage
Power supply

FIGURE 3.1
Schematic of the electrospinning equipment, syringe pump, needle, rotating collector, and
voltage supply.
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a solution jet erupts from the needle-tip drop resulting in the development
of the so-called Taylor cone. Finally, the jet travels to the rotating collec-
tor with a state of lower potential. Electrospinning was performed using
NABOND NEU (China) electrospinning unit at room temperature
(28 = 2 °C). The polymer solution was loaded into a 50 mL syringe with a
needle (inner diameter of 0.4 mm). According to the design of experiments
summery (Table 3.1), a polymer solution varied from 6 to 19.5 wt.%, an electric
field of 5 to 25 kV was applied throughout the process, and the fluid feed rate
was 1 to 3 mL/h and the time duration between 25 to 77.5 min. All the pre-
pared fibers were deposited on a rotating collector, where the gap between
the needle tip and the collecting plate was fixed at 100 mm. Using the opti-
mized electrospinning parameters (concentration, voltage supply, and feed
rate), the PVA membranes were prepared for the selected time durations (i.e.,
25, 35, 45, and 60 min) to further investigate the impact of deposition time
on the surface pore diameters, fiber diameter, surface areas, porosity, and
morphological structures of the electrospun membranes. Surface tension,
viscosity, and conductivities of the solutions were determined using a tensi-
ometer (Make: M/s. Kwoya, Japan; Model: DY300), viscometer (Make: M/s.
Anton Paar, Physica MCR 30, Austria), and a conductivity meter (Make: M/s.
ELICO, India), respectively.

During the preparation of the CA/TiO, composite membrane, the electric
tield was 14 KV throughout the process, and the fluid flow rate was 2 mL/h.
The fibers of cellulose acetate and CA_TiO, hybrid membranes were depos-
ited on a rotating collector plate, where the distance from the collector plate
to needle tip was kept at 100 mm. The fabrication and characterization of CA
and CA/TiO, membrane are clearly mentioned below. Based on this study,
the membrane was tested for adsorption of heavy metals (Pb (II) and Cu (II))
from synthetic wastewater. The evaluation of CA/TiO, composite membrane
as adsorbent is explained in the following sections. In this study, a mixture
of acetone and dimethylacetamide (DMAc) was chosen as cellulose acetate
solvent during electrospinning. To get the optimum electrospun mem-
brane with smooth morphological structures, four different concentrations

TABLE 3.1

Design Summary: Input Variables and Their Coded and Actual Values Used in the
Response Surface Study

Factors Name (-)Alpha (-)1Level (0)Center (+1) Level (+)Alpha
A Time duration (min) 7.5 25 425 60 77.5

B Voltage supply (kV) 5 10 15 20 25

C Concentration (wt.%) 1.5 6 10.5 15 19.5

D Flow rate (mL/h) 0 1 2 3 4




Electrospun Composite Membranes 49

(25,20, 15, and 13.5 wt.%) of cellulose acetate were prepared and 13.5 wt.% was
selected for the next experiment. Cellulose acetate solutions were prepared
by uniformly dissolving in 2:1 ratio of acetone/DMAc [11]. Subsequently, dif-
ferent amounts of TiO, nanoparticles were added to the cellulose acetate to
enhance the thermal, specific surface area, and mechanical property of cel-
lulose acetate. Therefore, different amount (0, 1.0, 2.5, 4.5, and 6.5 wt%) of
TiO, nanoparticles were dispersed in 13.5 wt.% solution of CA. The mixed
solution was stirred for 4 h at 200 rpm speed and sonicated for 3 h to ensure
the optimum distributions of the TiO, nanoparticles in the CA solution.

3.1.2.2 Response Surface Methodology Using Design of Expert

The design of experiment (DOE) has been known as an appropriate opti-
mization tool to investigate and optimize the impact of electrospinning
parameters [12,13]. The DOE technique is employed to reduce the number
of experiments to be performed. Moreover, one of the effective optimiza-
tion techniques to obtain the optimal conditions in a multivariable scheme is
response surface methodology (RSM) [14,15]. Recently, the RSM optimization
technique has been effectively employed in numerous processes to attain
the optimal conditions. Furthermore, the central composite design (CCD)
is a suitable experimental design technique among various approaches,
which provides high-quality estimates in studying interaction, quadratic,
and linear effects of parameters [16]. Therefore, the optimization of the
above parameters for polyvinyl alcohol based solutions was the preliminary
point of this work. The theory and definition of some terms regarding RSM
optimization process have been explained in detailed by Bezerra et al. [14],
Yordem et al. [13], and Ahmadipourroudposht et al. [17]. The design plan in
this study includes four input factors—time duration (min), voltage supply
(kV), polymer concentration (wt.%), and feed rate (mL/h)—and responses (R,
and R,; i.e, membrane fiber diameter and membrane surface pore diameter,
respectively). Those four input factors have been selected for designing pur-
pose, and their results are chosen based on preliminary investigation. The
input factors are varied over five levels: high value (+1), the center point (0),
low level (1), and two outer points (—x and +a value); details are outlined in
Table 3.1.

CCD is comprised of design points and axial points, consisting of a total of
30 experimental runs that are used to examine the experimental data. These
data are finally used to optimize the electrospinning process parameters.
The output variables (i.e., membrane fiber diameter and membrane surface
pore diameter) are measured from the selected mathematical model with
significant terms, and the model was not aliased. Table 3.2 presents the sum-
mary of the design of experiments and experimental responses for central
composite design (CCD).
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TABLE 3.2

Design of Experiments Summery and Experimental Responses for Central Composite
Design (CCD)

Factor 1, A: Response1, Response?2,
Time Factor 2, B: Factor 3, C: Factor 4, D: Fiber Surface Pore
Duration Voltage Concentration Flow Rate  Diameter Diameter

Run (min) Supply (kV) (wt.%) (mL/h) (nm) (nm)
1 42.5 15.0 10.5 4.0 179 155
2 25.0 20.0 6.0 3.0 95 90

3 425 15.0 10.5 2.0 105 109
4 25.0 10.0 15.0 1.0 117 180
5 25.0 10.0 6.0 1.0 106 144
6 7.5 15.0 10.5 2.0 129 267
7 60.0 10.0 15.0 1.0 125 207
8 60.0 20.0 6.0 1.0 76 132
9 42.5 15.0 10.5 2.0 100 107
10 42,5 15.0 10.5 2.0 103 111
11 60.0 10.0 15.0 3.0 78 192
12 25.0 20.0 15.0 1.0 50 193
13 425 15.0 1.5 2.0 46 90

14 60.0 10.0 6.0 1.0 47 149
15 60.0 20.0 15.0 3.0 39 270
16 42.0 15.0 10.5 2.0 107 108
17 425 15.0 10.5 0.0 135 200
18 25.0 20.0 15.0 3.0 25 290
19 60.0 20.0 6.0 3.0 55 90

20 60.0 10.0 6.0 3.0 150 50

21 42.5 15.0 10.5 2.0 104 110
22 60.0 20.0 15.0 1.0 133 230
23 425 15.0 19.5 2.0 20 310
24 42,5 5.0 10.5 2.0 160 60

25 25.0 20.0 6.0 1.0 80 98

26 77.5 15.0 10.5 2.0 78 169
27 425 25.0 10.5 2.0 56 100
28 425 15.0 10.5 2.0 103 109
29 25.0 10.0 6.0 3.0 256 80

30 25.0 10.0 15.0 3.0 138 200

3.1.2.3 Cross-Linking of Electrospun PVA

The effect of crosslinking of electrospun PVA nanofibers membranes was
studied. The cross-linking procedure and optimization have been done fol-
lowing the procedure suggested by Wang et al., 2006. Accordingly, electros-
pun PVA samples were dipped in a solution containing 0.01N hydrochloric
acid and 30 mM of glutaraldehyde/acetone for about 1 day. The cross-linked
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PVA membranes were withdrawn and rinsed using distilled water for sev-
eral times and then dried out.

3.1.3 Statistical Analysis (ANOVA) and Response Surface
of Electrospinning Parameters

The statistical analyses of the electrospinning parameters were performed
using design expert software. ANOVA test was employed to perform the
statistical tests for significance of model, individual model terms, and lack
of fit. It is obvious that a significant model is needed and “Prob. > F” values
less than 0.05 shows significance of the model and the individual model
terms. The ANOVA results for both fiber diameter (FD) distribution and
surface pore diameter (SPD) distribution were analyzed. In both cases, the
lack-of-fit test values were insignificant, which are desired as we need a
model that fits.

3.1.3.1 Membrane Fiber Diameter

The relationship between electrospinning process factors (i.e., time duration,
voltage supply, and concentration and flow rate) and the expected responses
(i.e, membrane fiber diameter and membrane surface pore diameter) are
plotted graphically after mathematical analysis of the experimental data.
Figure 3.2 shows the three-dimensional response surfaces for membrane
fiber diameter. As already observed from these figures, the factors involved
in the membrane electrospinning process exhibited nonlinear effects on the
membrane fiber diameter. The highest membrane average fiber diameter
(i.e., 256 nm) was obtained at 25 min, 10 kV, 15 wt.% and 3 mL/h (run 29) of
time duration, voltage supply, polymer concentration and flow rate, respec-
tively. On the other hand, the lowest membrane average fiber diameter (i.e.,
20 nm) was obtained at 42.5 min, 15 kV, 19.5 wt% and 2 mL/h (run 23). As
clearly showed in the three-dimensional plots (i.e., Figure 3.2a, b, ¢, d, and e),
the membrane fiber diameter exhibited a decreasing trend from 140.6 nm
to 72.9 nm as the voltage supply raised from 10 kV to 20 kV, where the poly-
mer concentrations and flow rates were kept at 10.5 wt% and 2 mL/h. As
observed from the experimental results, continuous fibrous structures were
obtained for 6 wt.% PVA aqueous solution concentrations, where the fibers
contained many twists and branches and were highly interconnected. At
higher concentrations, the cross-sections of the fibers were spherical, but
once the concentration of the solution was increased above 19.5 wt%, the
fiber diameter and inter-fiber spacing was increased, and there was a slow
change from circular to flat ribbon-like structure of the fibers [1,2]. When the
PVA concentration was lowered below 6 wt%, the formation of large beads
and non-uniform entanglement of fibers was observed. This result may be
accredited to an increasing in the surface tension and/or concentration of the
polymer solution [6]. At relatively high voltage supply (15 kV), as the polymer
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FIGURE 3.2

Three-dimensional response surface plot of (a) voltage supply and time duration, (b) concen-
tration and time duration, (c) flow rate and time duration, (d) flow rate and voltage supply, and
(e) flow rate and concentration for membrane fiber diameter.

concentration was raised from 6 wt.% to 8.25 wt.%, the average fiber diameter
of the membrane was increased from 72.9 nm to 114 nm. Further increasing
the concentration above 8.25 wt.%, the average fiber diameters seem to have
a slight difference. Even though the average fiber diameter is expected to
increase with increasing the polymer concentration, in this case, the high
voltage supply seems to control the spinning of fibers with large diameters.
The analysis of variance and regression model for the four model terms are
presented in Table 3.3 where the model F-value of 22.63 implies the model
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TABLE 3.3
Analysis of Variance (ANOVA) for Respective Response Surface Quadratic Models

Fiber Diameter (nm) Surface Pore Diameter (nm)
p-Value p-Value

Source Prob > F F Value Prob > F F Value
Model <0.0001 22.63 <0.0001 27.15
A: time duration 0.0023 13.36 0.1265 2.62
B: voltage supply <0.0001 85.26 0.0109 8.43
C: Concentration 0.0107 8.49 <0.0001 25.13
D: flow rate 0.0197 6.82 0.1051 2.98
AB 0.0004 20.64 0.4661 0.56
AC 0.0007 18.27 0.7281 0.13
AD 0.0021 13.71 0.0518 4.46
BC 0.4905 0.50 0.0122 8.11
BD <0.0001 35.09 0.0058 10.34
CD <0.0001 43.52 0.0003 21.70
A? 0.5465 0.38 <0.0001 53.27
B? 0.3269 1.03 0.0452 4.77
C? <0.0001 31.32 <0.0001 36.75
D? <0.0001 28.43 0.0004 20.39
Lack of fit 0.5012 1.07 0.0592 4.35

is significant. There is only a 0.01% chance that a “Model F-Value” this large
could occur due to noise. As observed from the results, the model terms
such as A, B, C, D, AB, AC, AD, BD, CD, C? D? are significant, where their
Prob. > F values are below 0.05. Moreover, the voltage supply seems to be a
highly significant factor when compared with other significant input factors
(time duration, concentration, and flow rate). Values greater than 0.10 indi-
cate that the model terms are not significant. The “Lack of Fit F-value” of 1.07
implies the lack of fit is not significant relative to the pure error. There is a
50.12% chance that a “Lack of Fit F-value” this large could occur due to noise.
Nonsignificant lack of fit is good that we want the model to fit. The follow-
ing equation is the final equation in terms of coded factors that is developed
using central composite design to designate the curvatures around the opti-
mal point.

95-11.08 (A)-28 (B)-8.83 (C) + 7.92 (D) + 16.88 (A x B) + 15.88 (A x C)-13.75 (A x D)

FD = 31

+2.63 (B x C)-22 (B x D)-24.5 (Cx D) +1.75 (A") + 2.88 (B*)-15.88 (C*) + 15.12 (D*)

The reliability of regression models for membrane fiber diameter was
described on the basis of high values of R? (0.96), which shows that this model
is well fitted to the experimental values. The “Pred R-Squared” of 0.80 is in
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reasonable agreement with the “Adj R-Squared” of 0.91. “Adeq Precision”
measures the signal to noise ratio, and a ratio greater than 4 is desirable,
where this model’s ratio of 22.5 indicates an adequate signal.

3.1.3.2 Membrane Surface Pore Diameter

The three-dimensional response surface plots, which show the impact of input
factors (i.e., time duration, concentration, and voltage supply and flow rate)
on membrane surface pore diameter, are presented in Figure 3.3. The maxi-
mum average membrane surface pore diameter of 310 nm was attained at a
time duration of 42.5 min, voltage supply of 15 kV, a concentration of 19.5 wt.%,
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Three-dimensional response surface plot of (a) flow rate and time duration, (b) concentration
and voltage supply, (c) flow rate and voltage supply, and (d) flow rate and concentration for
membrane surface pore diameter.
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and flow rate of 2 mL/h (run 23) whereas the minimum average membrane
surface pore diameter of 50 nm were achieved at a time duration of 60 min,
voltage supply of 10 kV, a concentration of 6 wt.%, and flow rate of 3 mL/h
(run 20). These results indicate that the concentration seems to have a greater
contribution to the variation in membrane surface pore diameter (Figure
3.3b and d). As shown from Figure 3.3a, the average surface pore diameter
was decreased from 142 nm to 115 nm as the deposition time was increased
from 25 to 51 min. These results can be explained due to the entanglement
of fibers as the electrospinning time duration was increased. However, when
the deposition time duration further increases beyond 51 min, the surface
pore diameter showed a slightly increasing trend. At maximum polymer
concentration of 19.5 wt% (Run 23), it is observed that the surface pore
diameter is high (310 nm), compared to the membranes prepared from less
polymer concentration of (10.5) (Run 28), where the surface pore diameter was
100 nm. This incident is due to the increase in fiber diameter of the membrane,
as the concentration of the solution was increased. The Model F-value of 27.15
implies the model is significant. There is only a 0.01% chance that a “Model
F-Value” this large could occur due to noise. Values of “Prob > F” less than 0.05
indicate model terms are significant. In this case, B, C, BC, BD, CD, A?, B, C?,
D? are significant model terms. Values greater than 0.10 indicate the model
terms are not significant. The “Lack of Fit F-value” of 4.35 implies there is
a 592% chance that a “Lack of Fit F-value” this large could occur due to
noise. The following equation is the final equation in terms of coded factors
that is developed using central composite design to designate the curvatures
around the optimal point.

107.33 + 11.29 (B) + 57.4 (C)-10.06 (A x D) + 13.56 (B x C) + 15.31 (B x D)

3.2
422.19 (C x D) + 26.55 (A*)-7.95 (B*) + 22.05 (C*) + 16.43 (D*)

SPDz[

The reliability of regression models for membrane surface pore diameter
was described on the basis of high values of R? (0.96), which shows that this
model is well fitted to the experimental values. On the other hand, the “Pred
R-Squared” of 0.80 is in reasonable agreement with the “Adj R-Squared” of
0.93. “Adeq Precision” measures the signal to noise ratio. A ratio greater
than 4 is desirable, and the ratio of 19.7 in this model indicates an adequate
signal.

3.1.3.3 Model Verification on the Basis of Statistical Analysis

The effects of the interactions among the input electrospinning parameters
were examined by using RSM optimization technique. This optimization
tool is useful in investigating the effect of a binary combination of two
input factors. The plots of the interaction between the input parameters
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are presented in Figures 3.4 and 3.5 for fiber diameters and surface pore
diameter, respectively. As clearly observed from Figure 3.4, all the interac-
tion plots exhibited nonparallel curvatures. From these results, it is sug-
gested a strong interaction between the variables (i.e,, AB, AC, AD, BD, and
CD) for membrane fiber diameters. As presented in Table 3.3, BD and CD
seemed to be highly significant model terms. Therefore, from this study,
it can be suggested that the effect of voltage supply and concentration
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diameter.

are highly significant input parameters for average fiber diameter of the
membrane.

It is clearly seen from Figure 3.5 that the interactions of all the input fac-
tors (i.e., time duration, voltage supply, concentration, and flow rate) have a
significant effect on the surface pore diameter distribution. The interaction
plots showed nonparallel curvatures, and it is suggested that there is strong
interaction between the variables (i.e., AD, BC, BD and CD) for membrane
surface pore diameters. As shown in Table 3.3, BD and CD seemed to be
highly significant model terms when compared with the other model terms.
In this case, the most significant factors are voltage supply and concentra-
tion. The effects of the interactions of time duration and flow rate with the
other parameters on the surface pore diameter of the e-PVA membranes are
investigated. This model suggested that the flow rate and time duration are
more significant when they are in combination with other parameters than
alone.
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Figure 3.6 shows the actual versus predicted value plots where the pre-
dicted values attained from regression model were compared with the
experimental values to check the reliability and suitability of the empirical
model for individual responses. Therefore, the comparison between pre-
dicted and actual values for membrane fiber diameter and membrane sur-
face pore diameters are presented in Figure 3.6a and 3.6d, respectively. As
clearly shown from the figures, that all the design points are distributed near
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the straight line, where the points above the straight line are overestimated
and below the straight line are underestimated. Based on these results we
can conclude that the estimated models are acceptable and there are no viola-
tions of constant variance assumptions. Furthermore, according to the data,
the empirical model attained from CCD can be used as a predictor for the
optimization of the four input parameters to achieve a required average fiber
diameter and surface pore diameter depending on the application interest.

Figure 3.6b and 3.6e show the normal probability plot of residuals for fiber
diameter and surface pore size, respectively. The plots in Figure 3.6b and
3.6e ensured that no abnormality signal of the experimental results was
observed. The falling of the residual points on a straight line suggests that
the errors are normally distributed. Figure 3.6c and 3.6f show the plots of the
residuals versus predicted responses for the membrane fiber diameter and
membrane surface pore diameter, respectively. The random scattering of all
experimental data points across the horizontal line of residuals suggests that
the projected models are suitable.

3.1.3.4 Optimization Study

The investigation of the optimized input parameters (electrospinning
parameters) was done through a desirability function (D) for two responses
using Equation 3.3 [18]. The optimum time duration, concentration, voltage
supply, and flow rate for preparation of the electrospun membrane predicted
from all responses with a high or low limit of inputs can be satisfied with the
desirability function (D).

3.3)

where D is the desirability function, N is the number of responses, r; refers to
the significance of a particular response, and d; indicates the partial desirabil-
ity function for specific responses. The desirability plot presented in Figure
3.7 confirms that the desirable time duration, concentration, voltage supply,
and flow rate are 43.48 min, 10.67 kV, 10.89 wt.%, and 1.01 mL/h, respectively,
which gave optimized average fiber diameter of 110 nm and average surface
pore diameter of 120 nm. The prediction of desirable input variables is also
confirmed with the optimized input variables calculated from central com-
posite design (listed in Table 3.4).

This study draws the conclusions of an empirical exploration into the
effects of time duration, voltage supply, concentration, and flow rate (while
the distance and collector rotating speed were kept constant) on fiber diam-
eter and surface pore size distribution during the preparation of e-PVA
membranes. Therefore, 10 wt.% aqueous PVA solutions were chosen as the
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Response surface plot of desirability operating region: voltage supply and concentration of
10.67 kV and 10.89 wt.%, respectively.

optimized solution concentration; an applied voltage of 12 KV was selected
throughout the process, and the feed rate was 1.0 mL/h by means of a 50 mL
syringe using a needle of 0.4 mm internal diameter. For further investigation
on the effect of time duration, membranes were prepared at 25, 35, 45, and
60 min. The conductivity, surface tension, and viscosity values of the PVA
solution were 0.079 mS cm™, 73.7 mN/m, 0.299 Pa.s, respectively.

3.1.3.5 Morphological Study (FESEM)

The FESEM images of the electrospun PVA fibers obtained with 10 wt.% for
different electrospinning durations are shown in Figure 3.8. Fabricated PVA
nanofiber membranes showed a smooth morphological structure, without
developing beads. The fiber diameter distributions and surface pore diam-
eters of the membranes were measured using Image J software from FESEM
images. We have measured more than 100 fibers of each membrane sample
using Image ] software to get the average fiber diameter. As shown from
Figure 3.8 (ay, b, ¢,, d,), the fiber diameter results indicated that diameters
between 78 and 276 nm for 25 min (a,); between 81 and 190 nm for 35 min (b,);
between 59 and 160 for 45 min (c,); and between 37 and 199 nm for 60 min (d,).
The average fiber diameters were varied as 124, 117, 100, and 88 nm for sam-
ples designated as M, (x = 25, 35, 45, 60 min), respectively. It can be seen from
FESEM images presented in Figure 3.8 (a,, b;, ¢;, d,) that the slight decrease in
average fiber diameter can be related to increasing in ambient temperature
during the electrospinning duration. If the electrospinning duration of the
surrounding electric field delays, the surrounding temperature may increase
due to increase in an electron temperature because of collision between the
charges. Therefore, increasing temperature has the effect of decreasing the
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viscosities of the polymeric solutions, increasing solvent evaporation rate, and
also may cause a high degree of polymer solubility within the solvent. As a
result of these effects, the columbic forces would be able to affect the surface
tension of the solution greatly and apply a larger stretching force within the
solution, causing the fabrication of thinner fibers. Therefore the effect of the
electrospinning duration alone on the fiber diameter distribution is not highly
significant when compared with other parameters such as concentration and
voltage supply. Due to this reason, the distribution of fiber diameters of the
four different samples deposited at 25, 35, 45, and 60 min indicated similar
distribution. These results show a similar agreement with statistical analysis
of this study. The electrospinning method is an effective technique to pro-
duce nano meter range fibers and nanofibrous membranes with high porosity
within nano to micrometer range pores [19]. The membrane surface pore size
distribution was examined using Image J software from the FESEM images.
The pore size distributions are presented in Figure 3.9. The surface pore size
of the electrospun PVA membranes increased as the electrospinning duration
time decreased. This result can be explained due to the fact that increasing the
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FIGURE 3.9
% Surface pore size diameter distribution of e-PVA membranes obtained at different electros-
pinning duration, 25 min, 35 min, 45 min, and 60 min.
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electrospinning duration means that we are allowing more fibers to be col-
lected on the collector plate and the entanglements of the fibers were practically
increased. In other words, more fiber layers were formed by increasing elec-
trospinning duration, where the surface pore was reduced due to the entangle-
ments of the fibers layer-on-layer. Thus, the average surface pore diameters
are measured as 72.1, 129.7, 1494, and 160.9 nm for 60, 45, 35, and 25 min elec-
trospinning duration, respectively. All the membranes fall into ultrafiltration/
microfiltration ranges. The decreasing of the average surface pore size is due to
an increasing in the number of entangled fibers over and over as the electros-
pinning duration increases from 25 to 60 min. Therefore, due to the increase in
entanglement of these fibers, there is a possibility of formation of a narrower
net-like structure that leads to the decrease of surface pore diameters of the
membranes. The thickness of the membranes has increased as the electrospin-
ning duration increases. The thickness measurement of the nanofiber mem-
branes was performed using Lieca microscope as shown in Figure S 3.8 in the
appendix. The images revealed that the thickness of the membranes increased
from 20 to 38 pm for increasing electrospinning duration from 25 to 60 min,
respectively, in which the surface pore size is inversely proportional to mem-
brane thickness [20]. But the depth/flowing channel of the membrane pore is
expected to increase with increasing thickness.

3.1.4 Summary

This study draws the conclusions of an empirical exploration using RSM
method into the effects of time duration, voltage supply, concentration, and
flow rate (while the distance and collector rotating speed were kept constant)
on fiber diameter and surface pore size distribution during the preparation of
e-PVA membranes. Therefore, 10 wt.% aqueous PVA solutions were chosen as
the optimized solution concentration; an applied voltage of 12 KV was selected
throughout the process, and the feed rate was 1.0 mL/h by means of a 50 mL
syringe using needle of 0.4 mm internal diameter. For further investigation on
the effect of time duration, membranes were prepared at 25, 35, 45, and 60 min.
Electrospun PVA nanofiber membranes were successfully prepared at selected
electrospinning duration, crosslinked with glutaraldehyde, and characterized.
The average fiber diameters varied slightly between 88 to 124 nm when elec-
trospinning duration was varied. The surface pore size of the electrospun PVA
membranes increased as the electrospinning duration time decreased. Thus the
average surface pore diameters are measured as 72.1, 129.7, 1494, and 160.9 nm
for 60, 45, 35, and 25 min electrospinning duration, respectively. All the mem-
branes fall into ultrafiltration/microfiltration ranges. In addition, no change in
surface pore size and fiber diameter after cross-linking was observed. However,
crosslinking led to uniform arrangement of the fibers and increased network
rigidity. The FESEM results agreed with the FTIR and TGA results in that the
cross linker glutaraldehyde has reacted properly and confirmed the formation
of an acetal-bridge. This study showed that membrane properties could be
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controlled by varying the electrospinning duration along with other process
and solution parameters. However, future studies will be needed to fully inves-
tigate the performance characteristics of the electrospun PVA membranes for
its flux, permeability, and fouling performances studies.

3.2 Preparation of CA_TiO, Electrospun Composite Membranes
3.2.1 Introduction

Cellulose acetate is broadly applicable for the synthesis of membranes because
of tough, biocompatible, hydrophilicity characteristics, good desalting
nature, high flux, and it is moderately less expensive [21-23]. Hybrid mem-
branes of organic-inorganic are formed by the blending of inorganic oxide
with the polymeric solution. Current researchers have paid attention to TiO,
because of its stable nature, it is easily available, and it has potential for dif-
ferent applications [24,25]. Several research groups have developed different
composite membranes of polymer-TiO, by using phase inversion method.
Polyethersulfone/TiO, composite ultrafiltration membranes were prepared,
where water flux and antifouling property were significantly enhanced [26]. A
polyurethane/TiO,/fly ash composite membrane was fabricated by using elec-
trospinning technique for water purification [27]. Polyacrylonitrile-TiO, [28],
TiO, and polyvinyl alcohol coated polyester [29], Polyethylene glycol/TiO,/
PVDF composite membranes [30] and enhancement of membrane properties
of TiO, nano fibers by strengthening with polysulfone [31] were fabricated for
different applications. Electrospun cellulose acetate_TiO, hybrid membranes
with improved morphological structures were prepared by using electrospin-
ning technique. The effects of TiO, on prepared membrane morphological
structure were studied. The authors strongly believe that this work will have
substantial contribution to the current state-of-the-art on the preparation and
enhancement of the properties of conventional cellulose acetate membranes.

3.2.1.1 Solution Composition

The main aim of this study was to fabricate cellulose acetate_TiO, hybrid
membranes using electrospinning technique. Organic-inorganic hybrid mem-
branes are prepared using mixing inorganic oxide with the polymeric solu-
tion. Present researchers have paid attention to TiO, NPs because of its stable
mechanical strength, it is less costly, and it has high potential for various appli-
cations. Furthermore, TiO, NPs can improve the hydrophilic nature of various
polymers to enhance flux and decline fouling problems that are significant
factors in water and wastewater treatments [24]. In this study, a mixture of
acetone and dimethylacetamide (DMAc) was chosen as cellulose acetate sol-
vent during electrospinning. To get the optimum electrospun membrane
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TABLE 3.5
Solution Compositions of CA_TiO, Membranes
Acetone/
Membrane CA (wt.%) TiO, (Wt.%) DMAc (wt.%)
M, 135 0 86.5
M, 13.5 1.0 85.5
M; 13.5 2.5 84.0
M, 13.5 4.5 82.0
M; 13.5 6.5 80.0

with good morphological structures, four different concentrations (25, 20, 15,
13.5 wt%) of cellulose acetate were prepared and 13.5 wt.% was selected for
the next experiment. Cellulose acetate solutions were prepared by uniformly
dissolving in 2:1 ratio of acetone/DMAc [11]. As seen from Table 3.5, different
amounts of TiO, NPs were added to the cellulose acetate to enhance the physi-
cal and mechanical property of cellulose acetate. Therefore, different amounts
(0, 1.0, 2.5, 4.5, and 6.5 wt%) of TiO, NPs were dispersed in 13.5 wt% solution
of CA. The mixed solution was stirred for 4 h at 200 rpm speed and sonicated
for 3 h to ensure the optimum distributions of the TiO, NPs in the CA solution.

3.2.1.2 CA, CA_TiO, Membrane Fabrication

During the electrospinning of 20 and 25 wt.% solutions of CA, difficulty of get-
ting uniform bending instability was observed, and not enough fibers were
deposited due to the interruption of the spinning process due to the development
of beads at the tip of the needle. Uniform bending instability and the continued
deposition of fibers was observed as the solution concentration was reduced to
13.5and 15 wt.% of CA throughout the electrospinning process. Finally, 13.5 wt.%
solution of CA was selected as optimized solution, and the membrane from this
solution was fabricated at process parameters of an electric field of 14 KV, solu-
tion feed rate of 2 mL/h, and the needle tip to collector plate distance was kept
as 100 mm. As seen from Figure 3.10a, the CA fibrous membrane has shown
sticky-cotton or sponge-like structure, shown by the rectangular shape, which
was explained as a poor physical property where the fibers do not adhere to
each other [32]. For this reason, we have chosen TiO, as additive to the CA mem-
branes to improve their morphological properties. Then, the prepared hybrid
solution (CA_TiO,) was put into the electrospinning setup for the fabrication of
CA_TiO, hybrid membranes. It was clearly observed that due to the addition of
TiO,, the sticky-cotton or sponge-like structure of the CA membrane was turned
to smooth and tightened up membrane structure as shown in Figure 3.10b.

3.2.1.3 Study of TiO, Nanoparticles

As clearly shown in Figure 3.11, the size of TiO, was determined by transmission
electron microscopy (TEM). The TiO, appeared in the form of spots. To measure
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FIGURE 3.10
Images of (a) fabricated CA membrane and (b) CA_TiO, hybrid membrane.
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FIGURE 3.11
TEM image of commercial TiO, nanoparticles.

the size of each nanoparticle, Image J software was used, and their size ranged
from 16 to 72 nm. The average particle size was approximately 29.8 nm.

3.2.1.4 Surface Charge Study

The outer surface zeta potential ({) values of the solutions of CA and CA_TiO,
and TiO, at pH of 7 are presented in Table 3.6. The solution composition for
CA membrane (M,) had a negative outer surface { value (-5.10 mV) due to the
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TABLE 3.6

Zeta Potential Values: Solution of CA and CA_TiO,,
and TiO,

Samples M, M, M, M, M; TiO,

Zeta potential (mV) -5.10 —4.13 -2.95 -1.74 +16.19 +33.4

dissociation of carboxylic groups present in the cellulose acetate chains and mo-
lecular structure [33]. The outer surface { values of the solution compositions
for M,, M,;, and M, were —4.13 mV, 295 mV, and —-1.74 mV, respectively. How-
ever, further increasing the amount of TiO, blended with CA solution, a high posi-
tive { value was attained reaching a value of +16.19 mV at 6.5 wt.% of TiO,. These
results confirm that the positively charged characteristics of hybrid membranes
were enhanced with increasing the amount of TiO, within the CA solution. On
the other hand, the { value of the pure TiO, nanoparticles was positive (+33.4 mV)
at pH =7 The limitations, particularly the oxygen vacancies on the surface mor-
phology and structure of the nanoparticles, could be introduced, and this may
change the electronic structure of the nanoparticles [34]. Furthermore, water
molecules can occupy the oxygen vacancies and produce adsorbed -OH groups,
which indicated that the nanoparticles were positively charged. Nevertheless,
the outer surface { values for the hybrid membranes containing TiO,
were negative at the studied pH value (1.0 wt%, 2.5 wt%, and 4.5 wt.% of TiO,).

3.2.1.5 Membrane Morphological Study

The FESEM images of the electrospun CA and CA_TiO, hybrid membranes,
which are designated as M,, M,, M;, M,, and M;, are shown in Figure 3.12
(a;, by, ¢;, dy, e)). The electrospun membranes with good morphological struc-
tures thathave smooth fibers and uniform fiber entanglements were fabricated
successfully. The FESEM images were taken to evaluate the impact of TiO, on
the electrospun hybrid membranes morphological structures. According to
these images, increasing TiO, content on cellulose acetate caused the forma-
tion of largely interconnected fiber networks that may have good effect on
the enhancement of the membrane strength and membrane pore structures.
When the addition of TiO, was increased from 0 to 6.5 wt.%, the entanglements
of the fibers and the network between the fibers were increased. However for
higher amount of TiO, (4.5 and 6.5 wt.%), large amount of agglomerations were
observed on the membrane’s top layer, and some of the fibers turned from a
round shape to flat shape (Figure 3.12d,, e,). Therefore M, and M; were chosen
as best hybrid membranes with their optimized morphological structures.
The elemental results of the electrospun membranes are shown from the EDS
images in Figure 3.12 (a,, b,, ¢,, d,, ;). The EDS image clearly confirmed the
existence of the TiO, NPs on the fibers within the membrane matrix. When
the TiO, percentage increases from 0 to 6.5 wt.%, the composition of titanium
atom increased from 0 to 10 wt%. As shown in Figure 3.12a,, only oxygen
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FIGURE 3.12

FESEM and EDS images of CA, CA_TiO, electrospun fibers M, (a;, a,), M, (b, b,), M; (c;, ¢)),
M, (d;, d,), and M; (e, e,).
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and carbon atoms were detected in CA membrane. The EDS mapping also
revealed that an even dispersion of TiO, was observed in the membrane
matrix. Both the FESEM and EDS studies revealed that the fabricated mem-
brane has good morphological structures with a uniform distribution of TiO,.

The fiber diameter and surface pore diameter distributions of the electro-
spun membranes were studied from the FESEM images using Image | soft-
ware. The fiber diameter distributions of all the membranes are shown in
Figure 3.13. An average fiber diameter was examined by measuring around
600 fibers. From these measurements, the average fiber diameter was found
to be 0.43 um. From the whole fiber diameter measurements, the minimum
and maximum fiber diameters were found to be 0.06 pm and 1.2 pm, respec-
tively. The effect of the increasing TiO, on the fiber diameters of the mem-
brane was also investigated. A uniform decline in average fiber diameter
was confirmed as the content of TiO, increases. This uniform decrease in
average fiber diameter can be explained as some CA chains may be broken
due to the ionization of the solution as the distribution of TiO, was further
increased, as will be discussed in detail later in this section. As shown in
Figure 3.13 (M, to M;), most of the fiber diameters are laid in the range of 0.35
to 0.8 pm; large number of the fibers for M, were found in the range of 0.15
to 0.8 pm; the largest number of fibers for both M, and M; were found within
the range of 0.15 to 0.3 pm; and the average fiber diameters for M,, M,, and
M; were 0.6, 0.55, and 0.5 pm, respectively. The average fiber diameters for
M, and M; were found to be 0.4 pm and 0.3 pm, respectively (defective fibers
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FIGURE 3.13
Fiber diameter distribution of CA (M,) and CA_TiO, electrospun fibers (M,, M5, M,, and Mj).
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were excluded). Therefore, the impact of the TiO, on the fiber diameters of
the hybrid membranes was evidently observed from this study.

Surface pore size distributions of the CA and CA_TiO, membranes were
examined using Image ] software from the FESEM images and are presented
in Figure 3.14. One hundred surface pores of each membrane sample were
measured. The results showed that the surface pore size of the electrospun

| -2

Max, = 1.7 wm
Mis. = 023 pmn
Avg = 0,7 pm

0224 s0e 1012 4 1820
Range of pore diameter, pm

02a4 15080 1052 140 1820
Range of pore diameter, pm

e ol -

¥4 Mav, = L4 pm Mar. = 1.2 pm
Min, = 0,15um Al = 0,19 g
Avg. = 0.7 m @4 Avg. = 054 pm

0204 0808 1092 1418 420
Range of pore diameter, pm

0244 18080 1032 TALE
Range of pore diameter, pm

* s |
30 4 Max, = 1.8 gm
Min = 0014 um
i o Avg, = 0,48 mm
g n
i ALE
g
£,

1500 102 14E 1820
Range of pore diameter, ym

FIGURE 3.14
% Surface pore size diameter distribution of CA_TiO, membranes (M;, M,, M5, M,, and M;).
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hybrid membranes decreases as the content of the TiO, increase. For exam-
ple, the average surface pore diameters are measured as 0.85, 0.79, 0.70, 0.54,
and 0.48 um for M,, M,, M;, M,, and M, respectively. Normally, all the mem-
branes fall into microfiltration ranges. The decreasing of the average surface
pore size is due to an increasing in the TiO, to the membrane matrix. From
the FESEM image analysis, it was indicated that the cellulose acetate matrix
comprises less spider-net like network, but, with increasing the TiO, con-
tent, the spider-net like structure or fiber networks were highly intercon-
nected to each other. The spider-net like network structure development was
mainly because of the improved ionization of the polymeric solution in the
presence of TiO, during electrospinning, and similar results were reported
by [35]. Thus, the acidic CA solution may be further ionized when the TiO,
were added, which was also confirmed by pH measurement. The pH of the
CA solution (6) was increased to neutral (7) for CA_TiO, solution. Under
a neutral condition, electrospun CA_TiO, solution results in a significant
reduction in surface pore diameter compared to those obtained in an acidic
condition of cellulose acetate (CA) membranes, due to the increase in com-
plex fiber network. The uniform dispersion of TiO, can reduce the power of
the intermolecular hydrogen bonds among polymeric species, and by tend-
ing ions to travel freely and subsequently, the conductivity was raised. The
additional uniform desperation of TiO, on the membrane matrix can fur-
ther raise the number of ions in the electrospinning solutions. An additional
increase of ions can cause the splitting-up of sub-fibers from the main fiber
jets and solidification with TiO, in the form of a spider-net like structure. The
surface hydroxyl group and acetate group part of the ionic species of CA were
suggested to hold TiO, on the surfaces of fibrous membranes. The ionized spe-
cies of the polymer and TiO, (Ti**) were linked either using hydrogen-bonding
[36] or using the development of complexes within polymeric ligands initi-
ated by the lone-pair of electrons in cellulose acetate. But, further increas-
ing the amount of TiO, (4.5 and 6.5 wt%) NPs caused the formation of
thick and flat fibers on some parts of the CA_TiO, hybrid membranes. This
can be explained due to the fact that, with increasing the quantity of TiO,,
the CA_TiO, was turned into a more viscous solution, which might grow
the columbic force required to overcome the surface tension for erupting the
electro-spinning jet, resulting in large agglomeration, thicker and flat fibers
with rough surfaces.

3.2.1.6 Membrane Crystallinity Analysis

Crystallinity analysis was carried out using X-ray diffraction. The X-ray
diffraction patterns of CA, CA_TiO, electrospun hybrid membranes and
TiO, are presented in Figure 3.15. The patterns of TiO, were presented as
20 = 48.06°% 37.86° 25.41°, matching with brookite, rutile, and anatase, respec-
tively, where these are characteristics of crystalline peaks [37]. According to
these results, it was indicated that the TiO, are largely comprised of anatase.
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FIGURE 3.15
X-ray diffraction patterns of TiO, nanoparticle, CA and CA_TiO, electrospun membranes (M,,
M,, M;, M,, and M;).

Among the three types, anatase has an excellent stability, anti-fouling char-
acters, and hydrophilic nature, which are the important characteristics of
filtration membranes. In addition, this is suitable for membrane modification
[23]. As seen in Figure 3.15, the wide peak observed below 26 = 20° for pure
CA membrane (M;), corresponds to the semi-crystalline arrangement of cel-
lulose acetate membrane [38]. For the CA_TiO, hybrid membrane (M,) only
one crystalline characteristic peak is observed at 20 of 24.15° and as the TiO,
content increases, the CA_TiO, hybrid membranes (M;, M,, and M;) showed
characteristic of three crystalline peaks at 26 = 24.06° 37.85° 48.15° that are
similar with the TiO, characteristic peaks including the semi-crystalline
peak of CA. However, 26 was slightly shifted for the main peak of TiO, NPs
as shown in Figure 3.15 (M,—M;). This slight shift of TiO, peaks in electro-
spun CA_TiO, hybrid membranes may be due to the interactions between
cellulose acetate and TiO, [39]. The strong and sharp characteristic peaks
in the hybrid membranes indicate the good crystallinity of the fabricated
membrane.

3.2.1.7 Surface Roughness Study

The surface roughness study of the prepared membranes was conducted
using atomic force microscopy (AFM). The three-dimensional surface AFM
images of electrospun CA and CA_TiO, hybrid membrane are shown in
Figure 3.16. The AFM analysis software was used to examine the membrane
roughness parameters within a scanning area of 5 pmx5 pm. The mean value
of the Z value (R,), the root mean square of the Z value (Rms (R))) and the
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FIGURE 3.16
Three-dimensional AFM images of CA (M,) and CA_TiO, (M,, M;, M,, and M;) electrospun
membranes.

mean difference in the height between five highest peaks and five valleys
(R,.q) were evaluated. It was confirmed that all the roughness parameters of
electrospun CA membrane (M;) were higher than the electrospun CA_TiO,
(M,) membranes. As the content of the TiO, NPs on CA was raised from 0
to 2.5 wt.%, the membranes roughness also declined from 124.4 nm (M,) to
95.3 nm (Mj,). It might be considered that the uniform distribution of TiO,
NPs within the matrix of the electrospun membranes made the membrane
have denser skins, in which the rough and cotton like structure of CA mem-
brane was changed into a smoother surface. However, as the TiO, NPs con-
tent increased to 4.5 and 6.5%, the roughness for M, and M; (Figure 3.16) was
increased largely to 229.1 and 269.2 nm, respectively, which may be due to the
high agglomeration of TiO, NPs on the membrane’s matrix as already seen
in Figure 3.12d, and 3.12e,. Membranes with smoother surface have found to
have better anti-fouling ability and good permeability properties. The mem-
branes fouling tendency could rise, and the flux property would decline as
the roughness of the membrane increases due to pollutants collecting on the
valleys and peaks of the irregular membrane surface [24,30].

3.2.1.8 Thermal Stability Analysis

The thermo gravimetric analysis (TGA) was used to study the thermal
analysis of (a) pure CA and (b—e) CA_TiO, hybrid membranes as shown in
Figure 3.17. In addition to a slight change in decomposition temperatures,
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TGA analysis of (a) cellulose acetate and (b, ¢, d, and e) cellulose acetate_TiO, hybrid membranes.

the weight losses of the membrane samples were found to be 97, 91, 85, 76,
and 69% for M,, M,, M3, M, and M;, respectively. The weight loss decreased
uniformly with increasing TiO, amount in the hybrid membrane, and addi-
tional heat was transferred to the TiO, in the membrane throughout the
analysis. The residual mass of CA_TiO, membrane is higher than that of
TiO, free membranes where the degradation amount for the CA membrane
was improved by the addition of TiO, nanoparticles. Thus, the delay in
decomposition was due to the slight enhancement of CA_TiO, membrane’s
decomposition temperature (T,). This result may be due to the increase in
rigidity of the polymer chain due to the interaction between CA and TiO,
NPs, which improves the energy of CA chain from simple breaking down.
This interaction between CA chains and TiO, NPs was suggested, due to
the hydrogen or covalent bonds. Similar results were reported by [23,36].
The results confirmed that the TiO, NPs were evenly distributed in the
electrospun membrane fibers. This good compatibility between the CA
and TiO, NPs was suggested due to the possible coordination bond of Ti**
and acetate group and the possible hydrogen bond formation among the
surface hydroxyl groups and acetate groups of CA [23]. Furthermore, the
strong interaction between TiO, NPs and the CA chains could avoid TiO,
NPs from being leached easily from membrane matrix. The results revealed
that deposition of TiO, NPs into CA matrix had improved the rigidity of
the polymer chain, which is significant property to increase the mechani-
cal strength and thermal stability of the membranes. Also, EDS images of
M,-M; confirmed uniform distribution of TiO, NPs in the matrixes of the
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electrospun fibrous membranes, regardless of the large amount of TiO, NPs
agglomeration for M, and Ms.

3.2.2 Summary

In this study, a cellulose acetate (CA) _titanium oxide (TiO,) hybrid membrane
was fabricated by using electrospinning technique. The CA_TiO, hybrid
membranes showed a structure resembling the pure CA membrane. However,
the spider-net like network between the fiber structures was improved due
to the NPs deposition on the surface of membrane fibers. The effect of TiO,
contents on the electrospun membrane matrix was studied in detailed. The
characterization studies confirmed the existence of nanoparticles in the CA
electrospun membrane matrix and the pure CA membrane was modified suc-
cessfully. The outer surface { values of the solution compositions for M;, M,,
M,, M,, M;, and TiO, were —5.10 mV, —4.13 mV, —2.95 mV, -1.74 mV, +16.19 mV,
and +33.4 mV, respectively. The positively charged characteristics of hybrid
membranes were enhanced with increasing the amount of TiO, within the
CA solution. The roughness surface observed for electrospun CA membrane
(M,) was enhanced when the content of the TiO, NPs on CA was raised from
0 to 1.0 wt% and 2.5 wt% (M, and M, respectively). The weight losses of the
membrane samples were found to be 97, 91, 85, 76, and 69% for M,, M,, M,
M,, and M;, respectively, and the degradation amount for the CA membrane
was improved by the addition of TiO, nanoparticles. This modified CA_TiO,
hybrid membrane will be used for water treatment applications. However,
future studies will be needed to fully investigate the performance character-
istics of CA-TiO, hybrid membranes for specific applications.

3.3 Removal of Heavy Metal Ions Using Composite Electrospun
Cellulose Acetate/Titanium Oxide (TiO,) Adsorbent

3.3.1 Introduction

The contamination of water resources in the presence of heavy metal ions
causes major environmental health problems. Heavy metal ions, such as lead,
copper, cadmium, chromium, mercury, cobalt, and nickel, are some exam-
ples of water contaminants. Therefore, the pollution of water due to the pres-
ence of heavy metal ions is a serious environmental concern because of their
persistency, poisonousness, and bioaccumulation capability [40]. Among
these heavy metals, excessive copper ions can cause lethargy, weakness, and
anorexia [41]. Lead ion causes damages to the reproductive, nervous, blood
circulation system, neurotoxicity, nephrotoxicity, hematological, and cardio-
vascular systems [42]. Manufacturing industries, such as leather processing,
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metal plating, mining, and glass processing wastes, are posing a risk to the
community health due to their heavy metal contaminated effluents [43]. Since
heavy metals are non-degradable and have a tendency to deposit in living
animals or plants, they can cause numerous sicknesses and illnesses [44].
Therefore, the elimination of heavy metal ion pollutants is a significant stage
in wastewater treatment processes. The adsorption method is one of the most
common processes to eliminate those heavy metals, as a result of its ease, suit-
ability, low cost, and highest removal capacity [45]. The adsorbent properties,
such as specific surface area, porosity, and adsorption capacities, must be taken
into consideration during the choice of the proper material for the adsorption
process to be successful [19,46,47]. Several adsorbents have been employed for
adsorption of heavy metals and particularly for the elimination of Pb (II) and
Cu (II) ions including polymers [48], polymer/inorganic oxides [49], zeolites
[40], and metal oxides [50]. However, reusing of powder adsorbent nanopar-
ticles has remained challenging for researchers. Consequently, current stud-
ies have attracted by electrospun membrane materials because of having the
satisfactory specific surface area, high porosity, interconnected pore struc-
ture, and tailorable thickness that are key factors for adsorption efficiencies
and capacities [51]. The cellulosic adsorbent was prepared for effective arsenic
elimination from the contaminated solutions using a two-step surface modi-
fication [52]. Cellulose adsorbents that showed a high removal potential for
arsenic and adsorption capacities were reported as 5.71 mg/g and 75.13 mg/g
for As (III) and As (V), for the optimal pH of 7 and 5, respectively. Polyvinyl
alcohol and titanium oxide composite membranes were produced through
electrospinning and investigated as adsorbents from contaminated solu-
tions. The maximum adsorption capabilities of uranium and thorium were
reported as 196.1 and 238.1 (mg/g) using optimum pH of 4.5 and 5.0 at 45 °C,
respectively [53]. Polyacrylonitrile/TiO, adsorbent beads were prepared to
eliminate Pb** ions from aqueous solutions. The synthesized adsorbents were
found to have high porosity and highly stable in strong acids. The Pb* ion
adsorption raised with increasing pH where total removal has attained at pH
of 5.6 [28]. A blended solution of polyacrylonitrile, polysulfone with polydo-
pamine membrane having a higher specific surface area was produced using
the electrospinning technique. The composite membranes were examined as
La (III) ion adsorbents. It was shown that the maximum equilibrium uptake
capacity of the La (IlI) on the adsorbent membrane was 59.5 mg/g [54]. A
poly(methacrylic acid) modified cellulose acetate membrane was fabricated
by using electrospinning technique [41]. They have investigated the adsorp-
tion capacity of the prepared membrane for removal of heavy metals such as
Cu?, Hg?, and Cd?*. Their adsorption results indicated that higher initial pH
values correspond to greater adsorption capability. Furthermore, this adsor-
bent showed highest adsorption selectivity for Hg?". On the other hand, blend
hollow fiber membranes of chitosan and cellulose acetate were prepared and
investigated for copper ion removal in a batch adsorption mode [55]. The
adsorption experiments revealed that the blend hollow fiber membrane had
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good adsorption capability (up to 35.3-48.2 mg/g), short adsorption equilib-
rium time (20-70 min), and was effective at lower copper ion concentration
(e, <6.5mg/L).

Impacts of the amount of TiO, nanoparticles, contact time, pH, and tem-
perature on the adsorption processes and adsorption kinetics were investi-
gated. The prepared cellulose acetate/TiO, adsorbents with 2.5 wt.% of TiO,
NPs exhibited smooth morphological structure with a relatively high sur-
face area and porosity. For comparison, the heavy metal adsorption capaci-
ties of all the prepared adsorbents (with TiO, wt.% of 0, 1, 4.5, and 6.5) were
also investigated. Increasing the TiO, amount beyond 2.5 wt% declines
the removal efficiency of heavy metals due to a decrease in specific area,
porosity, and agglomeration of the NPs within the matrix of the adsorbents.
The prepared cellulose acetate/TiO, adsorbents with 2.5 wt% show higher
adsorption capacity than other prepared adsorbents.

3.3.2 Batch Adsorption Experiments

The batch adsorption experiments were carried out in a 100 mL borosili-
cate beaker, and the experimental parameters are presented in Table 3.7.
Adsorption experiment was done by adding 100 mg of adsorbents into
50 mL of Pb (II) and Cu (II) solutions separately using an incubated shaker
at 150 rpm (solid/liquid ratio: 0.002 g/mL). The parameters, such as initial
concentrations of Pb (II) and Cu (II) taken as 50 mg/L, contact time ranged
from 0 to 300 min, and temperatures of the solution were varied from 25 °C
to 55 °C. The effects of TiO, nanoparticles content on adsorption capabil-
ity of the adsorbents for the elimination of heavy metals were investigated.
The effects of pH on the elimination of Pb (II) and Cu (II) ions were studied
within the range of 1 to 9 at 35 °C for 5 h agitation period. The effects of the
contact time were also investigated by altering the time using a constant
temperature of 35 °C.

The adsorbent phase concentrations after equilibrium, g (mg/g), were cal-
culated using the well-known equation

_ (Cu - Ce )V 3.4
e ( . )
M
TABLE 3.7
Batch Adsorption Parameters
Initial conc. Adsorbent Dose Shaker Speed Contact Time
(mg/L) (mg) (rpm) pH (min) Temp. (°C)
50 100 150 12,345, 0,30, 60,90, 25, 35,45, 55
6,7,89 120, 150,

180, 210,
240, 270, 300
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The percentage of removal is calculated as Equation 3.5:

R(%) = (CC;C) x 100 (3.5)

0

where g, is the adsorbent phase concentration after equilibrium in mg of
adsorbate per g of adsorbent; V is the volume of the liquid in the solution (L);
C, and C, are the initial and the equilibrium concentrations of heavy metal
ions in the liquid phase (mg/L), respectively; and M is the mass of adsorbent
(g)- Regeneration of adsorbent was done by rapidly washing the adsorbents
with HNO; (IM) and then rinsed using deionized water for three times, fol-
lowed by drying in a vacuum oven at 50 °C for 24 h [56].

3.3.3 Morphology and Diameter Distributions

In this work, electrospun adsorbents with smooth morphological structures
(which have smooth fibers and uniform fiber entanglements) were fabricated
using the electrospinning technique. As clearly shown from the FESEM
images (Figure 3.18), increasing TiO, content on cellulose acetate caused
the formation of largely interconnected fiber networks. When the addition
of TiO, amount was increased from 0 to 2.5 wt.%, the entanglements of the
fibers and the network between the fibers were increased. But for the higher
amount of TiO, (i.e., 4.5 and 6.5 wt.%), some agglomerations were observed
on the adsorbent top layer, and some of the fibers turned from a round shape
to flat shape. Although the composition and solvents used in this study are
different, similar results were reported by [38] on the effects of TiO, NPs dur-
ing the preparation of CA/TiO, composite adsorbents.

As seen from Table 3.8 the addition of TiO, NPs improved the porosity
of the plain adsorbent. An increase in porosity for CA/TiO, is because of
the uniform network formation within the matrix of the adsorbent after the
introduction of the TiO, NPs and the hydrophilic nature of the adsorbent,
in which the TiO, NPs are known as hydrophilicity enhancer. And it is also
believed that the occurrence of TiO, NPs creates the spaces within the adsor-
bent matrix by separating the CA chains that lead to the improvement of the
adsorbent porosity. However, on the addition of higher TiO, NPs (i.e., 4.5 and
6.5 wt.%), the porosity value was observed to decrease. This result is due to
the agglomeration of the NPs in the matrix of the adsorbent as clearly seen
from the FESEM images (Figure 3.18). In this study, AM2 was chosen as best
composite adsorbent due to its improved specific surface area, porosity, and
overall best morphological structures.

3.3.4 Textural Properties of the Adsorbent

The textural properties (crystallinity) analysis was carried out using X-ray
diffraction. The X-ray diffraction patterns of AM0, AM1, AM2, AM3, and
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FIGURE 3.18
FESEM images of electrospun adsorbents (AM0, AM1, AM2, AM3, and AM4).

AM4 electrospun adsorbents and TiO, NPs are presented in Figure 3.19. The
patterns of TiO, NPs were presented as 260 = 48.06° 37.86° 25.41°, matching
with brookite, rutile, and anatase, respectively, where these are characteris-
tics of crystalline peaks [37]. According to these results, it was indicated that
the TiO, NPs are largely comprised of anatase. As seen in Figure 3.19, the
wide peak observed below 26 = 20° for AMO corresponds to the semi-crystalline
arrangement of cellulose acetate [38]. For AM1 only one crystalline charac-
teristic peak is observed at 26 of 24.15°, and as the TiO, NPs content increases,
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TABLE 3.8
Effect of TiO, Content on Adsorbent Porosity and Specific Surface Area

Specific
CA Content TiO, Solvent Porosity, € Surface Area
Adsorbent (wt.%) (wt.%) (wt.%) (%) (m?/g)
AMO 13.5 0 86.5 57.2 30.2
AM1 13.5 1.0 85.5 80.1 38.5
AM2 13.5 2.5 84.0 85.9 48.5
AM3 135 45 82.0 729 19.9
AM4 13.5 6.5 80.0 69.0 12.5
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FIGURE 3.19
X-ray diffraction patterns of the TiO, nanoparticle, electrospun adsorbents (AM0, AM1, AM2,
AM3, and AM4).

the AM2, AM3, and AM4 showed a characteristic of three crystalline peaks
at 20 = 24.06° 37.85° 48.15° that are similar with the TiO, NPs characteristic
peaks including the semi-crystalline peak of cellulose acetate. However, 20
was slightly shifted for the main peak of TiO, NPs as shown in Figure 3.19
(AM1, AM2, AM3, and AM4). This slight shift of TiO, peaks may be due
to the interactions between cellulose acetate and TiO, NPs [39]. The strong
and sharp characteristic peaks in the adsorbents indicate the strong textural
properties of the fabricated adsorbents that are an important property of the
mechanical strength of adsorbents.

3.3.5 Infrared Spectroscopy Analysis

To investigate the chemical structure of the samples, the FTIR analysis was
done. Therefore, the functional groups of TiO, nanoparticles, electrospun
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FIGURE 3.20
FTIR spectra of CA, TiO,, and CA/TiO, adsorbents.

CA and CA/TiO, adsorbents were characterized. Figure 3.20 shows the
FTIR bands for TiO, nanoparticles, CA and CA/TiO, adsorbents. The broad
peak at 3490 cm™ matches to the surface hydroxyl stretching and the peak
at 1750 cm™ corresponds to the vibrations of ~OH bonds on the surfaces of
TiO, nanoparticles [53]. In the spectra of pure CA, the broadband detected at
3456 cm™ corresponded to —OH stretching because of the strong hydrogen
bond of intermolecular and intramolecular kinds. The characteristic band
of 2900 cm™ attributed to the C—H stretching [57]. The patterns of the C-H
bending bands in the region 890 cm™ are likewise characteristics of the aro-
matic replacement patterns in CA. For the TiO, nanoparticles and CA/TiO,
adsorbents, a new broadband around 600-800 cm™ appeared, which is attrib-
uted to the Ti-O-Ti band [58]. This result shows that TiO, nanoparticles are
successfully introduced to the cellulose acetate adsorbent matrix. In addition
to this, some small peaks were disappeared after the introduction of TiO,
nanoparticles.

3.3.6 Specific Surface Area Analysis

The nitrogen adsorption-desorption analysis was done for TiO, nanopar-
ticles alone and CA/TiO, adsorbent with various TiO, doses. The adsor-
bents designated as AM0, AM1, AM2, AM3, and AM4, the amount of TiO,
nanoparticles in the cellulose acetate matrix were varied as 0, 1.0, 2.5, 4.5, and
6.5 wt%, respectively. Adsorption isotherm graphs were plotted as the vol-
ume of molecules adsorbed on solid surfaces versus partial pressures (P/P,)
at a constant temperature. Relative pressure is defined as the ratio of actual



Electrospun Composite Membranes 83

gas pressure (P) to the saturated vapor pressure of adsorbate (P,) at a spe-
cific temperature. As observed from Figure 3.21, the results indicate that all
the isotherm graphs are of type II, which is a characteristic of mesoporous
structure. In the case of the isotherm graphs for nanoporous materials, these
desorption curves retrace the adsorption curves. But, for macroporous and
mesoporous materials, these desorption curves do not repeat the adsorption
curves causing in a wide loop (Figure 3.21). In adsorption study, the specific
surface area of the adsorbent is the most important factor [59]. In the BET
analysis, the effects of TiO, nanoparticles on the specific surface areas of the
adsorbents were observed. As shown in Table 3.8, the specific surface area of
TiO, nanoparticles powder (i.e., 59.9 m?g™) is higher than those of the adsor-
bents. The specific surface area of the adsorbent increased from 30.2 m?g™!
to 48.5 m?g! as the amounts of TiO, nanoparticles in the adsorbent matrix
were increased from 0 to 2.5 wt.%, respectively. An additional increase of
TiO, nanoparticles indicated a decline in specific surface area of AM3 and
AM4 (ie., 199 m2g™! and 12.5 m?g, respectively). This result is suggested
due to an increase in agglomeration of the nanoparticles on the top layer and
inside the channel of the adsorbent matrix. As already depicted from the
morphological structures of the CA/TiO, adsorbents in the FESEM analysis
(Figure 3.18), further increasing the amount of TiO, nanoparticles caused the
formation of thick and flat fibers in some parts of the CA/TiO, adsorbent
that could decrease the porosity of the adsorbent. The specific surface area
of TiO, nanoparticles is greater than CA/TiO, as some of the vacant spaces
of the nanoparticles were occupied by CA chains during the production
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FIGURE 3.21
Adsorption-desorption isotherm graph of adsorbents (TiO, nanoparticles and AMO, AM1,
AM2, AM3, AM4).
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of CA/TiO, adsorbents. The main advantage of using films in the adsorp-
tion process is that it can be easily recovered without difficulty. Reusing of
powder or particulate adsorbent nanoparticles has been challenging [51].
Throughout this study, AM2 was selected as the best adsorbent because of its
enhanced specific surface area (Table 3.8), but for comparison, all the adsor-
bents were tested for their adsorption capacity.

3.3.7 Energy Dispersive X-Ray Analysis

The EDS characterization was used to study the elemental composition anal-
ysis of the adsorbents. The FESEM and EDS images of the AM2 (i.e, [a;, a,],
[by, by], [cs, c,], [d, d,], and [e,, e,] for pre-adsorption, after adsorption of Pb
[11], after adsorption of Cu [II], after desorption of Pb [II], and after desorption
of Cu [II], respectively) adsorbents before adsorption, after adsorption and
after desorption of heavy metal ions are presented in Figure 3.22. The images
were clearly able to evaluate the efficiency of the CA/TiO, adsorbents. As can
be seen in Figure 3.22a,, there is no deposition of metal ions on the surface
of the adsorbent matrixes as this image was taken before metal adsorption
analysis. During the EDS elemental analysis (Figure 3.22a,), Pb and Cu ele-
ments were not detected at all. On the other hand, deposition/occurrence of
lead and copper ions was clearly observed in Figure 3.22b, and 3.22c, after
adsorption experiment. As discussed previously, the adsorbent had smooth
morphological properties; it had a satisfactory surface area and porosity. Due
to these favorable properties of the adsorbent, the metal ions were easily cap-
tured onto the surface of the fiber matrix within the adsorbents. The lead
(Figure 3.22b,) and copper (Figure 3.22c,) elements were detected in the EDS
analysis, which in turn confirmed the presence of the metal ions on the fibers
of the matrix of the adsorbent. The FESEM images in Figure 3.22b, and 3.22¢,
depicted the development of adsorbent-metal complex ions on the surface
of the adsorbent as clearly explains later. Accordingly, the FESEM results
agreed with the experimental analysis, in which these adsorbents have
shown high adsorption efficiencies for both the heavy metal ions. In the case
of the desorption process, it is evidently shown from Figure 3.22d, and 3.22¢,
that the metal ions were desorbed successfully and a free fiber network was
observed, unlike that of adsorbents morphological structures before desorp-
tion study. The elemental analysis strongly supported these results, where
elements of Pb and Cu were not detected (Figure 3.22d,, 3.22e,).

3.3.8 Adsorption Study
3.3.8.1 Effect of Contact Time and Temperature

The study of the effects of contact period of the synthetic solution and
solid phase adsorbent is one of the significant factors for effective use
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FIGURE 3.22
FESEM and EDS images of (a,, a,) AM2 adsorbent, (b;, b,) after adsorption of Pb (II), (c,, c,) after
adsorption of Cu (I), (d,, d,) after desorption of Pb (II), (e, e,) after desorption of Cu (II).
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of the adsorbent for practical applications in water treatments [46,56].
The samples were shaken in an incubated shaker at 150 rpm for differ-
ent times (30 to 300 min) with a known dosage of adsorbent at 35 °C. The
results of kinetic studies for the adsorption of heavy metal ions Pb (II)
and Cu (II) onto CA/TiO, are presented in Figure 3.23. The concentration
of copper and lead decreases rapidly within 30 min and the final concen-
trations of copper and lead ions after 5 h contact time were 0.15 mg/L and
0.55 mg/L, respectively. It is known that first all active area on the adsor-
bent surfaces had empty spaces and the concentration of the solution was
high. When contact time was increased, the available active area on the
adsorbent was decreased, and rate of adsorption was found to decrease
slowly. Consequently, 5 h contact time was chosen for all the equilibrium
studies.

Adsorption experiments were furthermore studied at different tem-
peratures (25 °C to 55 °C). Figure 3.24 shows that Cu (II) ion removal effi-
ciency rises quickly with rising temperature from 25 °C (84%) to 35 °C
and then maximum removal efficiency was attained (>98%). This rise is
because of the stepping up of some sluggish adsorption stages or because
of the formation of a new empty active area on the surface of adsorbents.
The removal efficiency of Pb (II) ion was almost similar for all the tem-
peratures (>99%), maybe because of the adsorption of Pb (II) ion using
CA/TiO, adsorbent is favorable at the given temperatures. Increasing of
temperature hardly influenced the amount adsorbed ions at equilibrium,
which shows that variation in temperature had less effect on adsorption
of Pb (II) ions.
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FIGURE 3.23
Effect of contact time on the Pb (II) and Cu (II) ions adsorption onto CA/TiO, adsorbent.
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FIGURE 3.24
Effect of temperature on the Pb (II) and Cu (II) ions adsorption onto CA/TiO, adsorbent.

3.3.8.2 Effect of pH

To study the adsorption capacity of the adsorbents, the initial pH value of
the solution is an important factor. Therefore, optimization of the pH value
is required. The procedure of cation exchanges among adsorbent surface
and the heavy metal cations comprising solutions are greatly dependent
on the pH values of the intermediate. Therefore, the adsorptions of Pb (II)
and Cu (II) were investigated at various pH values alternating from highly
acidic to neutral (pH = 1.0 to 7.0). For comparison purpose, the adsorbent
was tested at pH of 8 and 9. The influence of pH on the adsorption efficiency
of metals is presented in Figure 3.25a. The adsorption occurred slightly at
low pH values (up to pH = 1.0 to 3.0); beyond this pH level (between 3.0
and 5.0), the quantity of lead and copper ions adsorption on the CA/TiO,
adsorbent was improved. With further increasing the pH level of the solu-
tions, the adsorption develops significantly and maximizes at pH of 5.2 and
5.8 for both lead and copper ions, respectively. As the pH rises beyond 7,
the TiO, surface —OH groups suggested making the adsorbent surface more
negatively charged. These results were confirmed by analyzing the zeta
potential ({) values of the solids, and the results are presented in Figure
3.25b. As clearly observed from the figure, at low pH (1-3) values, the sur-
face of the adsorbent had positive charges. However, as the pH values were
raised beyond 3, the surfaces of the solids were negative. High negative
€ values were attained with further increase in the pH values to 8 and 9.
These results are accredited to an increase in the amount of -OH groups
in the solid barrier due to alkaline nature of the solutions. Accordingly, the
metal ions with positive charges easily interact with the adsorbent surface.
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Effect of pH (a) on the Pb (II) and Cu (II) ions adsorption onto CA/TiO, adsorbent and (b) on
zeta potential values of the adsorbent.

This condition helps to continue the adsorption process of the adsorbent
since the competitions among H*, and heavy metal ions are reduced [28,53].
Kim et al. [28] have suggested that the monodentate inner-sphere-type sur-
face complexation is the possible mechanism of the elimination of Pb (II)
ions by using TiO,. The possible mechanisms for copper and lead in this
study are suggested as

Ti-OH+Pb** & Ti—-O-Pb* +H* (3.6)
Ti-OH +Cu** & Ti-O-Cu* +H* (3.7)

However, on further increase in the pH level of the solution, an acceptable
removal of metal ions was observed. At high pH (alkaline solutions), the metal
cations start to react with hydroxide ions to form metal hydroxide and are
precipitated [60]. Since the adsorbent used for this study was highly porous,
the heavy metal hydroxide precipitates can easily be adsorbed or captured
on the surface as well as a depth channel of the adsorbent. Precipitation of
each copper and lead ions in their solution as hydroxides was starting to rise
at higher pH values (i.e., >7) [61].

3.3.8.3 Effect of TiO, Amount

The effect of TiO, content percentage on adsorption capacities or removal
efficiencies of copper and lead ions onto CA/TiO, adsorbent was investi-
gated. The adsorbents with various quantities of TiO, nanoparticles (0, 1.0,
2.5,4.5, and 6.5 wt%) are designated as AM0, AM1, AM2, AM3, and AM4,
respectively. The removal efficiency of lead and copper ions by using
CA/TiO, adsorbents are shown in Figure 3.26. As presented in Figure 3.26,
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FIGURE 3.26
Effect of TiO, nanoparticles amount on removal efficiency of Pb (II) and Cu (II) ions.

the adsorption capacity of Pb (II) and Cu (II) ions rise with the increase of
TiO, nanoparticles from 0 to 2.5 wt.%. This rise is because of the improved
specific surface area of the adsorbent. An additional increase in TiO, amounts
caused a reduction in the removal efficiency of the adsorbent. In the case of
the Pb (II) ion, the removal efficiency of all the adsorbents showed a higher
removal percentage, though the slight decrease was observed for TiO, con-
tents of 4.5 and 6.5 wt.%. Because of the accumulation and thickening of
TiO, nanoparticles, this decrease in removal efficiency for both metal ions
is observed, which in turn diminishes the existing specific surface area and
porosity of the adsorbent. Moreover, the agglomeration of nanoparticles
causes difficulty to the Pb (II) and Cu (II) ions to diffuse within the internal
and surface pores of the adsorbent matrix. As shown in Figure 3.26, maxi-
mum removal of 99.7% and 98.9% were attained for lead and copper ions,
respectively, by using AM2 (2.5 wt.% of TiO, nanoparticles). Whereas 86.3%
removal efficiency for Pb (II) at pH ranging from 4.5-5.0, adsorbent dose
0.5 g/L, initial concentration 30 mg/L and equilibrium time 90 min was
reported by [42] and less selectivity for Cu (II) ion at pH of 3.4, initial concen-
tration 50 mg/L and adsorbent dose 2 g/L was reported by [41]. Adsorption
capacities of Pb(II) and Cu(II) for some adsorbents reported in the literature
is presented in Table 3.9.

Comparatively, for the CA adsorbents without TiO,, the corresponding
removal efficiencies are 65.7% and 70.5% for Cu (II) and Pb (II), respectively,
thereby confirming the efficiency of TiO, nanoparticles to enhance heavy
metal adsorption. Therefore, CA/TiO, (2.5 wt% of TiO,) adsorbents were
chosen for the next step of the adsorption study in which this result agreed
with the theoretical conclusion of BET surface area analysis.
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TABLE 3.9

Adsorption Capacities of Pb (II) and Cu (II) for Some
Adsorbents Reported in the Literature

Adsorption Capacity (mg/g)

Adsorbent Pb (I Cu(Il) Refs.
CA/TiO, 25.0 23.0 Present study
CA/PMMA - 3.0 [2]
Cellulose/ chitin <19.0 19.2 [40,62]
CA/zeolite - 28.6 [1]
Sawdust 3.8 - [33]

3.3.8.4 Adsorption Isotherms

For this work, three well-known adsorption models—Freundlich, Langmuir
[50,63], and Dubinin-Radushkevich (D-R) [50]—were investigated to ana-
lyze the equilibrium data of Pb (II) and Cu (II) metal ions. In Langmuir
model, the adsorption mechanism is based on the physical phenomenon
in which the highest adsorption capacity involves of a mono-layer adsorp-
tion, where the energy of adsorption is constant; the surface is energetically
uniform, with no interaction between neighboring adsorbed molecules.
Therefore, the heat of adsorption is constant through the fractional super-
ficial coverage. All adsorptions occur by the same mechanism and result
in the same adsorbed structure. The general equation of the Langmuir iso-
therm is [64]:

_ qmaxbce
qe_|:(1+bce):| (38)

The linear form Equation 3.8 can be written as

C _ (1+Ce} (39)
9o \GmaxD  Gimax

where C, (mg/L) is the equilibrium metal ion concentration; g, (mg/g) is the
amount of heavy metal ions adsorbed per unit mass of adsorbent (mg/g) at
equilibrium; g,,,, (mg/g) is the highest quantity of the metal ions per unit
mass of adsorbents to develop a complete mono-layer, and b (L mg™) is the
Langmuir constant related to the affinity of binding sites.

The Freundlich equation has been commonly used for isothermal adsorp-
tion and is dependent on a heterogeneous surface adsorption. It was derived
empirically in 1912, and it is defined by the following equation [63]:
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q.(x/m)= [K f(Ce)ﬂ (3.10)

The linear form can be written as

logq, = [log Ky + %(log C. )} (3.11)

where x/m is the weight of contaminants adsorbed per unit weight of adsor-
bents (mg/g), n and K; (mg/g) (mg/L)" are the intensity parameter and
Freundlich capacity factor of the adsorbent, respectively. The adsorption
isotherms data of Pb (II) and Cu (II) were generated at pH of 5.2 and 5.8,
respectively, for 300 min using 100 mg of CA/TiO, (AM2) adsorbent at 35 °C.
The results of adsorption model from linear plots are given in Figure 3.27. All
the parameters were computed by using the three isotherm model equations
and the R? values (Table 3.10) for Freundlich (a), Langmuir (b), and D-R (c)
isotherms were compared. The results from Freundlich isotherm revealed
that the 1/n values for both metals were not laid between 0 and 1. This result
clearly indicates that the adsorptions of various metal ions using CA/TiO,
adsorbents were not favorable for Freundlich. Therefore, by looking at the
R? values (Table 3.10) of the Freundlich (R? > 0.85, 0.91), Langmuir (R? > 0.98,
0.99), and D-R (R? > 0.44, 0.52) models, the Langmuir isotherms model was
well-fitted with the experimental data of both metal ions (Cu (II) and Pb (II),
respectively) as compared to D-R and Freundlich isotherm models. The
Langmuir isotherm model applicability for CA/TiO,—metal ion adsorption

y=43x+3.70 o
oty

\ y=49x+3.65

Ln q ,mmol/g

—m— Pb (1), R*=0.52
3.5 —e— Cu (II), R*= 0.44

0 100000 200000 300000 400000 500000
82
FIGURE 3.27
Adsorption model: (a) Freundlich, (b) Langmuir, (c) D-R plots for copper and lead adsorption
onto the adsorbent.
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TABLE 3.10

The Three Isotherms Model Parameters for Metal Adsorption onto CA/TiO,
Adsorbent

Freundlich Isotherm Langmuir Isotherm D-R Isotherm
K, (mg/g) 9prs
Metal Ion (mg/L)" R? G uary MGG R? mmol/g R?
Pb (1) 6.12 091 319 0.99 38.55 0.52
Cu (1) 5.90 0.85 314 0.98 38.75 0.44

process suggests that the monolayer adsorption condition exists in the
experimental condition.

The D-R adsorption model is more general than the Langmuir model and
is used to show the adsorption method through a Gaussian energy distribu-
tion on a heterogeneous surface [50]. The common form of the D-R isotherm
model equation is stated as:

0. =[ Gor Xp(-Kpye?) | (312)
The linear form can be rewritten as
Ing, = [ Inqpy +(~Kpre?) | (3.13)

where g, is the quantity of metals adsorbed on the adsorbent surface per
unit mass of adsorbents (mmol g7); gpi is the highest adsorption capacity
(mmol g™); € is the polanyi potential (¢ = RT In(1 + 1/Ce)); K5 is the activity
coefficient associated with adsorption free energy (mol? J2); T is the absolute
temperature (K), and R is the gas constant (8.314 ] mol K™). A fixed volume
of adsorption space near to the adsorbent surface and the presence of an
adsorption capacity of these sites are assumed by the Polanyi adsorption
theory.

The results of four phases of adsorption and desorption of copper and lead
metal ions onto the CA/TiO, adsorbents were examined. As shown in Figure
3.28a, the adsorption efficiencies of the adsorbents for those heavy metal ions
were slightly declined with increasing adsorption desorption phases. This
slight decreasing in adsorption capacity of the adsorbent might be because
of losing a certain functional-groups and/or Ti leaching of the adsorbents
through the acid cleavages, and some of the adsorbent pores may be blocked.
However, as seen from Figure 3.28b the TiO, leaching tendency due to the acid
cleavage during the desorption process was negligible. There were no obvi-
ous characteristic peaks for the AM2 adsorbent before adsorption took place.
Nevertheless, after the adsorption of those heavy metals onto the adsorbent
absorption peaks were observed at about 323 nm and 327 nm for Pb (II) and
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FIGURE 3.28
(a) Adsorption-desorption cycles, (b) UV-vis absorption spectra of before and after adsorption
and after desorption of AM2 adsorbent.

Cu (II) ions, respectively. This confirms the formation of adsorbent metal
ion complexion due to an efficient adsorption. The absorption peak for TiO,
NPs was observed for all the samples at around 385 nm. On the other hand,
no metal ion peaks were observed after the desorption process using HNO,
acid and similar graphs with the AM2 adsorbent were detected. Therefore,
the outcomes indicated that the CA/TiO, adsorbents could repeatedly be
recycled without showing substantial damage in adsorption efficiency. The
decreasing in the adsorption efficiencies was not significant when compared
with the control. Moreover, the FESEM images in Figure 3.22d, and 3.22¢,
confirmed that the morphological structure of the adsorbent was not dis-
turbed during the recycling procedure.

3.3.8.5 Adsorption Kinetics

Adsorption kinetics study is one of the most vital parameters of the adsorp-

tion study. Because the mechanisms of the adsorption processes can be

modeled by using kinetic models [65]. Therefore, the experimental results

were analyzed using the two kinetic models called pseudo-first-order and

pseudo-second-order using the kinetic equations as follows [66—68].
Pseudo-first-order:

q: = q.(1—exp(=kit)) (3.14)

The linear form of first-order kinetic can be rewritten as

log(g. —¢,) = [Iqug —(2‘];103)1%} (3.15)
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where g, and g, (mg/g) are the adsorption capacities at equilibrium time and

at time ¢, respectively; k; (min™) is the pseudo-first-order model rate constant.

The constant of the pseudo-first-order kinetic model was found using a linear

regression of log (9,_q,) versus t, and the results are presented in Table 3.11.
Pseudo-second-order:

kg2,
=| —=¢ 1
i {(szqet) 16

The linear form of second-order kinetic can be written as

t 1 t
t_ LB (3.17)
a (hﬁ %]

where k, (g/mg min) is the second-order adsorption rate constant. The plots
of t/q, versus t were employed to calculate the constants of the pseudo-second-
order kinetic model. The graphs for both kinetic models are shown in Figure
3.29a and 3.29b and the pseudo-second-order kinetic model parameters are

TABLE 3.11
Kinetic Parameters of Metal Adsorption onto the CA/TiO, Adsorbent
Pseudo-First-Order Model Pseudo-Second-Order Model
qﬂxp k2
Metal Ion (mg/g) q. (mg/g)  k; (min™) R? q.(mg/g) (g/mg min) R?
Pb (1) 20.5 5.40 0.0362 0.93 28.09 0.00057 0.99
Cu (II) 22 4.75 0.0193 0.88 33.11 0.00026 0.99
15
. @ 24 ® /
- y=-0.008x+1.6 P
104 N y=0.035x+3.0. 97
10 ~ A
o 05 . Ps '
? . ~ :Ei s
= p==0.01x+1.5" 5 y
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FIGURE 3.29

Adsorption kinetics: (a) Pseudo-first-order and (b) Pseudo-second-order plots for copper and
lead adsorption onto the adsorbent.
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given in Table 3.11. As indicated in Table 3.11, the pseudo-second-order equa-
tion fitted well with the experimental data of both copper (R? = 0.99) and lead
(R?=0.99). Since the CA/TiO, adsorbents employed in this experiment have
relatively high equilibrium adsorption, the adsorption could be fast and
thus the equilibrium time may be short. Due to this short equilibrium time
together with high adsorption capacity, a high degree of affinity between the
metal ions and the CA/TiO, adsorbents is indicated. On the other hand, the
pseudo-first-order kinetic model fitted the experimental results poorly.

3.4 Summary

The characterization and adsorption study of the CA/TiO, adsorbent were
completed successfully in this work. The specific surface areas of the adsor-
bent were increased from 30.2 to 48.47 m?g-! as the amounts of TiO, nanopar-
ticles in the adsorbent matrix were increased from 0 to 2.5 wt.%. The highest
removal efficiencies of lead and copper ions with CA/TiO, adsorbent were
estimated to be 99.7% and 98.9% under the optimized conditions of TiO,
amounts (2.5 wt.%), pH (5.2 for Pb (II) and 5.8 for Cu (II), respectively), agita-
tion period (5 h), adsorbent dosage (2 g/L), and temperature (35 °C).

The Langmuir isotherm (R? > 0.98 for copper and > 0.99 for lead) model
was well fitted to the equilibrium data of both metal ions than D-R and
Freundlich isotherms.

The adsorption experimental data agreed perfectly with the pseudo-second-
order kinetic equation where the regression coefficients were greater than 99%
(R? > 099) for both copper and lead ions. Repeated adsorption—desorption
experiments after four phases revealed that CA/TiO, adsorbent showed high
elimination capacity for copper and lead ions. The CA/TiO, adsorbent pro-
vided in this study can be employed for the applied treatment of heavy metal
contaminated water.
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Phase Inverted Membranes:
Preparation and Application

4.1 Preparation and Application of Phase Inverted Membranes
4.1.1 Introduction

Phase inversion is a suitable method for the preparing of polymeric membranes
having all types of morphological structures. In this technique, a casting solu-
tion comprised of polymer and solvent is immersed into a non-solvent coagu-
lation bath, and a polymer solution is phase separated into polymer rich and
polymer lean phases in a controlled manner [1]. The solidification process is
frequently started by the change from one liquid phase into two liquid phases
(liquid-liquid demixing). At certain periods during de-mixing, the polymer
rich phase solidifies so that a solid membrane matrix is formed [1,2]. Membrane
morphologies, particularly the pore size distributions, can be controlled by
selecting the different solvent, non-solvent, polymer, pore former, and fabrica-
tion parameters depending on the particular application [3-6]. Cellulose acetate
is broadly applicable for the synthesis of membranes because of having tough,
biocompatible, hydrophilic characteristics, good desalting nature, high flux,
and relatively less expensive [7-9]. Cellulose acetate membranes with different
polyvinylpyrrolidone (PVP) concentration and coagulation-bath-temperature
were prepared by a group of researchers [10]. They have found that the addition
of 0 wt% to 3 wt% of PVP to the polymer solution increased the macro-voids
development and consequently the pure water flux was raised.

Nevertheless, due to further addition of PVP to 6 wt% the macro-void
formation was suppressed and pure water flux (PWF) was reduced. On the
other hand, increasing in coagulation bath temperature up to 25 °C resulted
in increasing of the macro-voids formation. Chakraborty et al. have prepared
flat sheet polysulfone membranes from casting solutions by using NMP and
DMAc solvents [11]. Polyethylene glycol (PEG) of average molecular weights of
400 Da, 6000 Da, and 20000 Da were used. The PWF and P,, were enhanced sig-
nificantly as the PEG molecular weight was increased. A substantial increase in
rejection of bovine serum albumin solution was also reported due to an increas-
ing of the molecular weight of PEG from 400 Da to 6000 Da. This increasing

101
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tendency of the membrane with PEG 6000 may be due to the sponge-like and
dense structure that can offer more resistance to the protein molecules. They
have also reported that BSA rejection was observed to decrease when the PEG
molecular weight was beyond 6000 Da (i.e., 20,000 Da). The high porosity and
presence of finger-like cavities in the sublayer for membranes with PEG 20,000
Da have allowed more BSA transmission without much resistance and resulted
in less BSA rejection. Kim et al. have also investigated the effect of PEG as a
pore-former on polysulfone/N-methyl-2-pyrrolidone (NMP) membrane forma-
tion using phase inversion process [12]. They have found that the coagulation
value was decreased as the molecular weight (M,,) of the PEG was increased.
They have also observed that the membrane surface pore size becomes larger,
and the top layer appears more porous and the distance from the top surface
to the starting point of macro-void development becomes greater. They have
also reported that with increasing of the PEG additive M,, water flux was
increased and PEG solute (PEG of 12,000 and 35,000 g/mole used as solutes)
rejections were observed to decrease. Solute transmission increases if the elec-
trostatic interaction is insignificant, where in turn solute rejection is expected to
decrease with increasing in PEG molecular weight.

Generally, polymeric additives are essential to improve the membrane
properties [11-14], mainly pore structure, mechanical stability, thermal sta-
bility, hydrophilicity, flux, and rejection capabilities [10,15-17]. An effort has
been made to explore the effect of PEG and PVP additives, and the effect of
solvents in the mixtures of CA/Ac: DMAc and CA/DMEF solution discretely.
CA was used as polymer and PVP and PEG were used as additives and pore
forming agents to compare their effects on the morphological structure and
permeability properties of the membrane. We put our effort to investigate
the effect of the two solvents on the morphological structure and perme-
ability properties of the membrane. All the experiments in this study were
performed three times and all the graphs are presented with error bars.
Moreover, all the experimental results were consistent with the membrane
properties and agreed with each other.

4.1.2 Preparation Methods: Phase Inversion Process
4.1.2.1 Preparation of CA, CA-PEG, and CA-PVP Membranes

Phase inversion technique using immersion precipitation was used for the
fabrication of asymmetric ultrafiltration membrane from cellulose acetate
polymer. Initially 10.5 wt.% of CA powder was dissolved in acetone: DMAc
(70/30 wt.%) and DMF separately with continuous magnetic stirring at room
temperature (28 + 2 °C). Particular attention was given to acetone and DMAc
where the two solvent properties were then mixed to attain enhanced CA
solubility due to a synergistic effect, and we have selected the mixture ratio
according to the literature. DMF was selected due to its good solvent nature
for CA where it avoids rapid evaporation of the solution [18,19]. After getting a
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uniform solution of the CA/solvent, a fixed amount of each additive (5 wt.%)
was added and stirred continuously at least for 1 day until the solution was
fully dissolved, and finally, homogeneous casting solution was obtained.
The amount of polymer and additives were chosen based on the literature
[13,16]. Membranes with different composition were designated as CAQ, CA1,
CA2, CA3, CA4, and CAD5. Table 4.1 shows the solution casting compositions
of polymeric additives with CA.

The membrane preparation process is shown in Figure 4.1. The casting solu-
tion was stirred overnight using a magnetic stirrer at room temperature. After
that, a homogeneous solution of solvent, polymer, and the additives were
attained and kept for 24 h at room temperature. Consequently, the casting

TABLE 4.1
Compositions and Viscosity of the Casting Solution of Polymeric Additives with CA
CA PEG PVP Ac: DMAc DMF Viscosity
Membrane wt.% wt.% wt.% (70/30 wt.%) wt.% (mPa.s)
CAO0 10.5 - - 89.5 - 1680
CA1l 10.5 5 - 84.5 - 1780
CA2 10.5 - 5 84.5 - 1720
CA3 10.5 - - - 89.5 1850
CA4 10.5 5 - - 84.5 1920
CA5 10.5 - 5 - 84.5 1970

Coagulation bath

i

Casting solution

Casting glass & knife

%+ Coagulation bath = DI Water

%+ Coagulation temperature = 25 °C
#Evaporation time = 30 sec
+*Phase inversion time = 30 min

FIGURE 4.1
Membrane preparation process.
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Solvent | H,0
H,0: J; /‘EF Casting solution
Solvent: J, VLNALN/L N/ AL

Glass Plate

Coagulation bath

FIGURE 4.2
Schematic representation of casting film and coagulation bath interface: solvent (J,) and non-
solvent (/).

solutions were poured consistently on a glass sheet with the help of a casting
knife keeping an allowance of roughly 0.25 mm between the knife and the
glass plate. Then, the resultant films were exposed to air for about 30 s earlier
to soaking in the coagulation bath containing DI water at room temperature.

In the coagulation bath, the cast solution turned from transparent to white
color and the thin film detached from the glass plate. The membrane sheets
were kept for 30 min in the coagulation bath. After that, the fabricated mem-
branes were reserved in DI water beakers until use. Finally, the membrane
sheet was cut into a circular disc to put in the filtration cell for pure water
and BSA filtration experiments.

During the preparation of phase inverted membranes using immersion
precipitation process, ternary and multicomponent systems were used. In
ternary system, scheme consisting of a solvent, a polymer, and a non-solvent
was applied where the non-solvent and solvent are miscible. On the other
hand, the multicomponent system (polymer/solvent/non-solvent/additive)
was also investigated. In immersion precipitation, a homogenous mixture
of the solvent and polymer are cast to a thin film on the glass plate and then
immersed in a non-solvent (water in this case) bath. As seen in Figure 4.2,
the non-solvent (water) starts to diffuse into the cast film (J,), and the solvent
diffuses into the coagulation bath (J,). After a specified time, the exchange of
non-solvent and solvent has continued until the solution becomes thermody-
namically unstable and liquid-liquid de-mixing occurs. Finally, a polymeric
film is obtained with an asymmetric structure.

4.2 Preparation of Ultrafiltration Membranes: Effects of
Solubility Parameter Differences among PEG, PVP, and CA

4.2.1 Morphological Study

The FESEM images of (a) top layer surface view and (b) the cross-sectional
view of the prepared membly dissolving the polymer and additives in two
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different solvents (DMF and Ac: DMAc) are presented in Figure 4.3. As clearly
shown from the figures, the prepared membranes are asymmetric in struc-
tures comprising a porous sublayer and a dense top layer for all types of the
membranes (i.e., for CA/DMF and CA/Ac: DMAc). The sublayer portion of
the membranes without additives (CAO and CA3) seems to have finger-like
voids as well as macro-void structures. According to the literature, there are
so many parameters, such as evaporation step [20] and coagulation bath tem-
perature (CBT) [13], that allow the development of macro-voids during mem-
brane formation using immersion precipitation process. The development of

(a) (b)

CA0
| EHT= 200k Mag= 300KX WD=S5imm smu:n
2pm
EMT= 200K/  Mag= 100KX WD=32m  SignalA=hl
CAI
|_¢m'"‘ EHT= 200kv  Msg= 200KX WO=25mm  Signal A= InLef
EHT= 200V  Mags 100KX WD= 38mm  SignalA=inks nl\\l
CA2
P4 enTe 200k Mag= 300KXwo= 52mm J"“I
FIGURE 4.3

(a) Top surface and (b) cross-sectional FESEM images of CA membranes with different addi-
tives and solvents. (Continued)
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FIGURE 4.3 (CONTINUED)
(a) Top surface and (b) cross-sectional FESEM images of CA membranes with different addi-
tives and solvents.

macro-voids happen under rapid precipitation condition, and the precipita-
tions are quicker at higher coagulation temperatures. In the current study,
the coagulation bath temperature and evaporation step (i.e., before immer-
sion) are fixed to 25 °C and 30 s, respectively, during the preparation of all
the membranes. Another important factor that affects the formation or sup-
pression of macro-voids is the type of de-mixing that occurred during the
phase separation process. Furthermore, the instantaneous de-mixing and
the delayed de-mixing depends on the mutual affinity of the non-solvent
and solvent in the ternary system [1]. The solvents used in this study (DMF
and Ac: DMAc) have a high mutual affinity with water. Therefore, appar-
ently, the formation of the finger-like voids and macro-voids in the sublayer
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of the membranes without additives is due to the instantaneous de-mixing.
On the other hand, when the polymeric additives are added to the ternary
(polymer/solvent/non-solvent) system the formations of macro-voids are
suppressed for membrane prepared using PEG (i.e.,, CAl and CA4). However,
for membranes prepared using PVP the formation of some macro-voids are
still maintained (i.e, CA2 and CA5). However, the formation of micropo-
rous structures was observed for both the additives. In a quaternary system
(polymer/solvent/non-solvent/additive), nevertheless, the exchange process
of water and solvent between the coagulation bath and the casting solution
taking place right upon immersing is considerably faster than the separation
of the two polymers. However, after some instants of immersion process,
polymer-polymer movement may occur. This is because of the separation of
the two polymers (membrane forming and additive) that involves the move-
ment of one polymer with respect to the other [21]. Therefore, a binary phase
arises from the phase separation, where one involves the CA (i.e,, membrane-
forming polymer), Ac: DMAc/DMF (i.e., solvents), and non-solvent (i.e.,
water) and the second contains the polymer additives (i.e., PEG or PVP), sol-
vents (i.e., Ac: DMAc or DMF), and non-solvent (i.e., water). The membrane
forming polymer and additives have a driving force to separate completely
into a CA-rich and a PEG-rich or PVP-rich phase. Consequently, the type of
de-mixing process in this case can be influenced by the diffusion/movement
of the two polymers on each other. Therefore, this phenomenon should be
slow compared to the diffusion of solvent and non-solvent in the polymer
solution. To maintain this, a polymeric additive with a certain minimum
molecular weight in the system is required [22].

4.2.1.1 Effect of Additives

The introduction of hydrophilic additives that are soluble in the non-solvent
(i.e, water) with high affinity to the solvents and low affinity to the mem-
brane forming polymer tends to increase the thermodynamic instability
of the casting film, which further leads to instantaneous de-mixing in the
coagulation bath. This result encourages the development of macro-voids in
the membrane structure. The presence of the polymeric additives increases
the concentration/viscosity of the casting solution that may diminish the dif-
fusional exchange rate of the solvent and non-solvent during the membrane
formation process. Consequently, this may hinder the instantaneous liquid-
liquid de-mixing process that suppresses the development of macro-voids
[10,13,23]. It is clear from the figures that the finger-like voids in the sublayer
are considerably reduced with the adding of polymeric additives (PEG and
PVP) for both solvents. Particularly, for CA/Ac: DMAc/PEG scheme (CA1)
and CA/DMEF/PEG (CA4), the membranes are found to have almost macro-
void free cross-sectional structures. The CA/Ac: DMAc/PVP system (CA2)
and CA/DMF/PVP system (CA5) membranes showed the development
of some finger-like and macro-voids. These results lead to the conclusion,
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although the instantaneous de-mixing is yet continued, the effect of those
additives has considerable part on the suppression or development of macro-
voids. The FESEM images of the top view of all the prepared membranes are
presented in Figure 4.3a. Some of the open pore structures developed in the
membranes are formed by nucleation and development of the polymer-lean
phase in the metastable area between the bi-nodal and the spinodal curve
[22,24]. Nevertheless, the top layer structure of the ultrafiltration membrane
frequently doesn’t reveal open pore structures and not a completely uniform
gel-layer, which is stated as a nodular structure. The development of nodular
structures can’t be described by nucleation of the polymer lean part. It is also
not common that nucleation of the polymer-rich part happens because this
only occurs at initially low polymer concentrations, below the critical point.
A possible explanation for the formation of a nodular structure on the top
surface of the membranes could be due to the spinodal de-mixing because
the diffusion process throughout the development of the top layer is faster
for the homogenous system to develop greatly unstable and crosses the spi-
nodal curvature [4,22]. The top surface with improved interconnected pores
structures is observed more prominently in the case of PEG (i.e., CA1), which
is attained because of the spinodal decomposition. Therefore, the intercon-
nected pores may be regarded as a continuous CA-lean (PEG-rich) phase
tangled by a constant CA-rich (PEG-lean) phase, which produces membrane
with a uniform matrix. In the case of PVP (CA2), a nonuniform pore struc-
ture was observed. However, the remaining membrane surfaces (i.e., CAQ,
CA3, CA4, and CA5) depicted dense top surface structures.

4.2.1.2 Effect of Solvents

The effects of solventmnon-solvent and solvent:polymer interactions are
also important parameters on the final morphological structures of the
membranes. Therefore, the tendency of mixing of the solvent with non-
solvent, the degree of swelling of the pure polymer in the non-solvent, and
the solubility of the membrane forming polymer in the solvent should be
considered during the investigation of the effect of different parameters on
the final structure of the membranes. From the FESEM images, Figure 4.3b,
it is clearly observed that the macro-void formation in the CA/DMEF sys-
tem is greater than Ac: DMAc system. This can be due to the transition
from instantaneous to delayed onset of de-mixing attained by changing
the type of solvents [5,21], which is also complemented by the diminishing
of development of macro-voids. The miscibility of the solvent:non-solvent
mixture, employed for the preparation of the membranes, has a significant
effect on the final structure of the membrane [24]. According to Reuvers
et al. [25], the delay time for the onset of liquid-liquid de-mixing increases
with decreasing the tendency of mixing solvent with the non-solvent. The
current observations are completely in agreement with these explanations
that the absence or less macro-voids formation in the case of Ac: DMAc/CA
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system is due to the delayed onset of de-mixing. On the other hand, devel-
opment of macro-voids or finger-like cavities is observed for DMF/CA sys-
tems. These results are because DMF has greater tendency of miscibility
with water than that of Ac/DMAc and therefore the instantaneous de-
mixing occurs that is responsible for the formation of macro-voids. The
effect of these solvents can be explained from another point of view that
the top layer thickness of the cross-sectional views depicted a visible dif-
ference. Therefore, the delayed and instantaneous de-mixing processes
can affect the top layer surface of the finally prepared membrane. In this
case, the membrane formed from DMF/CA system gives membranes with
relatively lesser top layer thickness than the membranes prepared using
AC: DMACc/CA system. However, the total thickness of the AC: DMAc/
CA membranes are lesser than DMF-CA system membranes as seen from
Table 4.1. It is clear that a thicker top layer is due to the delayed onset de-
mixing during the phase separation. One point that should be clarified
here is that the delayed de-mixing, in this case, is not extended delayed
de-mixing. Normally, if the delayed de-mixing is extended, the polymer
film thickness will decrease considerably, which may cause a decrease in
the porosity of the sublayer membranes [25]. This result may further pre-
vent the formation of interconnected pore structures that in turn can form
membranes with homogenous and with dense layer structures. However,
for the membrane prepared from Ac: DMAc/CA system (CA0, CAl, and
CA2) the pores in the sublayer are interconnected due to the develop-
ment of aggregates associated with the gelation of sublayer. Therefore, the
resistance of the sublayer of these membranes is much lower than that of
membranes and could prepare from extended delayed de-mixing (dense
membranes).

4.2.2 Pure Water Flux and Hydraulic Permeability
4.2.2.1 Effect of Additives

The study of compaction factor (CF) is important to understand the pore
structures of the membranes, specifically the membrane sublayer structure.
Membranes with high CF implies that they are highly compacted, which
may, in turn, indicate the availability of a large number of macro-voids or
finger-like arrangements in the membrane’s sublayer structure.

Therefore, the impacts of compaction time on PWF of the prepared mem-
branes are depicted in Figure 4.4. All the membranes prepared using both
solvents (Ac: DMAc and DMEF), and both additives (PEG and PVP) are pre-
sented in Figure 4.4a and 4.4c, respectively. The PWF of all the membranes
was observed to decline slowly with time because of the compaction, and
finally, the steady state fluxes were reached after 80 min. This gradual
decrease in PWF results can be explained due to the compaction of pore
walls (attain a uniform and denser structures) causing the pore size and
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(a, c) PWF profile during compaction study and (b, d) effect of operating pressure on PWEF.

the flux to decrease [1]. Therefore it is important to investigate the effect
of additives on the compaction process, where the effects of the additives
were significantly noticed from this study. Another point observed from this
study was that the membranes without additives showed lesser PWF than
membranes with additives for both the solvents. In this result it is apparent
that the introduction of hydrophilic additives to the membrane casting solu-
tion makes the membrane porous and more hydrophilic [26]. The result evi-
dently shows that the introduction of PEG and PVP impact the development
of porous structure in the membrane, where the permeability properties of
the ultrafiltration membranes were significantly affected [27,28]. Moreover,
the whole removal of polymeric additive from the membrane-forming poly-
meric medium may not be achieved during the phase separation process in
the coagulation bath and even after rinsing with DI water. Consequently,
the residual additives (i.e., PEG and PVP) are forced to remain within the
membrane matrix permanently, thus forming more hydrophilic membrane
[28-31]. In the current study, due to the introduction of the hydrophilic addi-
tives, a small quantity of PVP and PEG may permanently stay entangled in
the membrane’s matrix. These results can improve the hydrophilic nature of
the CA membranes (Figure 4.4).
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Therefore, the polymeric additives can play an important role in the for-
mation of porous membrane with improving its hydrophilic nature, which
is again directly related to its water permeability performance. Comparing
both the additives, the membranes with PVP gained higher flux than mem-
branes with PEG for both solvents. It is clearly explained from the FESEM
images (Figure 4.3) that the membranes formed using PVP additive (i.e., CA2
and CA5) showed the development of greater macro-voids when compared
with membranes formed using PEG additive (CA1 and CA4). The decrease
in water flux for membranes prepared from casting solutions containing
PEG additive is due to the development of a denser top layer as the phase
separation is delayed. These results are also supported by the porosity and
pore size measurements reported in Table 4.3, where it clearly shows that
a relatively lower affinity of PEG to the membrane forming polymer inter-
feres with the de-mixing process and prevents the formation of large pores.
Therefore, regardless of the effect of solvents, the membranes with PVP addi-
tive are more porous than the membranes with PEG additive, which influ-
ences their water flux performance.

4.2.2.2 Effect of Solvents

To develop the membrane skin layer with sharp polymeric concentration dif-
ference (lower concentration at the lowest surface and a higher concentration
at the upper surface) should be attained. The polymeric concentration dif-
ference will be made because of the solvent evaporation before the immer-
sion and due to the immersion of the casting solution into the non-solvent.
Therefore, the investigation of the effects of organic solvents on preparation of
membranes by phase-separation is an important matter [32]. The membrane
characteristics, which are evidently interrelated to the membrane morphologi-
cal structures, can be strongly impacted due to the level of interaction between
the membrane forming polymers and solvents during the preparation of solu-
tion casting. An additional interesting point is that the residual solvents in
the membrane after completing the phase separation may also alter the final
membrane properties [33]. Normally, the morphological structure variation
of the membranes can be associated with the solvent and polymer interac-
tion. In a solvent and polymer interaction scheme, there are three kinds of
interactions: polymer, polymer:solvent, and solvent:non-solvent. When we use
good polymer solvents, the degree of polymer stretching reaches to its high-
est level, and more favorable polymer/solvent interactions can occur [34,35].
Furthermore, the affinity between the solvent and polymer can be predicted
by presenting the “solubility parameter,” J, which is described as the square
root of the cohesive energy density and expresses the strengths of attractive
forces among the molecules. Solvent:polymer interaction in a polymer solution
has been estimated based on the solubility parameter difference (A) between
polymer and solvent as already clearly mentioned by Hansen [36]. The Hansen
solubility parameters of the solvents, additives, and polymer used in this study
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TABLE 4.2

Hansen Solubility Parameters for Selected Solvents, Non-Solvent, Additives,
and Cellulose Acetate

Polymer/ Boiling
Solvent d,(MPa'?)  ¢g,(MPa'?) 4, (MPa'?) J (MPa'?) A Point (°C)
DMF 17.4 13.7 11.3 249 1.6 153
DMAc 16.8 11.5 10.2 22.8 2.3 165
Acetone 15.5 10.4 7.0 19.9 5.6 56
Cellulose 18.6 12.7 11.0 25 - -
acetate
PVP* 16.06 12.13 8.75 23.86 - -
PEGY 16.8 10.2 8.6 21.45 - -
Water 15.6 16.0 423 47.8 - 100

Sources: Guan, R. et al., Journal of Membrane Science, 277(1-2): pp. 148-156, 2006. * Nair, R. et al.,
International Journal of Pharmaceutics, 225(1-2): pp. 83-96, 2001; * Ozdemir, C., and
Giiner, A., European Polymer Journal, 43(7): pp. 3068-3093, 2007.

with their boiling points are presented in Table 4.2. According to Hansen, the
permanent dipole-dipole interactions (4,), dispersive (J,), and hydrogen bond-
ing forces (9;) should be taken into consideration.

Consequently, the solubility parameters (9) can be calculated as follows [36]:

5 = (87 +82+67) @.1)

The Hansen solubility parameter differences (A) among the solvents and the
membrane forming polymers were computed using the following equation:

A= B~ 850) +(8p, ~ 8,V + (8~ 55,)°] @2

where S and P denote the solvent and polymer, respectively; and p, d, and
h represent polar, dispersive, and hydrogen bonding elements of Hansen
solubility parameter. The polymer-solvent interaction parameter is inversely
proportional with Hansen solubility parameters (A), that is, the smaller the
difference between the solubility parameters of polymer and solvent, the
stronger the polymer-solvent interaction. The results of the solubility param-
eter difference are listed in Table 4.2 and show that the As of the solvents are
in decreasing order (i.e, DMF < DMAc < Acetone).

Therefore, the solvent:polymer interaction of the three solvents increases in
the order of DMF > DMAc > Acetone. From these results, it can be suggested
that a relatively strong hydrogen bonding interaction happened between
remaining DMF and CA when compared with CA/Ac/DMAc. Therefore, the
strong interaction between DMF and CA was suggested during the prepara-
tion of solution casting process for membrane forming.
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The effect of solvents on the PWF was also observed clearly from this study.
Membranes prepared using Ac: DMAc (CAQ, CAl, and CA2) showed higher
fluxes than membrane fabricated with DMF (CA3, CA4, and CAS5) regardless
of the effect of additives. Moreover, the initial sharp decrease in PWEF for CA/
DMF membranes was significantly improved for CA/Ac: DM Ac membranes.
This result is evidently related to the effect of solvent on the morphological/
sublayer structures of the membranes. All the membranes prepared with
CA/DMF system depicted large flux decline due to non-uniform sublayer
pore structures. The percentage flux declines were found to be as 89%, 72%,
and 75% for CA3, CA4, and CAS, respectively. Second, the formation of larger
macro-voids due to an instantaneous de-mixing may have resulted in the
formation of non-uniform pore distributions within the membrane matrix.

However, for the membranes prepared from CA/Ac: DMAc system, the
percentage flux decline for CAO, CA1, and CA2 was 34%, 32%, and 33%,
respectively. Unlike the CA/DMF membranes, the uniformly interconnected
pore structures of the sublayer with uniform pore distribution of CA/Ac: DMAc
membranes showed better permeability characteristics. The difference in
flux between the CA-DMF and CA-Ac: DM Ac membranes can also be associ-
ated with the effect of the solvents on the hydrophilicity nature of the mem-
brane. As it is believed that there are some residual solvents within the final
membrane matrix [33,40], they may affect the water flux performance of the
membrane. Guan et al. [33] also reported that the membranes with DMAc
solvent showed a higher hydrophilic nature than membranes with DMFE.
Similar results were found in our study. Regardless of the effects of the poly-
meric additives, the CA/AC: DMAc showed more hydrophilicity nature than
the CA/DMF membranes. It is clearly shown from the membranes prepared
without additives (i.e., CAO and CA3). The effects of the residual solvents are
not significant as compared to the effect of additives. However, it is believed
to have some influences on the membrane performance.

Table 4.3 presents the compaction factor and hydraulic characteristics of
all prepared membranes. It was observed that for both CA/Ac: DMAc and
CA/DMF membranes, the CF decreases with introduction of the additives.

TABLE 4.3

Compaction Factor, Hydraulic Characteristics, EWC, and Porosity of All Prepared
Membranes at 300 kPa

p, R, Jw EWC € [ Thickness
Membrane CF (L/m2hkPa) (x10-°m=1) (L/m?*h) (%) (%) (nm) um
CA-0 1.5+05 0.8 1.1 248 79 83 14.4 729 =15
CA-1 1.3+0.6 1.1 0.9 316 84 87 23.6 119.9 + 10
CA-2 14+05 3.3 0.8 978 86 89 28.9 116.4 + 11
CA-3 40+0.2 0.2 3.5 70 75 80 12.7 186.2 + 8
CA-4 25+0.3 0.3 1.9 81 82 85 13.9 166.5+9

CA-5 33+04 0.9 1.6 273 83 86 224 172.0 + 8
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However, for membranes prepared using both solvents, the CF for CA/PEG
was less than CA/PVP. This can be described that an introduction of addi-
tive into the membrane forming solutions may suppress or increase forma-
tion of macro-voids in the membrane sublayer based on the type of additive
and solvent [21]. In the current study, for both the solvents less formation
of macro-voids was observed for CA/PEG than CA/PVP. Due to these rea-
sons, membranes with PVP additives have resulted in highly porous sub-
layer structure because of the occurrence of more numbers of macro-voids
for both the solvents. These results are also depicted from the FESEM images
(Figure 4.3).

The effects of polymer additives and solvents on PWF at different operat-
ing pressures are presented in Figure 4.4b and 4.4d. The results of PWF for
all the membranes were increased almost uniformly with increasing in an
operating pressure from 100 to 300 kPa. It is also shown that the PWF for all
the CA/DMF membranes is lesser than that of CA/Ac: DMAc membranes.
Nevertheless, of the effect of the solvent, the membranes with PVP additives
showed higher PWF than that of membranes with PEG additives for both
solvents. These results are in good agreement with the conclusions of the
compaction study in Figure 4.4a, c. The hydraulic resistance (R,,) of CA/DMF
membranes was greater than that of CA/AC: DM Ac membranes. In addition,
the R, for the membranes without additives was higher than all the mem-
branes with additives for both solvents. The R,, for CA/PEG was higher than
that of CA/PVP for both the solvents. Therefore, an increase in hydraulic
resistance and decrease in flux with varying additives and solvents may be
accredited to the decline in pore size during compaction. In general, both the
additives, namely, PVP and PEG, are more hydrophilic than the CA polymer.
Therefore the CA membranes with these additives showed improved flux
results.

Comparing the two additives, the CA/PVP showed higher flux and lower
Rm than membrane of CA/PEG. These results can be explained because of
higher solubility and diffusivity of PVP than PEG, where most of the PVP
can be washed out more easily and quickly (as compared to PEG) with the
non-solvent (i.e., water) during the membrane fabrication period [10]. This
result may also be explained due to the formation of some macro-voids
because of the rapid penetration of non-solvent at certain weak spots in
the top layer of the membrane; the PVP rich phase might act as the weak
spots during the precipitation process and result in the development of
macro-voids [17]. As a result, the suppressed sublayers of the PEG mem-
branes are possible to give additional resistances to water permeability
than PVP membranes resulting in low flux. The effects of additives as a
pore former as well as hydrophilicity enhancer were also investigated,
and the porosity and EWC results were calculated using Equations 2.4
and 2.5 (see Chapter 2). The wettability of the membranes was studied by
measuring the water contact angle and the drop age, defined as the dura-
tion of the water droplet on the surface of the membrane and spreading
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and/or permeating through the membrane cross-section [41]. The varia-
tion of water contact angle of all the prepared membranes is presented
in Figure 4.5a. The images of the water droplets with a volume of about
2 uL at 0.16 mL/min on the membrane surface after 60 s are shown in
Figure 4.5b. CA1, CA2, CA4, and CA5 membranes have taken about 15 s,
10 s, 25 s, and 20 s, respectively, and show best water wettability, where
most parts of the membrane surface were almost completely wetted and
smaller spread radius of the water drops on the top side of the membrane
were observed after 60 s. On the other hand, CA0 and CA3 membranes
have taken about 34 s and 36 s to initiate the surface wetting and big water
drops spread radius on the top side of the membrane were observed after
60 s (Figure 4.5b). The smaller the water drop spread radius wetting area
between top and bottom surface and on the top membrane side, the better
the water permeability is. As clearly observed from the graph, the contact
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FIGURE 4.5
(a) Water contact angle values and (b) images of water droplets of the prepared membranes
(water droplet volume is about 2 uL at 0.16 mL/min).
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angle results of the pristine CA0 and CA3 membranes show water contact
angle about 61.3 + 1.6° and 64.1 + 1.5° respectively. In contrast, after the
introduction of hydrophilic additives, all the CA1, CA2, CA4, and CA5
membranes showed greatly reduced water contact angle results (i.e., 43.3 +
2.2° 351 £ 3.1° 49.6 + 1.8° and 47.6 + 2.0°, respectively). Membranes having
smaller contact angle results are considered as more hydrophilic mem-
branes. Therefore, an increase in the hydrophilicity, EWC, and porosity
of the membrane after adding of additives is due to the pore-forming and
hydrophilicity properties of PEG and PVP. Besides, as already discussed
above, using different solvents also influenced the hydrophilicity, EWC,
and porosity of the membrane in some way. Thus, the CA/Ac: DMAc mem-
branes showed better hydrophilicity nature than that of CA/DMF mem-
branes irrespective of the effect of additives. Moreover, it is confirmed that
all the membranes are in ultrafiltration range as seen from the pore radius
(r,,) measurement results in Table 4.3.

4.2.3 Membrane Fouling and Rejection Experiments

Membrane fouling is defined as the deposition of retained particles col-
loids, macromolecules, salts, etc. at the membrane surface, pore mouth, or
pore wall, causing flux decline. Fouling can be caused by three kinds of
substances: organic (macromolecules, biological substances like protein,
enzyme, etc.), inorganic (metal hydroxides, calcium salts, etc.), and partic-
ulates. Proteins are strongly adsorbed on hydrophobic or less hydrophilic
surfaces but less on hydrophilic surfaces [1,42]. In this study, the fouling and
rejection experiments of all the membranes were done in the ultrafiltration
stirred batch cell to examine the consequence of PVP and PEG additives
and effect of DMF and Ac: DMACc solvents on BSA rejection and permeate
flux. The concentration of bovine serum albumin (BSA) protein and pH of
the solutions were kept at (1 g L) and at 7.9, respectively, using deionized
water as solvent. To examine the fouling performance of the prepared mem-
branes, three steps BSA filtration processes were done. The flux results of
pure water and BSA solutions of the prepared membranes are presented in
Figure 4.6.

4.2.3.1 Effect of Additives and Solvents

It is clear that the fouling and rejection behavior of the ultrafiltration mem-
branes are strongly dependent on morphological structures of the mem-
brane (i.e.,, both top layer and sublayer). The effects of additives have their
potential role on the variation in morphological structure of the membranes.
Therefore, the introduction PVP and PEG into the membrane matrix were
observed to influence the flux and BSA rejection performance of the prepared
membranes. The fluxes and rejections of protein in ultrafiltration membrane
can be described using the theory of resultant pore narrowing and protein
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FIGURE 4.6
Permeate flux versus filtration time for (a) CA/Ac: DMAc and (b) CA/DMF membranes: effect
of solvents and additives on fouling performance (25 °C, 150 kPa).

adsorption, due to electrostatic and hydrophobic interaction between BSA
molecule and the membrane’s surface [43]. Regardless of the effect of solvent,
the effect of PEG and PVP were clearly observed from the fouling experi-
ments. Therefore, the fouling experiment results of CA/Ac: DMAc mem-
brane system and CA/DMF membrane system are presented in Figure 4.6a
and 4.6b, respectively. The results showed that initially the CA/PVP mem-
branes showed higher PWF fluxes than the CA/PEG membranes for both
the solvents. However, relatively higher BSA fluxes results were observed for
CA/PEG membranes. It is clear from the results that the membranes without
additives (i.e., CA0 and CA3) showed less PWF as well as the BSA fluxes due
to their less hydrophilic nature and less pore formation. The improvement
of pure water and BSA fluxes for membranes with additives (i.e, CAl, CA2,
CA4, and CAS) were attributed to the pore-forming effect and hydrophilic
nature of PEG and PVP additives. On the other hand, the whole removal of
additives may not be attained from the matrix of the membrane [44].

As clearly depicted from Figure 4.6, in the second BSA filtration operation
(for 2 h), it is observed that with increasing time, the BSA fluxes gradually
decreases for both CA/DMF and CA/Ac: DMAc membranes. The decrease in
BSA fluxes with increasing time could be due to susceptible pore blocking of
the membranes because of BSA protein adsorption and deposition on mem-
brane surface, where the effect of concentration polarization was reduced
by using a high molecular weight of BSA (66 kDa) molecules and rigorous
stirring (200 rpm) on the surface of the membrane. Moreover, the rapid drop
in the primary fluxes are realized, and the ending fluxes are slowly dropped,
which is credited to the porosity loss of the membrane due to an interior
adsorption of BSA protein that further leads to pore blocking. After mem-
brane cleaning operation, the third step pure water filtration operation result
showed that greater relative fluxes were recovered for both CA/PEG and
CA/PVP membranes for both solvents. Normally, the orders of flux recovery
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ratios for the examined membranes were consistent with their hydrophilic
and porosity nature. Thus, the additive-free membrane is more likely prone
to pore-blockage and fouling because of protein adsorption than the mem-
brane with additives. In the literature, it is mentioned that both PEG and
PVP [45] have the potential to minimize membrane fouling due to protein
adsorption. Moreover, the PEG among various polymers is believed to be
an excellent material to resist nonspecific protein adsorption contact with
the surfaces due to the hydrated, neutral, highly mobile, and flexible chains
since they provide maximum entropic repulsion between the proteins and
surfaces [46,47]. Therefore, the anti-fouling capacity of CA/PEG membranes
was better than that of CA/PVP membranes irrespective of the effect of the
solvents. The desorption of the adsorbed BSA proteins was performed by
soaking the samples in DI water for 2 h and followed by rinsing using DI
water. Moreover, the PWFs of CA-PEG-DMF and CA-PEG-Ac: DMAc were
slightly increased after desorption of the BSA by washing the membranes for
2 h. Such a phenomenon is not common in the conventional trends for foul-
ing ultrafiltration experiments. These results could be caused by the inherent
interactions between foulant (BSA) and PEG additive entangled in the mem-
brane matrixes and the membrane top layer [48-50]. It was also confirmed
that PEG could efficiently avoid the irreversible adsorption of the protein on
the surfaces. Therefore, due to the hydrophobic interaction between PEG and
BSA, the proteins might be wrapped by PEG chains, forming a protective
layer [47]. Membrane fouling consists of reversible and irreversible fouling.
In the case of reversible fouling, deposited protein could be eliminated easily
using hydraulic cleaning (i.e., back washing and cross flushing) [51].
Conversely, the irreversible fouling occurs due to an irreversible adsorp-
tion of proteins that can only be removed using chemical cleaning [52]. To
further examine the anti-fouling properties of the prepared membranes and
to study the effect of additives, the flux losses from total fouling (F), revers-
ible fouling (F,), and irreversible fouling (F;) were calculated, and the results
are presented in Table 4.4. From these results, it can be shown that the F;,
for the CA/PEG membranes is less than CA/PVP membranes. However,

TABLE 4.4
Fouling Study Data of the Prepared Membranes

F, F, F, NFR
I, Ts. 1., (1_]7BJ [Iwi—IWfJ [wa_IBJ [IW[]
Membrane (L/m2h) (L/m2h) (L/m2h) Jwi Jwi Jwi Jwi
CAO 111 15.9 76.7 0.86 0.55 0.31 0.69
CA1 1307 215 118.4 0.84 0.74 0.09 0.91
CA2 150.7 172 81.8 0.89 043 0.46 0.54
CA3 34.7 10.0 26.6 0.71 048 0.23 0.76
CA4 64.6 115 61.4 0.82 0.77 0.05 0.95

CA5 75 11.1 37.1 0.85 0.35 0.51 0.49
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the reversible fouling (F,) for CA/PEG membranes are higher than CA/
PVP membranes. This may be credited due to extra BSA protein buildup
on membrane surfaces because of the better BSA rejection. In spite of the
greater reversible fouling, total fouling (F,) of CA/PEG membranes showed
lesser results than CA/PVP membranes due to the decreasing of irreversible
fouling. From this result, it can be suggested that the fouling resistances,
particularly resistances due to irreversible fouling, of CA/PVP membranes
are significantly higher than CA/PEG membranes irrespective of the solvent
effects.

The effect of solvents on the membrane morphological structures and
PWFs were already explained in detailed in previous discussions. Therefore,
from these experiments, it was clearly observed that both the PWF and BSA
flux of CA/Ac: DMAc membranes (Figure 4.6a) are higher than the CA/
DMF membranes (Figure 4.6b). Similarly, the BSA protein rejection of CA/
Ac: DMAc membranes is higher than of CA/DMF membranes irrespective
of the effects of additives.

4.2.3.2 Rejection Performance

The rejection performances of the prepared membranes are showed in
Figure 4.7. The maximum BSA rejection results for CA/Ac: DMAc and CA/
DME system (i.e., 94.4% and 82.9% rejections were attained for CAQ and CA3
membranes, respectively). These results can be explained due to the addi-
tive free membranes have less porous structures, where a better resistance to
protein molecules was observed. On the other hand, the higher BSA rejection
(91.9% and 69.9%) for CA/PEG (i.e.,, CAl and CA4) membranes than CA/PVP
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Rejection performance of different CA membranes: effect of solvents and additives (25 °C,
150 kPa).



120 Polymeric Membrane Synthesis, Modification, and Applications

(CA2 and CA5) membranes (77.9% and 60.7%), respectively, were achieved
irrespective of the effect of the solvents. The characteristic of the BSA rejec-
tion can be described using the protein adsorption phenomenon as we have
already explained above. The increase in BSA rejection for CA/PEG mem-
branes is understood to be an indicator of substantial protein adsorption
inside and on the membrane surfaces. Therefore, the surface depositions of
BSA proteins provide an extra hindrance to solute transportation. Another
reason for CA/PEG membranes to have higher rejections than CA/PVP
membranes may be due to the adsorption of protein on pore-wall of CA/PVP
membrane has lesser influence on pore-narrowing because of their highly
porous structure and higher macro-voids. However, the rejection result for
CAS3 is higher than CA2 but less than CA0Q and CA1 membranes. This result
can be explained due to high resistance capacity of the membranes without
additives having less porous properties. The high rejections and compara-
tively lower fluxes of CA/PEG membranes than CA/PVP for both the sol-
vents can be assumed from the morphological study. The reasonably dense
asymmetrical layer possibly describes the enhancement in the rejection rate
whereas the sublayer with inhibited macro-voids gives resistance ensuing in
moderately lower fluxes and higher BSA rejections. From the above discus-
sions, it is clear that the type of additives and type of solvents showed sig-
nificant effects on the membrane flux and BSA rejection performances. The
results attained in this specific study seem to be reasonably fascinating that
the membranes with PEG additives gained higher rejection results and mod-
erate fluxes. On the other hand, the membranes prepared using Ac: DMAc
solvent showed better characteristics (i.e., hydrophilicity, flux and rejection)
than the membranes prepared using DMF as solvent.

4.2.4 Summary

Phase inverted CA membranes were prepared from casting solutions com-
prised of two different solvents, namely, Ac: DMAc and DMF individually
using immersion precipitation process. Two different hydrophilic addi-
tives, PEG and PVP, were used as membrane pore formers and hydrophilic
enhancers. The effects of additives and solvents on the morphological struc-
tures (i.e., top surface and a cross-sectional structure of the membranes) were
studied in detail. The permeability properties of the prepared membranes
using different additives and solvents were also estimated using CF, hydrau-
lic permeability, hydraulic resistance, hydrophilicity, porosity, EWC, PWEF,
and BSA rejection performance. The outcomes from this study presented the
following concluding points:

¢ The membranes prepared using PVP additive showed the develop-
ment of greater macro-voids and finger-like structure when com-
pared with membranes formed using PEG additive.
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* The introduction of hydrophilic additives to the membrane casting
solution makes the membrane highly porous and more hydrophilic
where the permeability properties of the CA ultrafiltration mem-
brane were significantly influenced.

e The difference in flux between the CA/DMF and CA/Ac: DMAc
membranes are associated with the effect of the solvents on the
hydrophilic nature of the membrane, as it is believed that there are
some residual solvents within the final membrane matrix.

The fouling resistances, particularly resistances due to irreversible fouling,
of CA/PVP membranes are significantly higher than CA/PEG membranes
irrespective of the solvent effects. Higher BSA rejection and relatively mod-
erate flux of CA/PEG membranes than CA/PVP for both the solvents were
obtained, and the comparatively dense asymmetric layer of CA/PEG mem-
brane possibly describes the enhancement in the rejection rate, whereas the
sublayer with inhibited macro-voids gives resistance resulting in moderately
lower fluxes and higher BSA rejections.

4.3 Preparation of CA-PEG-TiO, Membranes: Effect of PEG
and TiO, on Morphology, Flux, and Fouling Performance

4.3.1 Introduction

Synthetic membranes in general and ultrafiltration (UF) membranes specifi-
cally have got more attentions in various applications, such as wastewater
treatments, bio-separation, recovery of proteins, clarification of fruit juice and
alcoholic beverages, separation of oil-water emulsions, and food and paper
industry [53]. The principle of fabrication of asymmetric polymeric mem-
branes is based on the phenomenon of phase inversion [17]. The common tech-
niques of the precipitation of polymer are immersion precipitation, thermally
induced phase inversion, vapor induced phase inversion, and dry casting of
polymer solution [25]. Most commonly available commercial membranes are
prepared by phase inversion [1]. Cellulose acetate is broadly applicable for the
synthesis of membranes because of having tough, biocompatible, hydrophilic
characteristics, good desalting nature, high flux, and moderately less expen-
sive to be employed for reverse osmosis, microfiltration, ultrafiltration, and
gas separation applications [7]. The drawback of cellulose acetate membranes
is that they are susceptible to thermal and mechanical stabilities depending on
the environments and conditions of application [44]. Generally, the presence
of the polymeric additive increases the concentration/viscosity of the casting
solution, which may diminish the diffusional exchange rate of the solvent
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and non-solvent during the membrane formation process [13]. Liu et al. [54]
have studied the morphology controlled characterization of polyethersul-
fone hollow fiber membrane by the introduction of polyethylene glycol. In
their study, they have shown that PEG can be used as an additive to improve
the polymer (PES) dope viscosity and to develop the pore interconnectivity.
Panda and De completed a detailed investigation on the effect of polyethylene
glycol in polysulfone membranes. The influences of PEG molecular weight,
solution concentration, the type of solvents, and thickness of casting solution
were explored. As the solubility of solvent and non-solvent can play signifi-
cant roles in the morphology of the resulting membrane, higher solubility of
solvent: non-solvent leads to a rapid de-mixing. On the other hand, a delayed
de-mixing may occur due to poor solubility and resulting in a membrane with
denser top layer. Due to the higher solubility between NMP and water than
that of the DMF and water, the exchange ratio between NMP/PES is higher
than the DMF/PES ratio, which implicates more diffusion between solvent
and polymer and the formation of a porous membrane. Thus a highly porous
membrane was achieved using N-methyl-2-pyrrolidone (NMP) as a solvent
when compared to N, N-dimethylformamide (DMF) [55]. Chakrabarty et al.
[11], however, have prepared flat sheet asymmetric polymeric membranes
from a homogeneous solution of polysulfone by phase inversion method.
Their results have shown that the membranes with higher molecular weights
of PEG resulted in high pure water flux because of higher porosity of the mem-
branes. Saljoughi et al. [13] have prepared asymmetric CA membrane from
blends of CA, PEG, and NMP using immersion precipitation phase-inversion
process. From their observations, an increasing in PEG concentration in the
casting solution alongside higher coagulation bath temperature resulted in an
improvement of the pure water flux, membrane thickness, and human serum
albumin transmission. Using organic-inorganic membranes, the separation
properties of polymeric membranes can be enhanced and may possess proper-
ties such as selectivity, good permeability, thermal and chemical stability, and
mechanical strength [56]. Another challenge in the field of membrane process
is fouling. Since membrane fouling is causing a severe decline of the solvent
flux, it becomes essential to fabricate membranes less susceptible to fouling
by making modification during preparation. In ultrafiltration processes, there
have been several attempts to decrease fouling, which in general include
feed solution pretreatment, membrane surface enhancements, and process
modifications [57]. In recent research, it is confirmed that the introduction of
nanoparticles in a membrane matrix develops the membrane hydrophilicity,
anti-fouling property, and permeability. Accordingly, several inorganic oxide
nanoparticles such as AL,O; [58], ZrO, [59], TiO, [57], and SiO, [60] have been
added within polymer casting solution. Prince et al. have prepared function-
ally modified PES hollow fiber membrane using PEG 400 and silver (Ag) NPs
through thermal grafting. The attachment of PEG additive and silver NPs
on the surface of the PES hollow fiber membranes were completed by using
poly (acrylonitrile-co-maleic acid) (PANCMA) as a chemical linker. The WCA
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results of the modified membranes were found to be decreased by about
75.5% from 62.6 + 3.7° to 15.3 + 1.2° and the PWF have improved by around
36% from 513 L/m?h to 702 L/m?h [61]. Garcia-Ivars et al. have prepared UV
irradiation modified polyethersulfone (PES) UF membranes using two nano-
sized hydrophilic compounds, PEG and Al,O; NPs. The WCA and pore size
results of the modified membranes have decreased, indicating an enhance-
ment of the hydrophilicity nature of the resulting membranes. Furthermore,
the PEG solute flux and rejection of the PES membranes were enhanced due
to UV photo grafting. Moreover, the modified PES membranes (i.e, 2.0 wt%
PEG and 0.5 wt% AlO;) have exhibited superior anti-fouling performance
than the other tested membranes [62]. Current researchers have paid atten-
tion to TiO, due to its stable nature, ease of availability, and the potential for
different applications. Moreover, TiO, can enhance the hydrophilicity of dif-
ferent polymers to improve flux and decrease the fouling problem, important
parameters in water and wastewater treatment [57]. In membrane filtration
process factors such as thermal/chemical, fouling, and flux are important
properties, and the current study is focused on improving these properties
simultaneously. An effort was made to investigate the influences of PEG and
TiO, on the morphological structure, permeability performance, and thermal
stability property of the membrane in addition to the anti-fouling properties
of CA-PEG-TiO, membranes.

4.3.2 Preparation of CA-PEG-TiO, Membrane

Phase inversion technique by immersion precipitation was used for fabrica-
tion of asymmetric UF membrane from cellulose acetate polymer. Initially,
uniform solutions of CA in Acetone/DMAc (70/30; v/v) were prepared
under continuous magnetic stirring at room temperature (28 + 2 °C). The
casting solution was stirred overnight using a magnetic stirrer at room tem-
perature. After that, the solutions containing CA, solvents, and the additives
(PEG and TiO, NPs) became homogeneous, and they were kept at room tem-
perature for one day to avoid air bubbles. Subsequently, the casting solution
was poured consistently on a glass sheet and carefully cast using a cast-
ing knife, keeping a gap of roughly 0.25 mm between the knife and glass
plate. The resultant films were exposed to air for approximately 30 s earlier
to immersing to the coagulation bath comprising of DI water at room tem-
perature. In the coagulation bath, the cast solution turned from transparent
to white color for membranes CA and CA-PEG. The milky color for CA-TiO,
and CA-PEG-TiO, membranes was changed to white, and all the thin films
were detached from the glass plate. The membrane sheets were kept for
30 min in the coagulation bath. After that, the prepared membranes were
put in DI water-filled beakers until use. Last, the membrane films were cut
into circular discs to put in the membrane cell for UF experiments. The
membranes with different composition are designated as M,, M,, M;, and M,
(i.e, CA, CA-TIO,, CA-PEG-TiO,, and CA-PEG, respectively). Table 4.5 shows
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TABLE 4.5

Solution Compositions and Viscosity of the Casting Solution: CA, PEG, and TiO,
Nanoparticles

CA TiO, PEG AC: DMAc Viscosity
Membrane (Wt.%) (wt.%) (wt.%) (70:30; v/v) (mPa.s)
M, 10.5 - - 89.5 1680
M, 10.5 2 - 87.5 3180
M, 10.5 2 4 83.5 1850
M, 10.5 - 4 85.5 1781

the solution casting compositions of CA, PEG, and TiO, nanoparticles. The
flow diagram for membrane preparation process is presented in Figure 4.8.

The amounts of CA, PEG, and TiO, NPs were selected based on the previ-
ous works [13,63].

4.3.2.1 Morphological Study

The FESEM analysis is an important method to study the membrane mor-
phological structure and qualitative information about surface and cross-
sectional morphology of the membranes to be achieved. The top layer
surface view, the cross-sectional view, and elemental analysis results of
the prepared membranes by dissolving the polymer and additives in AC:
DMAC are presented in the FESEM and EDS images (i.e., Figure 4.9a, b, and
¢, respectively). As revealed by the figures, the synthesized membranes are

Aceton/DMAc
Solvents Polymer

{} Fj additives

CA solution - TiO, nanoparticles

Ji

Casting solution

i

Coagulation N Flat sheet
bath membrane

FIGURE 4.8
Flow diagram of the preparation method of flat sheet membranes.
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FIGURE 4.9
(a) Top surface and (b) cross-sectional FESEM images; (c) EDS results of M, (CA), M, (CA-TiO,),
M, (CA-PEG-TiO,), and M, (CA-PEG) membranes. (Continued)

asymmetric in structure involving a dense top layer and a porous sublayer
for all types of membranes. For additional information, the mapping or dis-
tributions of the elements within the matrix of the prepared membranes are
presented in Figure 4.9d. PEG polymer and TiO, nanoparticle were added
to the membrane forming polymer (i.e., CA) as an additive to examine their
impacts on the morphological structures, thermal stability, and anti-fouling
performance of the synthesized membranes. As revealed by the figures, the
synthesized membranes are asymmetric in structure involving a dense top
layer and a porous sublayer for all types of membranes. The sublayer portion
of the membranes without additives (M) appears to have finger-like voids as
well as macro-void structures.
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FIGURE 4.9 (CONTINUED)
(d) EDS mapping images of CA membranes with PEG and TiO, NPs.
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4.3.2.1.1 Effect of PEG additive and TiO, NPs

The sublayer portion of the M; membrane appears to have finger-like voids
as well as macro-void structures. Generally, the development of macro-
voids happens under rapid precipitation condition, and the precipitations
are quicker at high coagulation temperature [13]. In the present study, the
coagulation bath temperature and evaporation time (i.e., before immersion)
were fixed to 25 + 2 °C and 30 s, respectively, during the preparation of all
the membranes. An additional significant factor that can affect the forma-
tion or suppression of macro-voids is the type of de-mixing that occurred
during the phase separation process, where the instantaneous de-mixing
and the delayed de-mixing depend on the mutual affinity of the solvent and
non-solvent in the ternary system [1]. In solvent and polymer interaction
scheme, three kinds of interactions—polymer:polymer, polymer:solvent,
and solvent:non-solvent—are applied. If good polymer solvents are used, the
degree of polymer stretching reaches to its highest level, and more favorable
polymer/solvent interactions can occur. The solvents used in this study (i.e.,
AC: DMACc) have high mutual affinity with water [33]. Thus, apparently, the
development of the finger-like voids and macro-voids in the sublayer of the
M, (additive free) membrane is due to the instantaneous de-mixing. In this
case, the CA (additive free) stretches to its highest level where there is a max-
imum interaction between the CA and AC: DMAc, which tends to instanta-
neous de-mixing condition to happen. After adding the PEG and TiO, to the
ternary (polymer/solvent/non-solvent) system, the developments of macro-
voids are suppressed significantly (i.e., M,, M;, and M,). The presence of the
polymeric additives and TiO, NPs can increase the concentration/viscosity
of the casting solution, which may diminish the diffusional exchange rate
of the solvent and non-solvent during the membrane formation process.
Accordingly, this may hamper the instantaneous liquid-liquid de-mixing
process that suppresses the development of macro-voids [23]. However, for
membranes prepared using PEG and TiO, nanoparticles (M;) and without
TiO, nanoparticles (M,), the formation of micro-voids (microporous struc-
ture, which is important for the porosity of membrane) was observed. It is
clear that the pore forming properties of PEG polymer have played the key
role in the development of porous sublayer. A quaternary system (polymer/
solvent/non-solvent/additive) of the phase separation involves de-mixing of
the entangled polymers. In this quaternary system, two phases occur from
the phase separation; one involves CA (i.e., membrane forming polymer), AC:
DMACc (i.e., solvent), and non-solvent; the second contains the additive (i.e.,
PEG), AC: DMAc, and non-solvent. The membrane forming polymer and
additive have a dynamic strength to be completely separated to CA-rich and
PEG-rich phases. Consequently, the type of de-mixing process can also be
decided by the diffusion of these polymers with respect to each other.

The addition of TiO, to the membrane formation system has its influence
on the de-mixing process. However, almost macro-void free cross-sectional
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structures were observed for the M, system. From these results, it can be
concluded that although the instantaneous de-mixing is still continued, the
effect of the PEG has a substantial role in the suppression of the finger-like
structure and macro-voids that occurred for the M; membrane. The presence
of the polymeric additive increases the concentration/viscosity of the casting
solution, which may diminish the diffusional exchange rate of the solvent
and non-solvent during the membrane formation process. Consequently,
this may hinder the instantaneous liquid-liquid de-mixing process that sup-
presses the development of macro-voids [13]. The comparatively low affinity
of PEG to the solvents may take additional time to reach the top surface,
allowing the polymeric molecule to get sufficient time to accumulate and
rearrange and subsequently developing a relatively thicker and denser top
layer. The open pore structures developed in the membranes are formed by
nucleation and development of the polymer-lean phase in the metastable
area between the bi-nodal and the spinodal curve [22,24]. A possible explana-
tion for the formation of a nodular structure on the top surface of the mem-
branes could be due to the spinodal de-mixing because the diffusion process
throughout the development of the top layer is faster for the homogenous
system to become highly unstable and crosses the spinodal curve [22]. In the
present study, the top surface with some open pores structures is observed
more prominently in the case of PEG (i.e, M; and M,), which is attained
because of the spinodal decomposition. Therefore the interconnected pores
may be accounted as a constant CA-lean/PEG-rich phase entwined by a con-
tinuous CA-rich/PEG-lean phase that is responsible for developing the uni-
form matrix of the membrane [64]. On the other hand, in the case of M, and
M, membranes, no open pore structure was detected, where a less porous
top surface structure was observed instead. It is evident from these figures
that the finger-like structures and macro-voids are suppressed after adding
TiO, (M, and M;) regardless of the effect of PEG for M; membrane. However,
the M, membrane seems to have less microporous cross-sectional structures.
These results are also confirmed by the porosity study (Table 4.6) where the
M, membrane showed lower porosity than the other membranes. The intro-
duction of both PEG and TiO, played an important role in the improvement
of the membrane hydrophilicity and porosity. The porosity, EWC, and pore

TABLE 4.6

Compaction and Hydraulic Characteristics of Those Prepared Membranes at 250 kPa
R, T EWC € [ Thickness

Membrane CF (x10%m=")  (L/m?h) (%) (%) (nm) (pm)

M1 1.50 + 0.4 0.90 204.5 778+15 819+20 236+5 83.5+8.0

M, 450+0.2 4.30 21.1 767+26 81.0+25 156+7 1024+42

M, 1.66 = 0.3 0.70 530.7 795+12 834+18 350+3 842+ 6.5

M, 1.52+0.4 0.67 265.3 790+14 829+19 314+4 1269+3.0
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radius results of the prepared membranes are calculated using Equations
2.4,2.5, and 2.11 (see Chapter 2). The membrane average pore radius (r,,) is
considered as an approximation of true pore size and the results are 23.6 nm,
15.6 nm, 35 nm, and 31.4 nm for M,, M,, M;, and M,, respectively.

Moreover, the lowest pore radius for M, membrane was attributed to aggre-
gation of some of the TiO, on the surface of the membrane pores. It can also
be seen from the top surface view of M, presented in Figure 4.9a. Adding
of TiO, NPs to the polymeric solution can increase its viscosity. Therefore,
the particles leaching problem is lesser, and subsequently, the pore forming
effect of NPs can be declined in the case where the high viscosity of a solu-
tion hampers the development of pores and causes the porosity of the mem-
brane to decrease [65]. To minimize the influence of thickness shrinkage of
the polymer-phase due to the accumulation of NPs, in the present study, TiO,
NPs having low concentration (i.e., 2 wt.%) were selected [66]. It may be wor-
thy to mention here that the addition of NPs in the polymeric membrane may
decrease or increase its viscosity depending on various parameters, such as
concentration of additive and ligand stabilizer [67]. Due to the introduction
of a relatively lower concentration of TiO,, the finger-like structures and
macro-voids present in M, were greatly suppressed and a relatively dense
layer with small finger-like structures was observed for M; and M,. The pres-
ence of small macro-voids with a little finger-like structure in the case of M,
and M, is assumed to be related to the interference effect of NPs and PEG
additive during the phase inversion process. Therefore, due to the interfacial
stress between polymers and NPs, interfacial pores are formed as a result of
shrinkage of polymer-phase during the de-mixing process [68]. However, the
presence of TiO, in M, diminishes the presence of finger-like structures and
a sublayer structure with almost macro-voids free is obtained. These results
can be described in terms of NPs agglomeration on the membrane form-
ing polymer matrix during phase inversion process. The occurrence of NPs
agglomeration can be mainly caused due to the high surface energy of the
NPs, which tend to aggregate for weakening their surface energy to reach a
more stable state. Furthermore, NPs agglomeration leads to a non-uniform
dispersion of the NPs within the polymer surface and structure. This phe-
nomenon can negatively change the resulting membrane properties such as
hydrophilicity and surface roughness [66]. However, in the case of M,, the
NPs agglomeration was significantly minimized due to the improved distri-
bution of the NPs because of the introduction PEG additive [69].

4.3.2.2 Thermal Stability Studies

The thermal degradation analyses (i.e., TGA and DTG results) of all the pre-
pared membranes are presented in Figure 4.10a and 4.10b, respectively. The
graphs were plotted as weight loss (%) vs. temperatures (°C). It can be clearly
seen from the TGA figure that the decomposition of M, shows three steps.
The first degradation step of the M; membrane was detected between 30 and
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(@) TGA and (b) DTG analysis results of M;, M,, M5, M, membranes and TiO, NPs.

60 °C, and the weight loss was about 4.5%. This degradation is due to the
presence of some volatile material or because of the evaporation of absorbed
moisture by the sample. During the second degradation step, a high weight
loss of around 16.5% was observed between 60 to 260 °C, which is possibly
due to the start of the main thermal breakdown of CA chains. A final degra-
dation step started at 260 °C and ended at 380 °C with a weight loss of 79%
due to the main degradation and possibly because of the carbonization of
the decomposition of the residual materials to ash. The TGA results of the M,
membrane clearly show that it could be highly unstable at high temperature,
and similar results were reported by Zafar et al. and Chatterjee et al. [70].
The TGA results of the CA membrane with PEG additive and TiO, displayed
two-step degradation procedures. Therefore, the start of the decomposition
step for M,, M;, and M, were 278 °C, 271 °C, and 234 °C, respectively. The
observed weight losses are due to the degradation of CA chains because
of the pyrolysis of the backbone of the CA polymer and also followed by
de-acetylation of CA [71]. During the last decomposition step, the degrada-
tion temperatures of M,, M;, and M, are 388 °C, 386 °C, and 382 °C, signify-
ing the main thermal degradation of the CA chains, whereas the TiO, were
totally stable until the end of the analysis (i.e., up to 800 °C). From these
results, it is clearly noticed that the thermal degradation of M; membrane
was significantly enhanced due to the addition of PEG and TiO,. An inter-
esting observation from this study is that the increase in thermal stability
after addition of PEG to CA membrane (M,) is due to the presence of a trace
amount of the PEG in the membrane matrix. The improved thermal stability
of the M, membranes was due to the strong interaction between the CA and
PEG in the membrane matrix by creating hydrogen bonds [72]. Moreover,
the residuals (i.e., 0.08%, 21.9%, 19.6%, and 7.3% for M,, M,, M;, and M,) are
consistent with the thermal stability performances of the prepared mem-
branes. Furthermore, the thermal stability of M; membrane exhibited higher
degradation temperature than the M, membrane. This result is attained due
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to the highly stable nature of TiO, at high temperatures and therefore the
degradation temperature of the M, membrane was significantly improved
after addition of TiO,. The slight improvement in degradation temperature
for the M, membrane when compared with the M; membrane is that the
less porous sublayer structure of the membrane is responsible for having
stronger resistant to heat flow than that of the porous membrane (M,). In this
study, the TGA and DTG plots clearly revealed that the thermal properties of
CA membrane were significantly improved after incorporation of PEG and
TiO, into the CA solution.

4.3.2.3 Pure Water Flux Performance

The membranes prepared using CA, CA-TiO,, CA-PEG-TiO,, and CA-PEG
(M;, M,, M;, and M,, respectively), using AC: DMACc as solvent, were investi-
gated to evaluate the influence of PEG additive and TiO, NPs on PWF prop-
erties of the membranes. The membranes were characterized in terms of
compaction factor, PWE, and hydraulic resistance.

4.3.2.3.1 Effect of PEG and TiO, NPs

Studying of compaction factor (CF) of the prepared membranes is essential
to recognize the morphological structures (i.e., pore arrangements) of the
membranes, especially the membrane sublayer configuration. Membranes
having high CF indicate that these are highly compacted and show the exis-
tence of some defective pores in the membrane sublayer structure. The com-
paction factor and hydraulic characteristics of all the prepared membranes
are presented in Table 4.6. It was observed that the CF of M, was greater
(i.e., 4.5 £ 0.2), which can also be explained due to the aggregation of NPs on
the pore walls of the membrane could further block the pores after compac-
tion. The CFs for the remaining membranes are almost similar except for
the M, (1.5 + 0.4), which is slightly lower than M; (1.66 + 0.3) and M, (1.52 +
0.4). This result is achieved due to the existence of more porous structure in
case of M; and M, due to the introduction of PEG additive where some of
the pores were compacted after the compaction process. The introduction
of additives into the membrane casting solutions may either suppress or
increase the formation of macro-voids in the membrane sublayer based on
the type of additive [21]. The effects of PEG additive and TiO, NPs on PWF
at different operating pressures are presented in Figure 4.11b. The results of
PWEF for all the membranes were increased almost uniformly with increase
in operating pressure from 100 to 300 kPa. It is also shown that the PWEF for
membranes without PEG additive (M; and M,) membranes are lesser than
that of membranes with PEG additive (M, and M,). Nevertheless, the effect
of the PEG additive, the CA-PEG-TiO, membrane, shows higher pure water
flux than that of CA-TiO, membrane. These results are in good agreement
with the conclusions of the compaction study in Figure 4.11a. The hydraulic
resistance (R,,), EWC, average pore radius, porosity, and thickness of all the
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(a) PWF profile during compaction study (at 300 kPa), (b) Effect of transmembrane pressure
on PWF.

prepared membranes are reported in Table 4.6. As seen from these results
the hydraulic resistance of M, was greater than all the other membranes.
This higher resistance of M, is because of its less porous nature than the
other membranes, which can resist the water flux better than the other mem-
branes. Additionally, this result is supported by the average pore radius cal-
culation (Equation 2.11 in Chapter 2) where the result was 15.6 nm, which
is again less compared with the other membranes. In addition, the R,, (m™)
for the membranes without PEG additive (M,) was higher than that of the
membranes with PEG additive. Thus, the increase in hydraulic resistance
and decrease in flux results of the membranes without PEG additive are
obviously due to the decrease in average pore size and porosity as already
explained in the previous sections. The PEG additive is more hydrophilic
than the CA polymer. Therefore the membranes with PEG additive dis-
played improved flux results. As shown in Table 4.6, by comparing the two
membranes with PEG additive (M, and M,), the CA-PEG-TiO, membrane
gained slightly higher resistance and higher flux than CA-PEG membrane.
These results can be explained because the CA-PEG-TiO, membrane has
higher and uniform porous and hydrophilic surface due to the introduction
of TiO, NPs. On the other hand, as PEG additives were added and the whole
additive wouldn’t be washed away during the membrane development due
to its low solubility and diffusivity, rather it could exist inside the pores and
within the membrane matrices.

Therefore, the introduction of both PEG additive and TiO, NPs at the same
time could play an important role in the improvement of the membrane
hydrophilicity and porosity simultaneously. The porosity and EWC results
of the prepared membranes results are calculated using Equations 2.4 and 2.5
(see Chapter 2) and presented in Table 4.6. From the porosity measurement
results, it is shown that all the membranes have shown satisfactory results
in the range of 81 to 83.4%, which is accredited to lower concentration of
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the membrane forming polymer (10.5 wt.%) as well as due to the addition of
PEG additives and TiO, NPs together with the type of solvent used and type
of de-mixing occurred. Therefore, the high porosity result for CA (additive
free) membranes is due the instantaneous de-mixing happened during the
phase inversion process as already explained. The effect of PEG additive as
pore-former and TiO, NPs as hydrophilicity enhancer was also accredited to
the highest pore sizes and porosity results of the membranes with PEG addi-
tive and TiO, NPs, though a relatively delayed de-mixing was observed. One
point that should be clarified here is that the delayed de-mixing, in this case,
is not extended delayed de-mixing. Normally, if the delayed de-mixing is
extended, the polymer film thickness will decrease considerably, which may
cause a decrease in the porosity of the sublayer membranes [25]. However,
the CA-TiO, gained the lowest porosity due to the NPs agglomeration phe-
nomenon as explained previously. It can also be seen from the results that
an increase in the EWC of the membrane after addition of PEG additive is
because the PEG is known for its hydrophilicity properties.

The influences of compaction time on pure water flux of the prepared
membranes are shown in (Figure 4.11a). The PWFs of all the membranes were
observed to decrease slowly with increasing time because of the pore com-
paction, and the steady state fluxes were reached approximately after 80 min
filtration operation. The gradual decrease in PWF results can be described
because the compaction of pore walls attain uniform and denser structures
and causing the pore size and the flux to decrease [1]. Consequently, it is cru-
cial to explore the effect of PEG additive on the membranes compaction pro-
cess, where the effect of the PEG additive was significantly observed from
this study. Another important point observed during the compaction study
was that the membranes without PEG additive (i.e., M; and M,) revealed
lower PWFs when compared with the membranes having PEG additive (M,
and M,). The PWF values at 250 kPa, for M and M,, are 530.7 and 265 L/m?h,
respectively; these values are 204.5 and 21.1 L/m? h, respectively, for M,
and M, as presented in Table 4.6. It is clear from the results that the intro-
duction of hydrophilic PEG additive to the membrane casting solution helps
these membranes to be porous and more hydrophilic [26]. The lowest PWF
for M, can be explained due to the blockage of pores due to aggregation of
the TiO, NPs inside the membrane matrix. The membranes with PEG addi-
tive (M;) have shown the highest PWF result. This result obviously indicates
that the introduction of PEG additive influences the membrane in two ways:
(1) development of pores in the membrane structure and (2) enhancement
of the hydrophilic nature of the membrane [27]. In the present study, due to
adding the hydrophilic additive, trace amount of PEG may permanently exist
tangled in the membrane matrix. The presence of PEG additive can enhance
the hydrophilic nature of the CA membranes. Hence, the PEG additive can
play a significant role in the formation of porous membrane with improv-
ing its hydrophilic nature, which is again directly related to its water per-
meability performance. Comparing both the membranes with PEG additive
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(ie, M; and M,), the CA-PEG-TiO, membrane gained higher flux than CA-PEG
membrane. These results are also confirmed by the porosity measurements
reported in Table 4.6, where the presence of the TiO, NPs in the CA-PEG-TiO,
membrane could interfere with the de-mixing process and help the forma-
tion of additional pores. The hydrophilic nature of TiO, NPs can also play an
important role on increasing flux result of CA-PEG-TiO, membrane.

It is well known that the flux properties of the membrane can be influ-
enced by several factors such as membrane pore-size, cross-sectional mor-
phology, skin-layer thickness, and hydrophilic nature of the membrane.
Thus, the PWF of the prepared membranes in this study could be influenced
by TiO, NPs. The introduction of the TiO, NPs can affect the membrane in
two ways: (1) due to its hydrophilic nature, which could improve the PWF,
and (2) its effect on the membrane morphological structure would also influ-
ence the permeation properties negatively or positively. Figure 4.11a shows
the PWF of all the prepared membranes with and without adding TiO, NPs.
As TiO, is more hydrophilic than CA, the water has higher affinity for TiO,,
and therefore, PWF should increase in CA-TiO, membrane (M,). But, it can be
seen from the figure that the pure water flux value for M, shows the lowest
result. Because of the addition of TiO, NPs to the membrane, forming poly-
mer has caused pore blockage and pore failure in the membrane matrix due
to the accumulation of the NPs [66]. Another important point that should be
noted is that the hydrophilic nature of the CA membrane has its effect on the
PWEF of the membrane without additive (M,) so that it has shown better flux
result than the CA-TiO, (M,) due to the aggregation of the TiO, NPs on to CA
matrix. On the other hand, membranes prepared from CA-PEG-TiO, resulted
in highest flux values. As already explained from the FESEM images, where
the presence of PEG additive promotes the formation of porous structure.
Thus, the TiO, NPs can play their significant role in the enhancement of
the hydrophilicity of the membrane with less effect on the porosity of the
prepared membrane. It is clear from the porosity (Table 4.6) data and the
flux result (Figure 4.11) that the membranes with TiO, NPs (CA-PEG- TiO,)
gained higher porosity and water flux than the membranes without TiO,
NPs (CA-PEG). Besides the enhancement of the hydrophilicity and porosity,
morphological structure of the CA membranes with TiO, NPs may affect the
permeability properties. As TiO, NPs have higher affinity to water than the
membrane forming polymer, diffusion velocity of non-solvent (i.e.,, water)
into the nascent membrane could be increased with TiO, NPs addition during
the phase inversion process. Furthermore, the AC: DMAc (solvent) diffusion
velocity from the membrane to non-solvent (water) could also be increased
by TiO, NPs addition. Based on this fact the interaction between membrane
forming polymer and the solvent molecules could be weakened by the hin-
drance of NPs so that the solvent molecules can be diffused simply from the
polymer matrix to the coagulation bath [73]. Consequently, the porosity and
pore size of TiO, entangled (i.e., CA-PEG-TiO,) membrane were higher than
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those of the membranes without TiO, NPs (CA- PEG). The effect of PEG as a
pore former as well as hydrophilicity enhancer was also accredited.

4.3.2.4 Membrane Hydrophilicity and TiO, NPs Stability

The hydrophilicity of the prepared membranes was studied by measuring
the WCA and the drop age, defined as the duration of the water droplet
on the surface of the membrane and spreading and/or permeating through
the membrane cross-section [41]. The difference of WCA of all the prepared
membranes is presented in Figure 4.12a. The images of the water droplets
with a volume of about 2 pL. at 0.16 mL/min on the membrane surface after
60 s are shown in Figure 4.12b. M; and M, membranes have taken about 15 s,
and 25 s, respectively, and show best water wettability, where most parts
of the membrane surfaces were almost fully wetted, and smaller spread
radius of the water drops on the top side of the membrane were detected
after 60 s. On the other hand, M, and M, membranes have taken about 36 s
and 32 s to initiate the surface wetting and big water drops spread radius
on the top side of the membrane were observed after 60 s (Figure 4.12b). The
smaller the water drop spread radius wetting area between top and bottom
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(a) Water contact angle values with different drop ages; (b) images of water droplets of the
prepared membranes; and (c) TiO, NPs stability study (water droplet volume is about 2 pL at
0.16 mL/min).
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surface and on the top membrane side, the better the water permeability is.
As clearly observed from the graph, the WCA results of the pristine CA (M,)
membrane displays WCA about 60 + 1.8°. Conversely, after the introduction
of hydrophilic PEG additive and TiO, NPs, the M,, M;, and M, membranes
displayed significantly reduced WCA results (i.e, 54.3 + 2.3° 42.1 + 3.4° and
45 + 2.0° respectively). From these results, it is clearly depicted that the con-
tact angle results of the M; membrane were significantly reduced after the
introduction of PEG and TiO, (M,, M;, and M,). Membranes having smaller
contact angle results are considered more hydrophilic membranes. The
WCA results of the prepared membranes found after each soaking period
are presented in Figure 4.12c. The WCA values for M, and M; and M, have
remained almost constant (i.e., 58 + 1.3° 38 + 3.3% and 42 + 2.6° respectively)
with increasing the soaking period in DI water. The WCA value of M, was
observed to increase significantly from 51.5 + 2.2° to 54.7 + 2.0° where this
increase in WCA value can be accredited that the TiO, NPs could leach out
from matrix of the CA-TiO, membrane with increasing the soaking period.
Conversely, no significant change in the WCA values was observed in the
case of M; (CA-PEG-TiO,) with the soaking period. This interesting result is
mainly accredited to the permanent existence of TiO, NPs within the mem-
brane matrix, and the stability of the NPs was confirmed. The stability of the
NPs within the membrane matrix was occurred mainly due to the introduc-
tion of PEG additive, which has prevented the leaching of TiO, NPs, tending
to an insignificant increase in WCA values during the soaking period [62].

4.3.2.5 Fouling and Rejection Performance Study

Membrane fouling can be defined as the deposition of retained particles, col-
loids, macromolecules, and salts, etc. at the membrane surface, pore mouth,
or pore wall, causing flux decline. Fouling can be caused by broadly three
kinds of substances: organic (macromolecules, biological substances such as
protein, enzyme, etc.), inorganic (metal hydroxides, calcium salts, etc.), and
particulates. Proteins are strongly adsorbed on hydrophobic or less hydro-
philic surfaces but less on hydrophilic surfaces [1,42]. In this study, the foul-
ing and rejection experiments of all the membranes were conducted using
the ultrafiltration stirred batch cell to investigate the effects of PEG addi-
tive and TiO, NPs on BSA rejection, permeate flux, and anti-fouling prop-
erties. The concentration of bovine serum albumin (BSA) protein and pH
of the solutions were kept constant (1 g L!) and at 7.0, respectively, during
the experiments by dissolving in deionized water. To investigate the anti-
fouling performance of the prepared membranes, three cycle ultrafiltra-
tion processes were done using BSA as a model protein. The flux results of
pure water and BSA solutions of the prepared membranes are presented in
Figure 4.13a.
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(@) Permeate flux versus filtration time for M, (CA), M, (CA-Ti0O,), M, (CA-PEG-TiO,), and M,
(CA-PEG) membranes: effect of PEG and TiO, NPs on the anti-fouling performance of the
membranes (25 + 2 °C, 150 kPa), (b) NFR percentage results.

4.3.2.5.1 Effect of PEG Additive and TiO, NPs on Fouling

The fouling performances of all the prepared membranes are presented in
Figure 4.13a. In this study, the effect of PEG and TiO, were evidently detected
from the fouling experiments. It is clearly observed from the figure that the
PWF and BSA flux results for M, and M, are less than that of M; and M,.
As already explained in previously, these results were attained due to the
introduction of PEG and TiO, on the membrane matrix in M; and M,, which
modifies the hydrophilicity and porosity of the membranes. However, the
lowest flux results for M, were observed because of the less porosity due to
the aggregation of the TiO, on the membrane surfaces and pore channels
of the membrane (Morphology study). It is clear from the results that the
M, and M, membranes displayed less PWF as well as the BSA fluxes due to
their less hydrophilic nature and less pore formation. The improvement of
pure water and BSA fluxes for M; and M, membranes were attributed to the
pore-forming effect and hydrophilic nature of PEG and TiO,, respectively
[69]. However, the hydrophilic effect of the TiO, in the case of M, membrane
is dominated by the pore blockage (i.e., less porous membrane). On the other
hand, apart from the formation of the porous membrane, a trace amount
of PEG may entangle within the membrane matrix permanently, and due
to this reason, the hydrophilic nature of the prepared membrane may be
enhanced [44]. As clearly shown in Figure 4.13a, three BSA fouling/rinsing
cycles are carried out for a total filtration time of 840 min. Each of the fouling
experiments was performed with BSA solution with a concentration of 1 g
L for 2 h duration, and rinsing experiments were completed with deionized
water for 30 min. The decrease in BSA fluxes with increasing time could be
due to susceptible pore blocking of the membranes because of BSA protein
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deposition on membrane surface, where the effect of concentration polariza-
tion was reduced by using high molecular weight of BSA (66 kDa) molecules
and rigorous stirring (200 rpm) on the surface of the membrane. Moreover,
the drops in initial fluxes are realized to be highly noticeable, and the ending
fluxes are slowly dropped, which are credited to the decreasing in the poros-
ity of the membrane due to an interior deposition of BSA protein, which fur-
ther leads to pore blocking. In the first cycle fouling/rinsing experiment, M,
displayed the highest flux recovery (i.e., 94.1% of the initial value) with a
flux value of 136.3 L m=2 h! at 150 kPa of trans permeable pressure, whereas
water flux values of the M, and M, membranes declined to 31.2 L m2h~! and
15.3 L m=2 h™! respectively (i.e., 28.6% and 65.7% of the initial value, respec-
tively). The flux result for M, was 134 L m= h~! with a flux recovery of 88.9%
of the initial flux value. These results are achieved due to the hydrophilic
nature of PEG and TiO,, which can minimize severe solute fouling of the
membranes. The parameter normalized flux ratio (NFR) with filtration time
(2 h) of the membranes operated for three cycles are presented in Figure
4.13b. From the figure, it is clearly seen that M; exhibited the highest NFR
values 94.1%, 88.6%, and 84.1% for cycle 1, cycle 2, and cycle 3, respectively.
Moreover, these results indicate that the lowest irreversible flux loss and
less BSA deposition on the pore walls as well as on the surface of the mem-
brane consistently during the three cycle operations. However, M, and M,
show a significant decline in the permeate fluxes to about 28.6% and 65.7%,
respectively, of the initial flux during the first cycle operation. Moreover, as
seen from Table 4.7, the irreversible fouling (F;) results in the first cycle are
high enough where their tendency to be fouled would be maximum. To fur-
ther examine the anti-fouling properties of the prepared membranes and to
study the effect of additives, the flux losses—total fouling (F,), reversible foul-
ing (F,), and irreversible fouling (F;,)—were calculated, and the results are
presented in Table 4.7. The increase in NFR results for M; and M, during the

TABLE 4.7

Results for Flux Losses Caused by Total Fouling (F), Reversible Fouling (F)),
and Irreversible Fouling (F;,) of the Three Cycles

First Cycle Second Cycle Third Cycle
Membrane F, F, F, NFR F, F, F, NFR F, F F, NFR
M, 090 021 071 286 075 061 015 852 073 055 019 815
M, 078 044 034 657 054 020 035 654 021 001 0.20 80
M, 092 087 006 941 093 082 0.11 886 094 078 0.16 841

M, 089 078 011 889 077 064 012 883 081 060 021 79.1




Phase Inverted Membranes 139

second and third cycle operations may be due to the development of a cake
layer because of the high irreversible fouling where their flux was too low,
and the flux value difference was insignificant. These results are achieved
because the porosity and hydrophilicity effect could have played an impor-
tant role on their anti-fouling and flux properties as already explained in
the pure water flux study. Moreover, the NFR results of M, are 88.9%, 88.3%
and 79.1% for first, second, and third cycle operations, respectively. However,
these results are still less than that of M; membrane, where it is clear that the
introduction of TiO, has played a crucial role in the enhancement of hydro-
philicity and membrane anti-fouling property. Normally, the orders of flux
recoveries for the examined membranes were consistent with their hydro-
philicity and porosity nature. Therefore, the PEG free membranes are more
likely to prone to pore-blockage and fouling because of protein deposition
than those of membranes with PEG. It is mentioned in the literature that the
PEG [45] has the potential to minimize membrane fouling because of protein
deposition [46]. In this study, M; exhibited better anti-fouling properties in
the dynamic fouling process than M,, M,, and M, membranes. Therefore,
the combined effect of PEG and TiO, could have played a significant role
in a higher resistance toward membrane fouling due to BSA deposition by
reducing the hydrophobic interaction between BSA protein and membrane
surface. Desorption of the deposited BSA proteins was performed by soak-
ing the samples in water for 30 min. It was also confirmed that PEG could
efficiently avoid the irreversible deposition of the protein on the surfaces.
Therefore, due to the hydrophobic interaction between PEG and BSA, the
proteins might be wrapped by PEG chains, forming a protective layer in
addition to the anti-fouling properties of TiO,.

Additional focus was given to the influences of filtration resistance due to
concentration polarization for all membranes. Therefore the resistances due
to concentration polarization were calculated using the resistance in series
model Equation 2.10 (see Chapter 2).

The total fouling resistance of all the membranes thus was due to both
internal membrane fouling (adsorption and deposition) and the formation
of a cake/gel layer on the membrane surface. As clearly presented in Table
4.8, the results of the fouling resistance due to concentration polarization (R)
for Mj; are low in the three cycles when compared to the other membranes
(i.e, M;, M,, and M,). Therefore, the effect of concentration polarization on
the membrane surface was reduced due to the introduction of PEG and TiO,
simultaneously. These results are consistent with the flux recovery results of
the membrane, where the highest values were attained (Table 4.7), and it was
accredited to the best anti-fouling property of the M; membrane as already
discussed in the previous sections.
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4.3.2.6 Rejection Performance

The BSA rejection performances of the prepared membranes are shown in
Figure 4.14.

The maximum BSA rejection values, 98.4% and 91.6%, were attained for
M, and M, membranes, respectively. The rejection results for M, and M,
membranes are 88.9% and 85.9%, respectively. It is clearly explained in the
morphology analysis section that the PEG free membranes have less porous
structures, in which a better resistance to protein molecules was detected.
However, the slight increase in BSA rejection for M; membrane could be due
to the effect of TiO, addition to the membrane matrix. The characteristic BSA
rejection can be described using the protein deposition/repulsion phenom-
enon as already explained above.

The prepared membranes could become more negatively charged after an
introduction of TiO, NPs due to more negatively charged carboxylic groups
along with -OH and Ti—OH groups present on the surfaces and within the
matrices of the membranes [74]. Furthermore, as pH 7.0 is far from isoelectric
point (IEP = 4.9), the BSA protein becomes more negatively charged, and a
stronger electrostatic repulsion between BSA and the modified membranes
was suggested [75]. However, some of the BSA removal characteristic can
also be described using the protein deposition phenomenon onto the mem-
brane surface in this pH range, which could be accredited to structural inter-
action. In addition to the electrostatic repulsion phenomena, the highest BSA
removal for M, and M, membrane was also considered as an indicator of con-
siderable protein removal due to its structural interaction. The BSA removal
phenomenon for M, and M, membranes can be suggested due to a substan-
tial protein deposition inside and on the membrane surfaces. Therefore, the
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FIGURE 4.14
BSA rejection performances of M; (CA), M, (CA-TiO,), M; (CA-PEG-TiO,), and M, (CA-PEG)
membranes: effect of PEG and TiO, NPs (25 + 2 °C, 150 kPa).
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surface depositions of BSA proteins can provide an extra hindrance to solute
transportation. The high rejection and comparatively lower flux of M, and
M, membranes than M, and M, can also be seen from the morphological
study of their cross-section. Moreover, all the experimental results were con-
sistent with the membrane properties and agreed with each other.

The results presented in this work clearly show that a detailed perfor-
mance evaluation was done for the prepared ultrafiltration M; membrane
(i.e., CA-PEG-TiO,) in this study than the previous studies [9,13,44]. Therefore,
the improved thermal stability and high anti-fouling properties of this mem-
brane will help us to further investigate for specific ultrafiltration applica-
tions. Thus, the authors strongly believe that this work will have a substantial
contribution to the current state-of-the-art on the modification and enhance-
ment of the properties of conventional cellulose acetate membranes. Future
studies will be needed to fully investigate the performance characteristics of
CA-PEG-TiO, membranes for different ultrafiltration applications.

4.3.3 Summary

In the present work, the effects of PEG and TiO, on the preparation of phase
inverted CA ultrafiltration membrane blended with TiO, (i.e., CA-PEG-TiO,)
were investigated, and the following conclusions were made:

¢ In the case of M, (CA-TiO,) membrane, some of the TiO, observed
to be aggregated on the surface of the membrane pores. The NPs
agglomeration led to a non-uniform dispersion of the NPs within
the polymer surface and structure.

e TiO, NPs are highly stable at high temperatures, and the degrada-
tion temperature of the M, and M, were significantly improved after
addition of TiO,. The thermal stability of M; exhibited higher deg-
radation temperature than the M, and M,. The slight improvement
in degradation temperature for the M, is due to the less porous sub-
layer structure and stronger resistance to heat flow than that of the
porous membrane (M;).

* The introduction of both PEG additive and TiO, NPs play an
important role in the improvement of the thermal stability of
membrane, hydrophilicity, porosity, and anti-fouling performance
simultaneously.

e Membranes without PEG additive (i.e., M, and M,) revealed lower PWFs
when compared with the membranes having PEG additive (M and M,).
The PWEF values at 250 kPa, for M, and M,, are 530.7 and 265 L/m2 h,
respectively; these values are 204.5 and 21.1 L/m2 h, respectively, for
M, and M,. The highest PWF was attained for the M; (CA-PEG-TiO,).
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¢ The maximum BSA rejection values 98.4% and 91.6% were attained for
M, and M, membranes, respectively. The rejection results for M; and
M, membranes are 88.9% and 85.9%, respectively. CA-TiO, blended
with PEG membrane (i.e, M;) exhibited highest BSA flux permeates
and flux recovery ratios for the three fouling/rinsing cycles.

4.4 Preparation of Fouling Resistant Ultrafiltration
Membranes for Removal of Bovine Serum Albumin

4.4.1 Introduction

The fabrication of polymeric membrane based on the phenomena of phase-
inversion is most commonly used process [17]. Ultrafiltration (UF) mem-
brane has been getting greater attention for different applications such as bio
separation recovery of proteins, wastewater treatments, clarification of fruit
juice and alcoholic beverages, food and paper industry, and separation of
oil water emulsions [53]. During a phase-inversion process, the precipitation
of the polymer from a layer of the casting solution is occurred by suitably
controlling the casting process. It is already mentioned in the literature that
phase-inversion process can be occurred using several procedures based
on reduction of the solubility of the membrane forming polymer in the sol-
vent. Thus, separation of the casting solution into polymer-rich phase and
polymer-lean (i.e., solvent-rich) occurs. The most commonly used precipita-
tion methods for membrane forming are thermally induced phase inversion,
immersion precipitation, vapor induced phase inversion, and dry casting
of polymer solution [76]. Cellulose acetate polymer is widely applicable for
the preparation of phase-inverted membranes because of its biocompatible,
hydrophilic characteristics, high flux, good desalting nature, and it is mod-
erately less expensive; and it can be employed for reverse osmosis, microfil-
tration, ultrafiltration, and gas separation applications [7]. Though cellulose
acetate is commonly chosen for the preparation of phase-inverted mem-
branes, it is susceptible to thermal and/or chemical stabilities. However, the
limitations with cellulose acetate can be improved by introduction of appro-
priate additives based on the application requirements [44]. Saljoughi et al.
[10] have studied the effects of PVP concentration and coagulation bath tem-
perature on the morphology, permeability, and contact angle results of CA
membrane. The initial addition of PVP to the cast film solution from 0 to
3 wt% caused formation of macro-voids and increasing PWE. However, as
the amount of PVP was increased from 3 to 6 wt.%, suppression of macro-
voids and reduction of PWF was observed. An increase in coagulation
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temperature from 0 to 25 °C resulted in raising PWF. Further increasing in
coagulation temperature from 25 to 50 °C, they have observed noticeable
membrane hydrophilicity decrease and then resulted in PWF decline. Qin et
al. [77] have synthesized a hydrophilic hollow fiber ultrafiltration membranes
from a dope solution comprising of CA/PVP/N-methyl-2-pyrrolidone/water
system using a dry-jet wet spinning process. The results showed that PVP
would favor the suppression of macro-voids and would result in increased
thickness of inner skin with increasing air gap. The influence of PVP on the
morphological structures of poly (vinylidenefluoride) (PVDF)/thermoplastic
polyurethane (TPU) blend membranes were studied by Yuan et al. [78]. The
asymmetric blend hollow fiber membrane was prepared by using a casting
dope, PVDF polymer, TPU, PVP additive, and DMACc solvent. The addition
of lower concentration (i.e., <3 wt.%) of PVP increases the hydrophilic-
ity of PVDF polymer. However, with further increase of PVP, the solution
de-mixing was observed to be delayed and the kinetic hindrance because of
the rise of viscosity was detected. On further increase of PVP (i.e., 5 wt.%),
the suppression of macro-void rather than the expansion of structure in the
membranes was obtained. In addition to using polymeric additives, the sepa-
ration properties of polymeric membranes can be enhanced and may possess
properties such as selectivity, good permeability, and thermal and chemical
stability by preparing organic-inorganic membranes [56]. Polymer/inorganic
composite membranes prepared by means of homogeneously dispersing the
inorganic nanoparticles in a polymeric matrix have been receiving much
more attention in the areas of ultrafiltration, gas-separation, and pervapora-
tion membranes. Several inorganic oxide nanoparticles, such as Al,O; [5§],
ZrO, [60,57], TiO, [57], and SiO, [79] have added within polymer casting
solution for different applications. Membrane fouling has been considered
a common problem in the field of membrane process. Especially in indus-
trial processes, the solvent flux decline results from membrane fouling or
concentration polarization. In ultrafiltration processes, several attempts have
been accomplished to decrease fouling, which in general include feed solu-
tion pretreatment, membrane surface enhancements, and process modifica-
tions [57]. Moreover, present researchers have been paying attention to TiO,
nanoparticles because of its stable nature, ease of availability, and potential
for different applications. Ong et al. [63] have prepared PVDF hollow fiber
ultrafiltration membrane using various concentrations of TiO, with the pres-
ence of PVP. All the composite membranes exhibited comparatively greater
fluxes and removals results when compared to TiO, free PVDF membranes.
It is stated that the PVDF membranes combined with 2 wt.% TiO, displayed
the best separation performances. Su et al. [80], however, have evaluated the
fouling mitigation performance of mixed cellulose ester and cellulose ace-
tate by coating neutral TiO, on the surface of the membranes for membrane
bioreactor application. Based on their results, they have concluded that the
membrane fouling was reduced after coating of TiO, on the CA membrane
surface. Therefore, introduction of TiO, has enhanced the fouling mitigation
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and the hydrophilic nature of the membrane surface. Furthermore, TiO,
can enhance the hydrophilicity of different polymers to improve flux and
decrease the fouling problem, which are important parameters in water and
wastewater treatment [57,81]. An effort was made to investigate the influ-
ence of PVP and TiO, on the morphological structure, permeability perfor-
mance, and thermal stability property of the membrane in addition to the
anti-fouling properties of the prepared membranes.

4.4.2 Preparation of CA-PVP-TiO, Membrane

All the asymmetric ultrafiltration membranes from cellulose acetate polymer
presented in this study were fabricated using phase-inversion technique by
immersion precipitation. Initially of CA polymer was uniformly dissolved in
Acetone/DMAc (70/30) to prepare homogeneous solution under continuous
magnetic stirring at room temperature. After getting a uniform solution of
the CA/solvent, a quantified amount of PVP additive (i.e., 4 wt.%) was added
and stirred continuously at least for 1 day until the solution was fully dis-
solved, and finally, homogeneous casting solution was obtained.

Then 2 wt% TiO, NPs was added and well dispersed for another 24 hours
to form a homogeneous composite casting solution (i.e.,, CA-PVP-TiO,) and
also entrapped into the polymer matrix due to the high viscosity of the poly-
mer solution. Finally, the resultant polymer solutions were kept for 24 hours
to remove all of the bubbles before casting was done. Thus, the membranes
with different composition were designated as CA, CAT, CATP, and CAP.
Table 4.9 shows the solution casting compositions CA, PVP additive, and
TiO, nanoparticles. The membrane preparation process is presented in
Figure 4.15. The casting solution was poured consistently on a glass sheet
with the help of a casting knife maintaining a clearance of approximately
0.25 mm between the knife and the glass plate. The resulting films were then
exposed to air for about 30 s before immersing into the coagulation bath
containing distilled water at room temperature. In the coagulation bath, the
casted solution turned from transparent to white color for membranes CA
and CA-PVP.

TABLE 4.9

Solution Compositions and Viscosity of the Casting Solution: CA, PVP Additive,
and TiO, Nanoparticles

Acetone/
CA PVP TiO, DMACc Viscosity
Membrane wt.% wt.% wt.% (70/30 wt.%) (mPa.s)
CA 10.5 - - 89.5 1020
CAT 10.5 2 87.5 2080
CATP 10.5 2 83.5 1790
CAP 10.5 4 - 85.5 1680
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FIGURE 4.15
A flow diagram for the preparation process of flat sheet membranes.

The milky colors for CA-TiO, and CA-PVP-TiO, membranes were changed
to white, and all the thin films were detached from the glass plate. The mem-
brane sheets were kept for 30 min in the coagulation bath. After that, the
prepared membrane sheets were kept in deionized water bottles until use.

4.4.2.1 Study of TiO, Nanoparticles

The size of commercial TiO, nanoparticles was determined using trans-
mission electron microscopy (TEM) as presented in Figure 4.16. The TiO,
nanoparticles appeared in the form of spots. To measure the size of each
nanoparticle, Image J software was employed, and their size ranged from 15
to 71 nm. The average particles size was approximately 29 nm.

4.4.2.2 Morphological Study

The top layer surface view, cross-sectional view, EDS images, and maps of
the prepared membranes are presented in Figure 4.16a, b, ¢, and d, respec-
tively. The presence of the TiO, NPs within the matrixes of the membranes
was confirmed from the EDS results. It can be seen from the figures that
all the prepared membranes exhibited asymmetric structure involving of
a dense top-layer and a porous sublayer. However, the sublayer structure
of the CA membrane seems to have finger-like structures and macro-void.
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(a) The top surface and (b) cross-sectional. (Continued)
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(c) EDS, and (d) mapping images of CA, CA with PVP, and TiO, NPs membranes.
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It is known that there are several factors that made the finger-like structures
and macro-voids to occur during membrane preparation using immersion
precipitation method. The effect of solubility parameter differences among
organic additives and CA on the morphological structures of the result-
ing membranes were studied in our previous work [82]. The formation or
suppression of macro-voids can significantly be influenced by the type of
de-mixing that occurred during the phase separation process. The instanta-
neous de-mixing and the delayed de-mixing depend on the mutual affinity
of the solvent and non-solvent in the ternary system [1]. The occurrence of
macro-voids in membranes prepared from ternary systems: (1) membranes
without macro-voids can be formed in the case of delayed de-mixing, except
when the delay time is short; (2) membranes with macro-voids can be formed
in the case of instantaneous de-mixing, except when the polymer concentra-
tion and/or the non-solvent concentration in the casting solution exceed a
minimum value [24]. Generally, macro-voids formation occurs under rapid
precipitation condition, and the precipitation is quicker at higher coagulation
temperature [13]. In the current study, the coagulation bath temperatures and
evaporation step prior to the immersion process were kept at 25 °C and 30 s,
respectively, throughout the membrane preparation process [10].

4.4.2.2.1 Effects of PVP and TiO, NPs

In general, the addition of organic and/or inorganic additives to the mem-
brane forming polymer can increase the concentration and then the viscosity
of the casting solution. This increase in viscosity may, in turn, reduce the
diffusional exchange rate of the non-solvent and solvent in the membrane
preparation procedure (i.e., phase inversion method) [13]. Accordingly, this
can delay the instantaneous liquid-liquid de-mixing process and hinders the
formation of macro-voids. In solvent and polymer interaction scheme, three
kinds of interactions—polymer:polymer, polymer:solvent, and solvent:non-
solvent—are applied. If good polymer solvents are used, the degree of poly-
mer stretching reaches to its highest level, and more favorable polymer/
solvent interactions can occur. The solvents used in this study (e, AC:
DMAC) have high mutual affinity with water [33]. Thus, evidently, the devel-
opment of the finger-like voids and macro-voids in the sublayer of the CA
membrane is due to the instantaneous de-mixing [83]. In this case, the CA
stretches to its highest level where there is a maximum interaction between
the CA and AC: DMACc, which tends to allow instantaneous de-mixing con-
dition to happen. After adding the PVP and TiO, to the ternary (polymer/
solvent/non-solvent) system, the developments of finger-like structures are
suppressed significantly (i.e., CAT, CATP, and CAP). The presence of the poly-
meric additives and TiO, NPs can increase the concentration/viscosity of the
casting solution, which may diminish the diffusional exchange rate of the
AC: DMACc and water during the membrane formation process. Accordingly,
this may hamper the instantaneous liquid-liquid de-mixing process that
suppresses the development of finger-like and macro-voids [77]. However,
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the presence of large macro-voids along with micro porous structure in the
case of CAP membrane can be explained because of its water soluble behav-
ior, and PVP can simply assemble around the water molecule during immer-
sion precipitation process, resulting in the development of PVP rich phase
[4]. The introduction of water (i.e., non-solvent) soluble hydrophilic additive
with high affinity to the solvents and low affinity to the membrane form-
ing polymer tends to increase the thermodynamic instability of the casting
solution, which further leads to instantaneous de-mixing to sustain in the
coagulation bath. These results could make the macro-voids develop in the
membrane sublayer structure [77]. In quaternary system two phases arise
from the phase separation; one involves the CA (i.e, membrane forming
polymer), AC:DMAc (i.e., solvent), and water (i.e., non-solvent), and the sec-
ond contains the polymeric additive (i.e., PVP), solvent (i.e., AC:DMACc), and
non-solvent (i.e., water). The membrane forming polymer and additive have
a driving force to separate completely into a CA-rich and a PVP-rich phase.
Accordingly, the type of de-mixing process, in this case, can be influenced by
the diffusion/movement of the two polymers on each other. Therefore, this
phenomenon should be slow compared to the diffusion of solvent and non-
solvent in the polymer solution. To maintain this, a polymeric additive with a
certain minimum molecular weight in the system is required [22]. The addi-
tion of TiO, to the membrane formation system has its effect on the de-mixing
process. It was evidently observed from the FESEM images that the finger-
like structures and macro-voids in the membrane sublayer were significantly
reduced after the adding of TiO, NPs in CAT and CATP membranes. As
shown from the FESEM images, the finger-like structures and macro-voids
are reduced in the case of CAT and highly suppressed in the case of CATP
after adding TiO, irrespective of the effect of PVP additive. Nevertheless, the
CAT membrane seems to have less micro-porous cross-sectional structures
with some defect structures. This result can be described due to some of the
TiO, that could be accumulated on the surface and pore walls of the mem-
brane. It is also observed from the top surface image of CAT (Figure 4.16a)
that the accumulation of some of the TiO, NPs was clearly detected as indi-
cated by the circles. The enhancement of membrane morphological structure
occurs with the addition of a small amount of TiO, NPs [65]. In the current
study, the concentration of the TiO, NPs was fixed at 2 wt.%. Therefore, the
finger-like structures and macro-voids observed in the CA membrane were
greatly suppressed, and a relatively dense layer with microporous structures
was observed for CATP. However, minor macro-void and finger-like struc-
tures were still detected in the case of CAT membrane, and these results are
suggested to be related to the interference effect of NPs during the phase
inversion process. Thus, due to the interfacial stress between polymers and
NPs, interfacial pores are formed as a result of shrinkage of polymer-phase
during the de-mixing process [68]. The presence of TiO, in CAT diminishes
the presence of finger-like structures and a sublayer structure with almost
macro-voids free is obtained. These results can be described in terms of NPs
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agglomeration on the membrane forming polymer matrix during phase
inversion process. The occurrence of NPs agglomeration can be mainly
caused due to the high surface energy of the NPs, which tend to aggregate
for weakening their surface energy to reach a more stable state. Furthermore,
NPs agglomeration leads to a non-uniform dispersion of the NPs within the
polymer surface and structure. This phenomenon can negatively change the
resulting membrane properties such as hydrophilicity and surface rough-
ness [66]. However, in the case of CATP, the NPs agglomeration was signifi-
cantly minimized due to the improved distribution of the NPs because of
the introduction organic additive [69]. From these results, it can be concluded
that although the instantaneous de-mixing is still sustained, the PVP and
TiO, NPs have a considerable role on the hindrance of the finger-like struc-
ture and macro-voids that occurred for CA membrane [77]. However, the
presence of large macro-voids along with microporous structure in the case
of CAP membrane is because of the water soluble behavior of PVP where
it can simply assemble around the water molecule during immersion pre-
cipitation process and resulted in the development of PVP rich phase [4].
Therefore, the developments of macro-voids are as a result of rapid penetra-
tion of water at some weak spots in the top layer. Thus, the PVP rich phase
may act as the weak spot in the precipitation process and resulted in the
formation of macro-voids [17]. As indicated by the rectangular shapes for
the CATP and CAP in Figure 4.16, the formation of microporous structures
is related to the pore forming nature of PVP. However, the formations of big
macro-void structures in CAP membrane are undesirable, so that they may
cause lack of thermal and/or chemical stabilities in the resulted membrane.

4.4.2.3 Thermal Stability Analysis

It can be clearly seen from TGA and DTG figures (Figure 4.17a and 4.17b,
respectively) that the decomposition of CA membrane showed three steps
where the graphs were plotted as weight loss (%) vs. temperatures (°C). The
first degradation step of CA membrane was detected between 30 and 260 °C,
and the weight loss was about 21%. This degradation is due to the presence
of some volatile material or because of the evaporation of absorbed moisture
by the sample. During the second degradation step, a maximum weight loss
of around 76% was detected between 260 to 380 °C, which is because of the
main thermal breakdown of CA chain [84]. The last degradation step greater
than 380 °C was due to the carbonization of the decomposed products to ash.
The TGA results of the CA membrane clearly presented that it could not be
stable at high temperature and similar results were reported by Zafar et al.
[70]. The TGA results of the CA membranes with PVP and TiO, displayed
two-step degradation procedures. Therefore, the first decomposition step
for CAT, CATP, and CAP are 320 °C, 227 °C, and 208 °C, respectively. These
observed weight losses are due to the decomposition of CA chains because
of the pyrolysis of the skeleton backbone of the CA polymer, which is also
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(@) TGA and (b) DTG analysis of all the prepared membranes and TiO, nanoparticles.

followed by de-acetylation of CA [71]. During the second decomposition step,
the degradation temperatures of CAT, CATP, and CAP are 400 °C, 390 °C,
and 387 °C, respectively, signifying the main thermal degradation of the CA
chains, whereas the TiO, were highly stable up to 800 °C. From these results,
it is clearly observed that the thermal degradation of CA membrane was sig-
nificantly enhanced due to the addition of PVP and TiO,. Another interest-
ing observation from this study is that an increase in thermal stability after
addition of PVP to CA membrane (i.e.,, CAP) is due to the presence of a trace
amount of the PVP in the membrane matrix. The improved thermal stability
of the CA membranes after addition of PVP was due to the strong interac-
tion between the CA and PVP in the membrane matrix by creating hydrogen
bonds [72]. Therefore, the improvement of the membrane hydrophilic nature
due to the presence of PVP within the membrane matrix in addition to the
enhancement of its thermal stability was credited. Furthermore, the thermal
stability of CATP membrane exhibited higher degradation temperature than
CAP membrane. This result is attained due to the fact that the TiO, nanopar-
ticles are highly stable at high temperatures and therefore the degradation
temperature of the CAP membrane was significantly improved after addi-
tion of TiO,. The slight improvement in degradation temperature for the CAT
membrane when compared with CATP membrane was that the less porous
sublayer structure of the membrane is responsible for strong resistance to
heat flow than that of the porous membrane (i.e., CATP). In this study, the
TGA plots have clearly revealed that the thermal properties of CA membrane
were significantly improved after incorporation of PVP and TiO, into the CA
solution.

4.4.2.4 Pure Water Flux Study

Studying of membrane compaction factor (CF) is crucial to investigate
the morphological structures, especially the pore arrangements of the
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(a) PWF profile during compaction study, (b) effect of trans membrane pressure on PWE.

membranes and the membrane sublayer configuration. Membranes having
high CF indicate that they are highly compacted, which further show the
existence of some defect pores in the membrane sublayer structure [5]. Thus,
the influences of compaction time on pure water flux of the prepared mem-
branes are shown in Figure 4.18a. The figure shows that the PWF results of
all the membranes were observed to decrease slowly with increasing time
because of the pore compaction, and the steady state fluxes were reached
approximately after 90 min filtration process. The gradual decrease in PWF
results can be described due to the compaction of pore walls that attained
uniform and denser structures and caused the pore size and the flux to
decrease [1].

4.4.2.4.1 Effect of PVP and TiO, NPs

It is essential to discover the effect of PVP and TiO, NPs on the membranes
compaction process, where the effects of PVP and TiO, were observed from
this study. From the compaction study, it was observed that the CA and CAT
membranes displayed lower PWF results when compared with the CATP
and CAP membranes. As seen from Table 4.10, the PWF results at an oper-
ating pressure of 300 kPa for CA, CAT, CATP, and CAP are 248 L/m?2 h,
26 L/m2 h, 416 L/m2 h, and 978 L/m2 h, respectively. These results show

TABLE 4.10

Compaction and Hydraulic Characteristics of Those Prepared Membranes at 300 kPa
R, T EWC € o Thickness

Membrane CF (x10~1°m1) (L/m?h) (%) (%) (nm) wm

CA 1.5+04 0.4 248 768+1.6 820+20 222+x40 71.1+3.0

CAT 40+0.2 4.6 26 66.7+25 61.1+£25 149+6.0 623+7.0

CATP 1.1+04 0.3 416 81.8+1.7 853+18 348+31 68.7+45

CAP 21+03 0.1 978 83.7+13 869+19 379+22 703+32
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that the introduction of hydrophilic PVP and TiO, NPs to the membrane
casting solution made these membranes porous and more hydrophilic [26].
The lowest PWEF for CAT can be explained as the blockage of pores due to
aggregation of the TiO, inside the membrane matrix. Regardless of the effect
of TiO, NPs in the case of CATP, the membranes with PVP additive displayed
high PWF results.

These results clearly indicate that the introduction of hydrophilic additive
(i.e, PVP) influences the membrane in two ways: (1) pore forming ability
and (2) hydrophilic nature, where the PWF properties of the prepared mem-
branes were significantly improved after the introduction of PVP [27,28]. In
the first case, the membrane porosity increased after the introduction of PVP,
and second, the whole removal of PVP additive from the membrane form-
ing polymeric matrix may not be attained during the phase separation pro-
cess in the coagulation bath and even after rinsing with deionized water [10].
Consequently, the trace amounts of PVP additive that are entrapped in the
membrane matrix permanently, thus enhancing the membrane hydrophilic
property.

Comparing CATP and CAP, the membrane without TiO, NPs (i.e, CAP)
displayed higher flux than CATP membrane. The increase in water flux for
membranes prepared from casting solutions CAP membrane is due to the
presence of few macro-voids. On the other hand, the CATP showed moder-
ate water flux and where the macro-voids and finger-like structures were
significantly suppressed but still with the development of micro porous
structures (important for the porosity of membrane). It is also mentioned in
the literature that TiO, could considerably increase the porosity of the result-
ing membrane [85]. However, in this study, the influence of TiO, on mem-
brane porosity was insignificant as all the prepared membranes exhibited a
reasonably high porosity, that is, greater than 80% except for CAT membrane
(61.1%).

Generally, adding of TiO, NPs alone to the polymeric solution can increase
its viscosity. Therefore, the particles leaching problem is lesser, and subse-
quently, the pore forming effect of NPs can be declined in the case where the
high viscosity of a solution hampers the development of pores and causes
the porosity of the membrane to decrease [65]. As clearly seen from the
results presented in Table 4.10, the introduction of TiO, into the CA mem-
brane matrix (i.e.,, CAT) resulted in water flux decline as membrane average
pore size was decreased from 22.2 + 40 nm (i.e, CA) to 14.9 + 6.0 nm (i.e,,
CAT). The decrease in average pore size of the membranes after the intro-
duction of TiO, was mainly credited to the pore blocking caused by aggre-
gation of TiO, on the membrane matrix. In addition to pore blockage, it is
also explained that the aggregation of TiO, may reduce the contact area of
hydroxyl groups carried by TiO, with water molecules, which could further
influence the membrane water permeability properties [63]. The introduc-
tion of TiO, alongside with PVP has shown significant improvement on the
average pore size and flux property of the resulted membranes. Thus, it is
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believed that the presence of hydrophilic PVP can hinder the pore blocking
activity of TiO, due to its pore forming property as it is easily soluble in the
non-solvent (i.e., water) regardless of the presence TiO, [69]. Though the flux
of CAT membrane was expected to increase after the introduction of TiO,
NPs due to improvement of membrane hydrophilicity [85], membrane pores
plugging reduces the influence of hydrophilic nature on the PWF results.
Another important point is that the hydrophilic nature and higher average
pore size of the CA membrane have its effect on the PWF of the membrane,
without additive, so that it has shown better flux result than the CAT.

The results of compaction factor of all the prepared membranes are pre-
sented in Table 4.10. The CF of CAT (i.e, 4.0 £ 0.2) is greater than all of the
other membranes. This result can be explained due to the fact that the aggre-
gated TiO, on the pore walls and surface of the membrane could further
compact and may block the pores after compaction process. The CF results
for CA, CATP, and CAP are 1.5 + 04, 1.1 + 04, and 2.1 + 0.3, respectively. The
relatively smaller CF value for CATP was suggested due to the uniformly
interconnected pore structures that existed in the membrane matrix because
of the simultaneous introduction of PVP and TiO, NPs [5]. The effects of
PVP and TiO, NPs on PWF at different operating pressures are presented in
Figure 4.18b. The results of PWF for all the membranes were increased almost
uniformly with increasing the operating pressure from 100 to 300 kPa. It is
also observed that the PWF results for CA and CAT membranes are lower
than that of CATP and CAP. As seen from the results of the hydraulic resis-
tance presented in Table 4.10, the CAT displayed higher resistance than all
the other membranes. This higher resistance is due to the less porous struc-
ture of the CAT membrane as compared to the other membranes; in turn,
it has a higher tendency to resist the water flux than the other membranes.

Moreover, this result is supported by the average pore radius calculation
(Equation 2.11 in Chapter 2). Therefore, the membrane with less average pore
radius is more likely to have higher resistance to water flux irrespective of
the hydrophilic nature of the membranes. Thus, the increase in hydraulic
resistance and decrease in flux with and without PVP is obviously due to the
decrease in average pore size and porosity as already explained in the previ-
ous sections. The PVP is more hydrophilic than the CA polymer. Therefore,
the membranes with PVP have displayed improved flux results. Comparing
CATP and CAP membranes, the CAP membrane has shown less resistance
and higher flux than CATP membrane. The EWC and porosity results of the
prepared membranes results are also calculated using Equations 2.4 and 2.5
(see Chapter 2) and presented in Table 4.10. The results from the porosity
measurement showed that all the membranes have a satisfactory porosity
in the range of 61.1 to 86.9%, which can be accredited to low concentration
of membrane forming polymer (10.5 wt.%) as well as due to the addition of
PVP and TiO, together with the type of solvent used and type of de-mixing
occurred [78]. The effect of PVP as a pore former as well as hydrophilicity
enhancer was also accredited.
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4.4.2.5 Membrane Hydrophilicity and TiO, NPs Stability

The hydrophilicity nature of the prepared membranes was studied by mea-
suring the WCA and the drop age, defined as the duration of the water droplet
on the surface of the membrane and spreading and/or permeating through
the membrane cross-section [41]. The differences on WCA of all the prepared
membranes are presented in Figure 4.19a. The images of the water droplets on
the membrane surface after 60 s are shown in Figure 4.19b. As clearly observed
from the graph, the contact angle results for CA, CAT, CATP, and CAP are
60.5+1.3°%54.1 +£2.0° 454 + 3.2° and 47.3 + 2.8° respectively. From these results,
it is clearly depicted that the contact angle results of the CA membrane were
significantly reduced after the introduction of PVP and TiO, (CAT, CATF, and
CAP). CATP and CAP membranes have taken about 22 s and 30 s, respectively,
and show best water wettability, where most parts of the membrane surfaces
were almost fully wetted, and smaller spread radius of the water drops on the
top side of the membrane was detected after 60 s. CA and CAT membranes
have taken about 40 s and 32 s to initiate the surface wetting. Big water drops
spread radius on the top side of the membrane was observed for CA after 60 s
(Figure 4.19b). The smaller the water drop spread radius wetting area between
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(a) Water contact angle values with different drop ages; (b) images of water droplets of the
prepared membranes; (c) TiO, NPs stability study.
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top and bottom surface and on the top membrane side, the better the water
permeability [41]. From these results, it is clear that the contact angle results
of the CA membrane were significantly reduced after the introduction of PVP
and TiO, (CAT, CATP, and CAP). Membranes having smaller contact angle
results are considered as more hydrophilic [66]. The stability of the TiO, NPs
incorporated within the matrix of the modified membranes was studied qual-
itatively. All the prepared membranes were soaked in DI water for 12 days
at room temperature (25 + 2°C). The WCA values of all the membranes were
completed, and the TiO, leaching tendency during each soaking period was
evaluated [62]. The WCA results of the prepared membranes found after each
soaking period are presented in Figure 4.19c. The WCA values for CA, CATP,
and CAP have remained almost constant (i.e., 58.5 + 1.5% 42.6 + 3.0°, and 44.5 +
2.7°, respectively) with increasing the soaking period in DI water. The WCA
value of CAT was observed to increase from 50.5 + 2.9° to 58.6 + 2.2°, where
this increase in WCA value can be attributed that the TiO, NPs could leach out
from matrix of the CA-TiO, membrane with increasing the soaking period.
Conversely, no significant change in the WCA values was observed in the case
of CATP with the soaking period. This interesting result is mainly accred-
ited to the permanent existence of TiO, NPs within the membrane matrix, and
the stability of the NPs was confirmed. The stability of the NPs within the
membrane matrix occurred mainly due to the introduction of organic addi-
tive, which has prevented the leaching of TiO, NPs, tending to an insignificant
variation in WCA values during the soaking period [62].

4.4.2.6 Membrane Fouling Experiments

Fouling can be caused by three kinds of substances: organic (macromolecules,
biological substances like protein, enzyme, etc.), inorganic (metal hydrox-
ides, calcium salts, etc.), and particulates. Proteins are strongly adsorbed on
hydrophobic or less hydrophilic surfaces but less on hydrophilic surfaces
[42]. Therefore, to investigate the BSA removal and anti-fouling performance
of the prepared membranes, three cycle filtration processes were completed.
The flux results of pure water and BSA solutions of the prepared membranes
are presented in Figure 4.20, and the effects of PVP and TiO, are investigated.

4.4.2.7 Membrane Anti-Fouling Performance

The fouling of membranes due to BSA protein in ultrafiltration can be
described using the theory of repulsion, adsorption of protein, and resultant
pore-narrowing, due to electrostatic and hydrophobic interaction between
the protein molecule and the membrane surface [43]. The fouling perfor-
mances of all the prepared membranes are presented in the Figure 4.20. It is
clear that the fouling and removal performance of the ultrafiltration mem-
branes are strongly dependent on morphology of the membrane (i.e., both
top layer and sublayer). As already discussed above, the effects of PVP and
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FIGURE 4.20
Permeate flux versus filtration time for CA, CAT, CATP, and CAP membranes: effect of PVP
and TiO, NPs on BSA removal and fouling performance (25 °C, 150 kPa).

TiO, have a significant role in modifying the morphological structure of the
membranes. Consequently, the introduction of both PVP and TiO, into the
matrix of the CA membrane appeared to influence the flux and BSA removal
performance of the prepared membranes. The effects of PVP and TiO, were
clearly noticed from the fouling/rinsing experiments. The flux results in
Figure 4.20 have displayed that the PWF (i.e,, [y, Jwi Jwo and Jy;) and BSA
flux (i.e., [y, [51, and J,) results for CATP and CAP are higher than that of CA
and CAT. After completion of the PWF tests, the BSA filtration process was
continued. To further investigate the fouling performance, the membranes
were cleaned after BSA solution ultrafiltration, and the pure water flux of
the cleaned membranes was measured. As clearly shown from the results,
the membranes without PVP again have displayed low BSA flux results as
well as PWF due to their less hydrophilic and pore formation nature. The
enhancement of pure water and BSA fluxes for membranes for CATP and
CAP were accredited to the pore-forming effect and hydrophilic nature of
PVP and TiO, [69]. Nevertheless, the hydrophilic effect of the TiO, in case of
CAT membrane is dominated by the pore blockage (i.e., less porous mem-
brane). As clearly presented in Figure 4.20, we have carried out three BSA
fouling/rinsing cycles for a total filtration time of 840 min. Each of the foul-
ing experiments was performed with BSA solution with a concentration of
1 g L-1 for 2 h duration, and each rinsing experiment was completed with
deionized water for 30 min. A decrease in BSA fluxes with increasing time
could be due to susceptible pore blocking of the membranes because of BSA
protein adsorption and deposition on membrane surface, where the effect
of concentration polarization was reduced by using high molecular weight of
BSA (66 kDa) molecules and rigorous stirring (200 rpm) on the surface of the
membrane [44]. Furthermore, the initial flux drops are realized to be more
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noticeable and ending fluxes are slowly dropped, which is accredited to the
loss of porosity of the membrane due to an interior adsorption of BSA pro-
tein, which further leads to pore blocking. In the first cycle of fouling/rinsing
experiment, CATP has displayed the highest flux recovery (i.e,, 90% of the
initial value) with a flux value of 108.7 L m=2 h! at 150 kPa, whereas the flux
values of the CA and CAT membranes have declined to 31.7 L m= h™' and
164 L m= h!, respectively (i.e., 28.6% and 65.7% of the initial value, respec-
tively). The flux result for CAP was 61.9 L m= h™! with a flux recovery of
474% of the initial flux value. The highest flux and recovery ratio for CATP
membrane is attributed to the hydrophilic nature of both PVP and TiO, NPs
and anti-fouling property of TiO, loaded within the membrane, which could
minimize severe solute fouling of the membranes [57].

In general, membrane fouling is comprised of irreversible and reversible
fouling. In the case of reversible fouling, deposited protein could be removed
easily using hydraulic cleaning (i.e., back washing and cross flushing) [51].
Conversely, the irreversible fouling is caused by an irreversible adsorption
of proteins that can only be removed using chemical cleaning [52]. To fur-
ther examine the anti-fouling properties of the prepared membranes and
to study the effect of additives, the flux losses regarding total fouling (F),
reversible fouling (F,), and irreversible fouling (F;) were calculated, and the
results are presented in Table 4.11. An increase in NFR results for CA, CAT,
and CAP during the second and third cycle fouling/rinsing operations could
be due to the development of the cake layer because of high irreversible foul-
ing where their flux was too low. These results are because the porosity and
hydrophilicity of the membrane have played an important role on the anti-
fouling and flux properties as already explained in the pure water flux study.
Additionally, relatively consistent NFR results for CATP for first, second, and
third cycle operations are attributed to the introduction of TiO,, and it has
played a crucial role in the enhancement of hydrophilicity and membrane
anti-fouling property. The surface pore size could also have a complex influ-
ence on membrane anti-fouling property [57]. It is considered that mem-
branes having larger pore size are possibly more prone to pore-blocking or
pore adsorption than those having smaller pore size [86]. Hence, membrane
with smaller surface pore size and the more hydrophilic surface shows better
anti-fouling property. In this study, CATP membrane exhibited better anti-
fouling properties in the fouling process than other membranes. Thus, the
combined effect of PVP and TiO, have played a significant role in a higher
resistance toward membrane fouling due to BSA adsorption by reducing the
hydrophobic interaction between BSA protein and membrane surface.

4.4.2.8 BSA Removal Performance

The BSA removal performances of the prepared membranes are shown in
Figure 4.21a. The maximum BSA removal values 96.8%, and 94.3% were
attained for membranes CAT and CATD, respectively. The removal efficiency
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(a) BSA removal performances and (b) NFR percentage results of the prepared membranes:
effect of PVP additive and TiO, NPs (25 °C, 150 kPa).

results for CA and CAP membranes are 80.4% and 77.9%, respectively. It
is clearly explained in the morphology analysis section that the PVP-free
membranes have less porous structures, in which a high resistance to pro-
tein molecules was detected. However, an increase in BSA removal for CATP
and CAT membranes could be explained due to the effect of TiO, addition
to the membrane matrixes. The prepared membranes could become more
negatively charged after an introduction of TiO, nanoparticles due to more
negatively charged carboxylic groups along with -OH and Ti— OH groups
present on the surfaces and matrixes of the membranes [74]. As pH 7 is far
from isoelectric point (IEP = 4.9), the BSA protein becomes more negatively
charged, and a stronger electrostatic repulsion between BSA and the modi-
fied membranes was suggested [75]. However, some of the BSA removal
characteristic can also be described using the protein adsorption phenom-
enon onto the membrane surface in this pH range, which could be accredited
to structural interaction [57]. In addition to the electrostatic repulsion phe-
nomena, the high BSA removal for CATP membrane was also considered as
an indicator of considerable protein removal due to its structural interaction.
The BSA removal phenomenon for CA and CAP membranes can be sug-
gested due to a substantial protein deposition inside and on the membrane
surfaces. Therefore, the surface depositions of BSA proteins can provide an
extra hindrance to solute transportation. The high removal and compara-
tively lowest flux of CAT membrane, and the highest removal and improved
flux results for CATP membranes after simultaneous introduction of TiO,
and PVP were attained in this study. All the experiments in this study were
performed three times. Moreover, all the experimental results were consis-
tent with the membrane properties and agreed with each other.

Figure 4.21b presents the parameter normalized flux ratio (NFR) with fil-
tration time (2h) of the membranes operated for three cycles. It is clearly seen
in the figure that CATP displayed the highest NFR values 90%, 93%, and
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90.2% for cycle 1, cycle 2, and cycle 3, respectively. Furthermore, these results
indicate the lowest irreversible flux loss and less BSA deposition on the pore
walls and on the surface of the membrane consistently during the three cycle
fouling/rinsing operations. However, CA, CAT, and CAP revealed a consid-
erable decline in the BSA and PW fluxes, where the results for NFR are about
28.6%, 65.7%, and 47.4%, respectively, of the initial flux during the first cycle
operation.

4.4.3 Summary

In the present work, the introductions of PVP and TiO, into the casting solu-
tion have changed the structure of the resulting membranes during the
phase inversion process. The influences of PVP and TiO, on the preparation
of phase inverted CA ultrafiltration membrane blended with PVP and TiO,
were explored in terms of morphology study, equilibrium water content,
hydrophilicity, hydraulic resistance, permeability performance, and thermal
stability. The BSA removal efficiencies and anti-fouling performances of the
membranes were evaluated using ultrafiltration process. Hence, the follow-
ing conclusions were made:

e After the introduction of PVP and TiO, to the ternary (polymer-
solvent-non-solvent) system, the formations of finger-like structures
and macro-voids were reduced significantly. Nevertheless, for CAP
and CATP membranes, the development of micro-voids (i.e., micro
porous structure) was observed.

¢ The introduction NPs alone into the polymer solution have formed
aggregation of the NPs within the matrix of the membrane, and a
small macro-void and finger-like structure was detected in the case
of CAT, and these results are suggested to be related to the interfer-
ence effect of NPs during the phase inversion process.

® Thethermalstability of CATP membrane exhibited higher degradation
temperature than CA and CAP membranes. This result was attained
due to the highly stable nature of TiO, NPs at high temperatures.

* The improvement in the average pore size, porosity, and hydrophilic
nature of the CA membranes was revealed after the introduction of
PVP and TiO,.

e The CAT blended with PVP (i.e., CATP) membrane exhibited
improved BSA flux, removal efficiency, and flux recovery ratios for
the three fouling/rinsing cycles.
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Modification of Polymeric Membranes

5.1 Functionalization and Characterization of Cellulose
Acetate Membranes for Chromium (VI) Removal

5.1.1 Introduction

Removal of heavy metals and other contaminants from water and wastewater
is a very important factor with respect to environmental pollution control and
human health. Heavy metal ions, such as chromium, lead, copper, cadmium,
mercury, cobalt, and nickel, are some examples of water contaminants. Among
these heavy metals chromium (VI) is a common effluent, such as in leather pro-
cessing, alloy preparation, and metal plating industry. Chromium causes prob-
lems such as bronchogenic, bronchitis, carcinoma, ulcer formation, and liver
damage [1]. Chromium toxicity is largely dependent on its oxidation states. The
most common oxidation states of chromium are Cr*¢, Cr*3, Cr*4, Cr*3, Cr+%, and
Cr*l. However, Cr (III) (i.e., trivalent chromium) and Cr (VI) (i.e., hexavalent chro-
mium) are the most hazardous forms of chromium. In an aqueous solutions, Cr
(VI) exists mainly as chromate ion (CrOi') (pH >7.0), dichromate (Cr207;)

(pH 1.0-6.0, conc. >1 g/L), hydrogen chromate (HCrO;) (pH 1.0-6.0), and salts
of chromic acid (H,CrO,) (pH <1.0) [2,3]. Several methods, such as membrane
processes [4-7], electrocoagulation [8-10], precipitation [11-13], ion exchange
[14,15], and adsorption [2,16-20] have been used for removal of heavy metal
ions from contaminated water [21]. Currently membrane-based heavy metal
removal process has been getting more attention due to operational simplic-
ity, low energy consumption, and environmental friendliness. Nanofiltration
and reverse osmosis techniques are able to remove heavy metals effectively
from contaminated water, but they require higher energy consumption when
compared with ultrafiltration (UF) and microfiltration (MF) membrane pro-
cesses. However, the conventional UF and MF membrane separation processes
wouldn’t remove the heavy metal ions easily due to their larger pore sizes.
Therefore, modification of the conventional UF/MF membranes is required to
achieve selective separation of heavy meal ions from aqueous solutions [22,23].
Now, researchers are attempting to develop UF membrane with a capability
to remove heavy metals, which is intended to simplify process steps and save
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more energy. Therefore, modified UF membranes can offer numerous advan-
tages for removal of heavy metal ions with higher flux, lower operating pres-
sure, and ease of scale up [1,24]. Cellulose acetate is broadly applicable for the
synthesis of membranes because of having tough, biocompatible, hydrophilic
characteristics, good desalting nature, high flux, and moderately less expen-
sive to be employed for reverse osmosis, microfiltration, ultrafiltration, and gas
separation applications [25-27]. The drawback of cellulose acetate membranes
is that it is susceptible to thermal and mechanical stabilities depending on the
environments and conditions of application [28]. Therefore, in this study TiO,
nanoparticles (NPs) were incorporated to CA matrix due to its stable nature,
ease of availability, and other properties, such as antifouling nature, thermal
stability, and mechanical stability. Moreover, TiO, NPs can enhance the hydro-
philic nature of the polymer as well [29,30]. Amines appear to be a particular
interest toward heavy metal by blending with membrane material because of
their tendency to develop complex reaction between the heavy metal ions and
the nitrogen atom within the functional groups [21,31,32]. Thus, in this study
prior to the incorporation of TiO, NPs, functionalization of the NPs was an
important step to improve the separation characteristics of the membrane.
The high specific surface area and porous characteristics of TiO, NPs make
the functionalization and/or impregnation of the amine groups on its surface
and inside pores easily [33]. Therefore, the TiO, NPs were modified using three
amines, namely, ethylenediamine (EDA), hexamethylenetetramine (HMTA),
and tetraethylenepentamine (TEPA). After that the amine modified TiO, NPs
were mixed with CA polymer, and flat sheet composite membranes were pre-
pared using phase inversion process. This study can also expect to broaden the
application area of the ultrafiltration membranes especially for the treatment
of toxic contaminants. Moreover, the introduction of amine groups within the
membranes in this work was successful.

5.1.2 Physical Blending Process
5.1.2.1 Preparation of Amine-Modified TiO,

The amine-modified TiO, (i.e, Ti-EDA, Ti-HMTA, and Ti-TEPA) were pre-
pared by impregnation of the amines into the NPs. Briefly, 3.0 mL of each
amine was dissolved in 30 mL of deionized water and stirred for about 0.5 h
using magnetic stirrer. After that, 3.0 g of TiO, was added to the solution and
stirred for 6 h. Thus, the amine-modified TiO, NPs were then dried in a hot
air oven at 70 °C for 2 h and consequently kept in a capped vial until use. The
composition of amine modified TiO, NPs is presented in Table 5.1.

5.1.2.2 Preparation of CA/U-Ti, CA/Ti-EDA, CA/Ti-HMTA,
and CA/Ti-TEPA Membranes

Phase inversion technique by immersion precipitation was used for fabricat-
ing asymmetric ultrafiltration membranes. First, uniform solutions of CA in
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TABLE 5.1

Composition of Amine modified TiO, Nanoparticles

Sample TiO, (g) EDA (mL) HMTA (mL) TEPA (mL) DI Water (mL)

Ti-EDA 3 3 0 0 30

Ti-HMTA 3 0 3 0 30

Ti-TEPA 3 0 0 3 30
TABLE 5.2

Solution Compositions of the Casting Solution: CA, PEG, U-TiO,, and M-TiO,
Nanoparticles

Ac: DMAc
(70:30;
Membrane CA (%) U-TiO, (%)  M-TiO, (%) PEG (%) v/v)(Wt.%)
CA/U-Ti 10.5 2 - 3 84.5
CA/Ti-EDA 10.5 - 2 3 84.5
CA/Ti-HMTA 10.5 - 2 3 84.5
CA/Ti-TEPA 10.5 - 2 3 84.5

acetone/DMAc (70/30; v/v) were prepared under continuous magnetic stir-
ring at room temperature (28 + 2 °C). After getting a uniform solution of the
CA/solvent, a fixed amount of PEG additive (3 wt.%) was added and stirred
continuously at least for 24 hours until the solution was fully dissolved and
a homogeneous casting solution was obtained. Finally, 2 wt.% unmodified
(U-TiO,) and modified (M-TiO,) nanoparticles were added separately and
well dispersed for another one day to form a homogeneous composite solu-
tion. Therefore, the membranes with different composition were designated
as CA/U-Ti, CA/Ti-HMTA, CA/Ti-EDA, and CA/Ti-TEPA. Table 5.2 shows
the solution casting compositions of all the prepared membranes.

5.1.2.3 TEM Analysis of U-TiO, and M-TiO, NPs

The particle size and microstructural information of U-TiO, (commercial)
and M-TiO, nanoparticles were characterized using transmission electron
microscopy. First, the nanoparticle samples were prepared by dispersing in
DI water (500 mg/L) and then poured on a carbon tape covered plate. Finally,
the samples were dried at room temperature and ready for TEM analysis. As
clearly shown in Figure 5.1, the TiO, NPs appeared in the form of spots. The
black spots imbedded on the surface of M-TiO, NPs were because of the uni-
form dispersion of the amines. However, the highly homogeneous disper-
sion of the black spots was observed prominently for Ti-EDA and Ti-TEPA
samples and not the Ti-HMTA, which may be due to the better interaction
between the amine groups and TiO, NPs during the impregnation process.
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FIGURE 5.1
TEM images of U-TiO, and M-TiO, nanoparticles.

To measure the size of each nanoparticle, Image J software was employed.
The sizes of the nanoparticles were not uniform, and their sizes ranged from
16 to 100 nm. The average particle sizes were approximately 29.8 nm, 30.1 nm,
294 nm, and 32.2 nm for TiO,, Ti-HMTA, Ti-EDA, and Ti-TEPA, respectively;
no considerable variation in average particle size was detected from this
study.

5.1.2.4 ATR-FTIR and Zeta Potential ({) and Thermal Analysis

As presented in Figure 5.2a, in the IR spectrum of Ti-EDA, 3290 (N-H stretch),
1470 (C-H bend), the stretching vibrations of C-H bonds are present at 2953 and
2872 cm™. The peaks at 1580 and 1309 cm™ are caused by the bending vibration
of N-H bonds and stretching vibrations of C-N bonds, respectively. The C-O
stretching vibration was observed at 1000 cm™. In the IR spectrum of Ti-TEPA,
the stretching vibrations of C-H bonds are present at 2833 cm™. The peaks of
N-H bonds and C-N bonds are present at 1650 and 1350 cm™, respectively.
Thus, loading of the amines into the pore channels of the TiO, nanoparticles is
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FIGURE 5.2
(@) ATR-FTIR results of unmodified TiO, and modified TiO, NPs; (b) TGA analysis CA/U-Tj,
CA/Ti-HMTA, CA/Ti-EDA, and CA/Ti-TEPA membranes.

confirmed. The IR transmission spectra of Ti-HMTA reveals that the C-O
stretching vibration at 1000 cm, the C-H stretching vibration bands at 2984 cm™,
the C-H bend modes at 1454 cm™, and the IR spectra for C-H rock and C-H wag
(CH,), were observed at 1371 cm™! and 1236 cm™, respectively.

The IR spectrum of TiO, NPs shows intense broadband in the vicinity of
600 to 800 cm™ attributed to the stretching vibration of Ti-O-Ti as expected
for TiO, samples. This result shows the successful interaction between the
TiO, NPs and the amines. The spectrum for all the samples, except pure
TiO, NPs, shows considerable peaks attributed to O-H group at 3290 cm™,
3388 cm™, and 3250 cm™ for Ti-EDA, Ti-HMTA, and Ti-TEPA, respectively.
This result is due to the sample moisture where the amines can more easily
absorb moisture than the pure TiO, NPs.

The thermal degradation analyses (TGA graphs) of the prepared mem-
branes before and after impregnation are presented in Figure 5.2b. The TGA
results of the prepared membranes displayed two-step degradation pro-
cedures. Therefore, the start of the decomposition step for CA/U-Ti, CA/
Ti-HMTA, CA/Ti-EDA, and CA/Ti-TEPA membranes are 289 °C, 135 °C, 287 °C,
and 286 °C, respectively. The observed weight losses are due to the degrada-
tion of CA chains because of the pyrolysis of the backbone of the CA polymer
and also followed by de-acetylation of CA [34-36]. However, the relatively
weak thermal stability of CA/Ti-HMTA membrane is an indication of a rela-
tively weak interaction between HMTA and TiO,, where HMTA has no active
groups like NH,- or NH-, which can further influence the thermal stability of
the membrane. During the last decomposition step, the degradation tempera-
tures of CA/U-Ti, CA/Ti-HMTA, CA/Ti-EDA, and CA/Ti-TEPA are 390 °C,
384 °C, 388 °C, and 389 °C, respectively, signifying the main thermal degrada-
tion of the CA chains. From these results, it is shown that all the membranes
exhibited satisfactory thermal stability performances, except a slight shift
in intensity was observed. After the impregnation of the different amines,
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the second mass loss peak intensities were observed to decrease slightly,
which is due to the simultaneous decomposition of the amines and the CA. The
improvement in the thermal properties of CA membrane after incorporation
of PEG and TiO, into the CA solution was elaborated in previous work [37].
Zeta potential ({) values of the solutions of unmodified TiO, and modified
TiO, NPs (Ti-HMTA, Ti-EDA, and Ti-TEPA) at pH of 2.0, 3.5, 5.0, 7.0, 8.5, and
10 are presented in Table 5.3. The ¢ or electrical charge properties of the solid
or film polymers influence their characteristics toward the specific applica-
tions. Zeta potential analysis is one of the most important methods used to
obtain information on electrical charge properties [38]. The unmodified TiO,
NPs exhibited positive values for pH 2.0, 3.5, 5.0, and 7.0, and negative values
for pH 8.5 and 10. The amine-modified samples displayed positive values
for pH 2.0, 3.5, 5.0 and negative values for pH 7.0, 8.5, and 10. The high posi-
tive { values for the modified TiO, NPs at pH 2.0, 3.5, and 5.0 is due to the
fact that the amines immigrated within the TiO, NPs tend to be protonated
at lower pH [39,40]. However, the { values for Ti-HMTA didn’t show signifi-
cant changes after modification. The amines used in this study have differ-
ent structures and contents of NH,-groups. EDA has two NH,-groups only;
TEPA also has two NH,-groups and three NH-groups; and HMTA has no
NH,- or NH- group, only N is connected with three CH,-groups. For this rea-
son, the protonation due to the presence of the amine group is not expected
in the case of Ti-HMTA. The { value of the unmodified TiO, nanoparticles was
+3.34 mV at pH of 7.0. The water molecules can occupy the oxygen vacancies
and produce adsorbed —~OH groups, which indicated that the nanoparticles
were positively charged [41]. However, with increasing —OH concentration
in the solution, adsorption of —OH on the sample increases, causing sub-
stantial { change with pH. Therefore, high negative { value (i.e, -14.22 and
—43.02) at pH of 8.5 and 10 was detected for the unmodified TiO, nanopar-
ticles. Moreover, high negative { values were attained with further increase
in the pH values to 10 for all the amine modified TiO, NPs. This result is
accredited to an increase in the amount of -OH groups in the solid barrier
due to alkaline nature of the solutions [42]. The TiO, NPs modified with
TEPA (Ti-TEPA) displayed higher negative { than that of the Ti-HMTA and
Ti-EDA, whereas the unmodified TiO, NPs showed positive zeta potentials

TABLE 5.3
Zeta Potential () Results of Unmodified and Modified TiO, NPs
Zeta Potential (mV)

Samples pH2.0 pH 3.5 pH 5.0 pH7.0 pH 8.5 pH10
TiO, +6.23 +4.55 +4.01 +3.34 -14.22 —43.02
Ti-TEPA +41.02 +40.76 +37.25 -32.62 -36.71 —40.86
Ti-EDA +28.79 +28.15 +26.32 -15.66 -16.52 -20.35

Ti-HMTA +6.39 +6.19 +6.01 -4.32 -14.01 -30.28
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at pH of 7.0. Zeta potential variation as a function of the types of the amines
impregnated within the TiO, NPs can be explained due to the structure and
content of NH,- or NH- groups. Therefore, the pH dependence of { for the
modified and unmodified TiO, NPs is confirmed from this study.

5.1.2.5 Morphology and Hydrophilicity Study

The FESEM images of the U-TiO, and M-TiO, NPs (i.e,, Ti-HMTA, Ti-EDA,
and Ti-TEPA) are presented in Figure 5.3a. As seen from the figure, the
unmodified TiO, NPs depicted a flower resembling structures after the
amine impregnation process. Thus, a successful modification and interac-
tion of the amines and TiO, NPs can be suggested from the TEM (Figure 5.1)
and FESEM results. CA/U-TiO, and CA/M-TiO, casting solutions were pre-
pared, and membranes with different amines (i.e., CA/U-Ti, CA/Ti-HMTA,
CA/Ti-EDA, and CA/Ti-TEPA) were fabricated using the immersion pre-
cipitation phase inversion technique. The top surface and cross-sectional
views of the FESEM images of all the prepared membranes are presented
in Figure 5.3b and 5.3c. It can be seen that all the prepared membranes dis-
played asymmetric structures with less finger-like macro-voids and a denser
top layer. The suppression or the development of finger-like structure and

FIGURE 5.3
(a) FESEM images of U-TiO, and M- TiO, powder. (Continued)
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(b) Top surface and (c) cross-sectional FESEM images of CA/U-Ti, CA/Ti-HMTA, CA/Ti-EDA,
and CA/Ti-TEPA membranes.
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macro-voids during the membrane formation is due to the presence of PEG
and TiO, within the casting solutions. Moreover, the pore forming proper-
ties of PEG additive have also played a significant role in the development
of porous sublayer structures. Therefore, the finger-like and macro-voids
free structures were observed for CA/U-Ti, CA/Ti-HMTA, CA/Ti-EDA,
and CA/Ti-TEPA membranes. Comparing CA/U-TiO, and CA/Ti-HMTA,
CA/Ti-EDA, and CA/Ti-TEPA, it also can be observed that the pore size of
CA/U-TiO, membranes was slightly decreased after modification. This result
was attained because of the adsorption and attachment of the amines within
the matrix of the membranes. Table 5.4 shows that all modified membranes
had displayed a uniform decrease in pore size, when the type of amines was
HMTA, EDA, and TEPA, respectively, and this result can be accredited to
the difference in interaction level of the amines with TiO, NPs. However, the
pore size differences of the membranes are not significant enough to influ-
ence permeation flux, which will be discussed later on.

Water contact angle measurement is an effective technique for investigat-
ing the hydrophilicity nature of the prepared membranes. The (a) water con-
tact angles values and (b) images of the water drops on the surface of all
the prepared membranes are shown in Figure 5.4. Membranes with smaller

TABLE 5.4
Compaction and Hydraulic Characteristics of Amine Modified Membranes at 250 kPa

R, Jw EWC € Thickness
Membrane CF (x10°m-Y)  (L/m?h) (%) (%) 7,, (nm) (um)
CA/U-Ti 1.50 0.50 587.8 80.1 74.8 27.0 73.5
CA/Ti-HMTA 141 0.42 649.2 81.5 73.6 26.5 82.4
CA/Ti-EDA 1.25 0.40 752.2 82.7 72.4 25.7 84.2
CA/Ti-TEPA 1.32 0.35 924.7 84.2 70.2 24.2 86.9

—=— CA/U-Ti

@ ®— CA/Ti-HMTA
—&— CA/TI-EDA
—v— CA/Ti-TEPA

CA/Ti-TEPA l

Water contact angle (°)

Drop age (s)

FIGURE 5.4
(a) Water contact angle values with different drop ages and (b) images of water droplets of the
prepared membranes.
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water contact angle values and higher water permeation rates are considered
hydrophilic [43]. As seen from the figure, the water contact angle values of
the amine modified membranes were reduced significantly especially for
CA/Ti-EDA and CA/Ti-TEPA membranes. The average water contact angle
of CA/U-Ti after 60 min was around 55.3°. The average contact angle val-
ues of the modified membranes were reduced to 51.3° 46.6°, and 40.9° for
CA/Ti-HMTA, CA/Ti-EDA, and CA/Ti-TEPA, respectively, showing an
enhanced surface hydrophilicity. The significant improvement of the hydro-
philicity of the CA/Ti-EDA and CA/Ti-TEPA membranes after impregnation
of the amines are that the NH,-groups are well-known polar groups having
high affinity with water and hydrophilic character [44]. The relatively small-
est contact angle value for CA/Ti-TEPA and improved surface hydrophilic-
ity as compared with the other membranes were mainly attributed to the
difference in structures and contents of NH,-groups, where TEPA has two
NH,-groups and three NH-groups.

5.1.2.6 PWF Performance of Membranes

The pure water flux (PWF) results were measured to investigate the influ-
ence of the loading of the amine groups in the matrix of the prepared mem-
branes. Therefore, the PWF results and the effect of the operating pressures
are presented in Figure 5.5a and 5.5b, respectively. As can be seen from the
tigure, the PWF results of the prepared membranes decreased uniformly
with decreasing the amount of functional amines within the matrix of the
membranes. These results are attributed to the decreasing hydrophilicity
(increasing water contact angle) of the membranes. As clearly presented in
Table 5.4, the PWF results of CA/U-Ti, CA/Ti-EDA, CA/Ti-HMTA, and CA/
Ti-TEPA at 250 kPa are 587.8, 649.2, 752.5, and 924.7 Lm h-!, respectively.
However, the PWF results of all the prepared membranes are appropriate for
their efficient use in filtration processes.

1300 4 —a— CA/U-Ti 100 [ —=—can-Ti (b
(@) o CA/Ti-HMTA —e— CA/Ti-HMTA
—4— CA/Ti-EDA —— CA/Ti-EDA

—v— CA/Ti-TEPA 10004 | —v— CA/Ti-TEPA

1200 <\

1100 4

1000

I, (L/m’h)

T T
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FIGURE 5.5
(a) PWF profile during compaction study (at 250 kPa) and (b) effect of pressure on PWF.
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The compaction factor, EWC, porosity, average pore radius, thickness,
and hydraulic resistance of all the prepared membranes in this study are
presented in Table 5.4. Studying compaction factor (CF) is important to rec-
ognize the morphological structures (i.e., pore arrangements) of the mem-
branes, especially the membrane sublayer formation. Membranes with high
CF are likely to be highly compacted and may show the existence of some
defective pores or macro-voids in the membrane sublayer arrangement. The
CF of all the membranes shows similar results. The PWF results of all the
membranes were increased almost uniformly with increases in an operat-
ing pressure from 100 to 300 kPa. Thus, the PWF for membrane results were
observed to increase uniformly with varying the type of amine group added
to the membrane matrix. Hence, the CA/Ti-TEPA membranes have displayed
higher PWF than the other membranes due to its best hydrophilic nature. As
seen from Table 5.4, no significant difference was detected in the results of
hydraulic resistance, porosity, and the average pore radius of all the pre-
pared membranes. However, a slight increase in average pore size of the
membranes with varying the type of amine groups may be accredited to the
number of amines involved within the matrix of the membranes. Therefore,
the CA/Ti-TEPA membrane with more amine groups showed a slightly
lower average pore diameter and porosity, which is due to the increase in the
number of branched amines within the matrix of the membrane. The slight
increase in EWC for CA/Ti-TEPA membrane when compared with other
membranes is due to the decrease in water contact angle (higher hydrophi-
licity value). Moreover, the hydrophilicity and/or EWC were observed to
increase uniformly with increasing the type of amine groups loaded to the
membranes (i.e, HMTA, EDA, and TEPA). From the porosity measurement
results, it is shown that all the membranes have shown satisfactory results
in the range of 70 to 74%, which is accredited to lower concentration of the
membrane forming polymer (10.5 wt.%) as well as due to the addition of PEG
additives and TiO, NPs.

5.1.2.7 Cr (VI) Removal Efficiency of Membranes

The permeate flux results and efficiency of the prepared membranes for Cr (VI)
ions removal was investigated using 10 ppm Cr (VI) solution. To further
investigate the influence of pH on Cr (VI) ion removal in the ultrafiltration
process using the prepared membranes, the solution pH was kept at 3.5 and
7.0. The flux and removal performance results of CA/U-Ti, CA/Ti-HMTA,
CA/Ti-EDA, and CA/Ti-TEPA membranes are presented in Figure 5.6. As
seen from the figure, all the membranes have displayed lower Cr (VI) flux
values and higher Cr (VI) removal performances at pH 3.5 than at pH 7.0.
The membranes that were modified with various amines (HMTA, EDA, and
TEPA) have revealed considerably higher removal efficiency for Cr (VI) ions
than the unmodified membrane (CA/U-Ti). The improved Cr (VI) ion
removal efficiencies of CA/Ti-HMTA, CA/Ti-EDA, and CA/Ti-TEPA were
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FIGURE 5.6
Permeate flux of Cr (VI) results of all the prepared membranes at (a) pH=3.5, (b) pH=7, and Cr (VI)
removal % at (c) pH = 3.5, (d) pH =7 (Cr (VI) concentration = 10 ppm, AP = 150 kPa, @ 200 rpm).

mainly due to the differences in content and structure of the amines within
the matrix and pore walls of the membranes. This result approves that the
introduction of amines within the matrix of the membranes indeed
enhanced the properties of the membranes toward the removal of Cr (VI)
ions. Therefore, the Cr (VI) ion removal for CA/Ti-EDA and CA/Ti-TEPA
membranes showed better performances and was assumed because of the
electrostatic interaction between the positively charged amines and Cr (VI)
anions. Due to the de-protonation and protonation of the amine groups
impregnated within the CA/Ti-EDA and CA/Ti-TEPA membrane matrixes,
the amine-modified membranes could become positively charged at lower
pH but not at higher pH values [40]. These amine groups impregnated
within the membrane matrix can carry out protonation, and the degree of
protonation depends on the pH of the solution. These results are confirmed
by using zeta potential study as presented in Table 5.3. Consequently, the
amine functional groups impregnated within the membrane matrix have
governed the electrostatic interaction between the membrane surface and
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the chromium ion. Therefore, the protonated amine groups of the modified
membranes led to an improved electrostatic attraction between protonated
amine groups and the chromium ions at lower pH value [45]. It is also men-
tioned in the literature that although Cr (VI) occurs commonly as anions
over the whole pH range, the proportions of the Cr (V1) species (i.e., Cr,O7",
H,CrO,, HCrO;, and CrOj) change with pH variation. Aroua et al. [46]
have conducted speciation profile on Cr(VI), and they have found the fol-
lowing results. Cr,03 appears at pH 1.0 to 6.0 and disappears at pH 9;
H,CrO, (aq.) (a low concentration) appears only at pH 2.0 and 3.0; HCrO;,
occurs in low concentration at pH 1.0-8.0 and disappears at pH 10.0; and
CrOj species starts to develop at pH 10 and above. Accordingly, no electro-
static attraction between Cr (VI) and the amine modified membranes was
suggested, when Cr (VI) was in the form of H,CrO, and CrO3. The electro-
static attraction exists for both HCrO; and CrO7, though more positively
charged amine groups are necessary to attract/adsorb CrO}” because of its
higher ion valence. Therefore, the variation in ionization degree of the
amine modified membranes and the change in Cr (VI) species at various pH
caused variation in removal efficiency of the membranes. Some of the Cr (VI)
ion removal characteristic can also be described using the deposition phe-
nomenon onto the membrane surface in this pH range, which could be
accredited to structural interaction [47]. In addition to the electrostatic inter-
action phenomena, the Cr (VI) ion removal for the membranes was also con-
sidered as an indicator of considerable Cr (VI) ion removal due to its
structural interaction. The Cr (VI) ion removal phenomenon for CA/U-Ti
and CA/Ti-HMTA membranes can be suggested mainly due to a substan-
tial Cr (VI) ion deposition inside and on the membrane surfaces due to
structural interaction. Therefore, the surface depositions of Cr (VI) ion can
provide an extra hindrance to solute transportation. However, lower Cr (VI)
ion removal performances were attained in the case of CA/U-Ti and CA/
Ti-HMTA membranes. These results are suggested due to the availability of
lesser active sites where amine groups are not present; where HMTA has no
any NH,- or NH- group, only N is connected with three CH,-groups. The
amine functional groups loaded within the matrix of the Ti-EDA and
Ti-TEPA membranes have lone pair of electrons from nitrogen and mainly
act as an active site for the development of the complexion between chro-
mium metal ions and amine groups. The order of the removal/adsorption
capacity of the prepared membrane is CA/U-Ti < CA/Ti-HMTA < CA/
Ti-EDA < CA/Ti-TEPA. The maximum removal values of the CA/U-Ti, CA/
Ti-HMTA, CA/Ti-EDA, and CA/Ti-TEPA membranes at pH 3.5 are 42.2%,
86.4%, 93.6%, and 99.8%, respectively. On the other hand, the Cr (VI) removal
values of the membranes at pH 7.0 are 37.1%, 43.3%, 47.2%, and 76.2%, respec-
tively. At pH 7.0, the Cr (VI) ion removal performances of the modified
membranes observed to be decreased during the ultrafiltration and these
results were essentially due to the low Cr (VI) removal capability of these
membranes at neutral pH. As seen from the zeta potential study in Table 5.3,
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all the modified membranes exhibited negative charges, and the removal of
Cr (VI) in this case is due to the electrostatic repulsion between Cr (VI) ion
and the membrane surfaces charges. Due to the lower negative charges for
Ti-HMTA and low positive charges for unmodified TiO, NPs, lower removal
efficiencies were attained. However, higher Cr (VI) removal/repulsion effi-
ciency was observed for Ti-EDA and Ti-TEPA due to the availability of
higher negative charges than the other membranes at the neutral pH. As
observed from Figure 5.6¢c and 5.6d, Cr (VI) removal using the amine modi-
fied membranes is higher at low pH (3.5) and decreased with increasing the
pH of the solution to 7.0. Therefore, at acidic pH the protonated amino
groups of the amine impregnated Ti-EDA, and Ti-TEPA membranes have
improved the removal/adsorption capabilities of the membranes to Cr (VI)
ions. It was clearly observed that the removal of Cr (VI) metal ions by the
membranes were in increasing order (i.e., HMTA < EDA < TEPA). This result
can be accredited due to an increase in active sites for removal of Cr (VI)
metal ions as the content and structure of the amine groups (NH,- or NH-)
within the membranes differs. The difference in removal of Cr (VI) metal
ions behavior of the membranes was suggested due to the different electro-
static performance of the negatively charged Cr (VI) ions. Therefore, it was
observed from this study that the pH of the solution was an important
parameter that affects removal performances of the prepared membranes.
As seen from Figure 5.6c and 5.6d, the removal of Cr (VI) using the prepared
membranes was increased with filtration time and the maximum Cr (VI)
ion removal was attained after 1 h filtration operation. Consequently, pH of
3.5 was considered as a suitable condition for the removal Cr (VI) ion for the
modified membranes. Furthermore, comparing all the membranes, the
maximum removal of Cr (VI) ion was achieved by CA/Ti-TEPA membrane.
The Cr (VI) flux values for all the membranes at pH 3.5 and 7.0 are pre-
sented in Figure 5.6a and 5.6b. The uniform decrease in Cr (VI) fluxes with
increasing time was suggested due to susceptible pore blocking of the
membranes because of Cr (VI) ion adsorption and deposition on membrane
surface and inner channels of the pores, where the effect of concentration
polarization was reduced by rigorous stirring (200 rpm) on the surface of
the membrane. On the other hand, flux variation with pH change was
observed. At pH of 3.5 low Cr (VI) permeate flux was detected. This result
was suggested due to the electrostatic attraction between the positively
charged membranes and Cr (VI) ions. Moreover, lower fluxes for CA/
Ti-EDA and CA/Ti-TEPA membranes were observed. The —NH, chains
within CA/Ti-EDA and CA/Ti-TEPA membranes have turned into extended
arrangement, which have formed a narrow effective pore size. At pH of 7.0,
the -NH, chains have changed to collapsed conformation due to the de
protonation of the amine groups, which caused large effective pore size
and therefore resulted in high Cr (VI) ions flux results for the membranes.

Furthermore, as explained above, the flux results were observed to be
dependent on the removal performances of the membranes. The schematic
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Schematic diagram for the impregnated amine groups and deposition of Cr (VI) ions in ultra-
filtration process.

diagram for the impregnation of amine groups and deposition of Cr (VI) ions
in ultrafiltration process is presented in Figure 5.7.

5.1.2.8 Effect of Cr (VI) Concentration

The removal efficiency of CA/Ti-TEPA membranes for Cr (VI) ions at dif-
ferent initial ion concentration was investigated. Therefore, the removal
efficiency of the membranes was found to be concentration dependent. The
results of permeate fluxes and removals of chromium ions for various con-
centrations (i.e., 10, 30, 50, 70, and 100 ppm) with time using CA/Ti-TEPA
membrane were investigated and are presented in Figure 5.8. The removals
of Cr (VI) ion using CA/Ti-TEPA membranes were observed to be dependent
on the feed concentration of the Cr (VI) ion. As clearly depicted in Figure 5.8¢
and 5.8d, the removal of Cr (VI) ion of the membranes uniformly decreased
with increasing the concentration of Cr (VI) ion (from 10 ppm to 100 ppm). This
result can be associated with the availability of excess binding sites within
the CA/Ti-TEPA membranes for removal of Cr (VI) ion. Therefore, the highest
removal of Cr (VI) ion result was attained at low concentration (10 ppm) due to
the availability of excess binding sites for Cr (VI) ions removal. The removal/
adsorption results for 10 ppm, 30 ppm, 50 ppm, 70 ppm, and 100 ppm at pH
3.5 are 99.6%, 98.9%, 93.6%, 86.4%, and 82.2%, respectively. The flux results of
CA/Ti-TEPA for both pH values, however, were observed to increase uni-
formly with increasing the concentration of Cr (VI) ions (Figure 5.8a and 5.8b).
As already discussed in the previous sections, higher removal performances
were attained at low pH (3.5) than at high pH (7.0) for all the concentrations.
The removal performances of the membrane at pH 7.0 are presented in Figure
5.8d, and the maximum removal results are 80.7%, 76.2%, 69.1%, 58.3%, and
52.4% for 10 ppm, 30 ppm, 50 ppm, 70 ppm, and 100 ppm, respectively.
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Effect of concentration on Cr (VI) ion permeate flux results of the CA/Ti-TEPA membrane at
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5.1.2.9 Washing/Regeneration Performance Study

In this study, four washing/regeneration cycles were conducted to evaluate
the fouling and removal performance of CA/Ti-TEPA membrane using KCl
solution and 10 ppm Cr (VI) ion solution where the results are presented in
Figure 5.9. As clearly shown in Figure 5.9a, the uniform decrease in KCl and
chromium fluxes were realized to be highly noticeable, which are credited to
the decreasing in porosity of the membrane due to an interior adsorption of
Cr (VI) ion, which further could lead to pore blocking.

Therefore, the KCI flux results for 1st, 2nd, 3rd, and 4th cycles are 639.7,
546.4,481.8, and 438.6 L m=2 h!, respectively, at pH of 7.0. The KCl flux results
are 483.8, 390.4, 3259, and 282.6 L m2 h! at pH of 3.5. The Cr (VI) removal
percentages for both pH values were observed to decrease with increasing
the regeneration cycles. At the first cycle, the Cr (VI) removal percentage at
pH 3.5 was observed to decrease slightly. The maximum Cr (VI) removal
results for four washing/regeneration cycles are 99.6%, 99.5%, 98.6% and,
96.6%, respectively. As already explained previously, the pH dependence of
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(@) Cr (VI) flux and (b) removal efficiency of CA/Ti-TEPA membrane during the filtration cycle
(Cr (VI) concentration: 10 ppm, pressure: 150 kPa, washing operation: 2.5 g/L KCl @ 200 rpm).

¢ values for the TEPA modified membranes has influenced the chromium ion
removal performances. As seen from the  study in Table 5.3, the TEPA modi-
tied TiO, NPs exhibited high positive { value at pH 3.5. Therefore, higher Cr
(VI) removal percentage of CA/Ti-TEPA membrane at pH of 3.5 was attained
due to the availability of more active sites for the adsorption of the negatively
charged Cr (VI) ions. Thus, even after four washing/regeneration cycles, the
Cr (VI) removal percentage remained at 96.6%. The membranes exhibited
negative charges at pH of 7.0 and the removal of Cr (VI) in this case is due to
the electrostatic repulsion between Cr (VI) ion and the membrane surfaces
charges. The removal performances were decreased for the pH 7.0 (72.4%,
69.1%, 67.0%, and 64.9%, respectively), where the lower removal performances
of the membrane were detected at this pH. These results were accredited
mainly due to the low Cr (VI) removal capacity of CA/Ti-TEPA membrane at
higher pH (7.0) due to the availability of lesser sites. From the above results,
it can be suggested that the CA/Ti-TEPA membrane can be a good candidate
for the removal of low concentration Cr (VI).

Thus, the authors strongly believe that this work will have a substantial
contribution to the current state-of-the-art on the modification and enhance-
ment of the properties of conventional cellulose acetate membranes for spe-
cific applications than the previous studies [6,27].

5.1.3 Summary

In the present study, Cr (VI) ion removal experiments were carried out using
CA/U-Ti, CA/Ti-HMTA, CA/Ti-EDA, and CA/Ti-TEPA membranes. The Cr
(VI) ion removal efficiency was influenced by the metal ion concentration,
the pH of the solution, and type of amine. The optimized pH was 3.5 for the
removal of Cr (VI) ions for all the membranes. CA/Ti-TEPA showed the best
removal efficiency. The highest removal of Cr (VI) ions result was attained
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at low concentration (10 ppm) due to the availability of excess binding sites
for Cr (VI) ions removal. The removal results for 10 ppm, 30 ppm, 50 ppm,
70 ppm, and 100 ppm at pH 3.5 are 99.6%, 98.9%, 93.6%, 86.4%, and 82.2%,
respectively. The maximum removal efficiency results of Cr (VI) ions at pH
of 3.5 using CA/U-Ti, CA/Ti-HMTA, CA/Ti-EDA, and CA/Ti-TEPA mem-
branes were 47.2%, 86.4%, 93.6%, and 99.8%, respectively. The maximum Cr
(VI) removal results for four washing/regeneration cycles are 99.6%, 99.5%,
98.6%, and 96.6%, respectively. The removal performances were decreased
for the pH 7.0 (72.4%, 69.1%, 67.0%, and 64.9%, respectively), where the lower
removal performances of the membrane were detected at this pH. Therefore,
there are good prospects for CA/Ti-TEPA membrane for the removal of Cr
(VI) ions from water and wastewater in practical applications.

5.2 Grafting Copolymerization of Poly Methyl Methacrylate
(PMMA) onto Cellulose Acetate Modified with
Amine Group for Removal of Humic Acid

5.2.1 Introduction

Recently, polysaccharides characterized by cellulose and its derivatives have
fascinated researchers as environmental friendly materials. Cellulose acetate
(CA) among the hydrophilic polymers is considered as the most important
organic ester of cellulose due to its abundance and broad applicability for
the synthesis of different products because of tough, biocompatible, hydro-
philicity characteristics, and it is moderately less expensive [27,48,49]. The
drawback of cellulose acetate membrane is that it is susceptible to thermal
and chemical stabilities depending on the environments and conditions
of application [50]. Therefore, modification of cellulose acetate using graft
copolymerization process gives a substantial way to modify its chemical and
physical properties [51]. Recently, the modifying of polymers has received
great attention, and grafting is one of the promising approaches. Grafting
co-polymerization is an attractive technique to introduce different func-
tional groups to the backbone of a polymer [52]. Moreover, grafting is one of
the chemical modification methods advanced to date and has appeared as a
simple and versatile method to develop surface properties of polymers for
various applications. For the graft copolymerization to be occurring, groups
that can generate radicals should be introduced onto the backbone of the
polymer first to activate the polymer surface. Most of the polymers having
chemically inert properties can be activated via UV irradiation [53], plasma
treatment [54], ion and electron beam [55-58], benzoic per oxide oxidization
[59-64], and Ce** oxidization [65-68]. In most of the grafting processes, the
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free radicals are initiated on the backbone of polymer by numerous irra-
diations and free radical polymerizations of vinyl monomers or chemical
initiators. Generally, cellulose and its derivatives are considered as excel-
lent polymers for surface modification purpose because of their hydroxyl
groups [69,70]. In this study, free radical polymerization was used for the
synthesis of the graft copolymer of CA with PMMA using cerium sulfate
(CS) as initiator. The grafting copolymer of the CA with the second polymer
containing functional groups, such as PMMA, could radically increase the
interaction of CA polymer with a wide range of materials. Thus, the grafting
copolymerization of vinyl monomer onto the cellulose acetate using electron
transfer method, a variant of living radical polymerization to achieve a con-
trolled graft polymerization, was considered a new approach to potentially
produce copolymers with well-defined structures. Furthermore, functional-
ization of the synthesized product was done using TEPA amine to improve
the membrane selectivity. Moreover, humic acid (HA) is considered as the
main component of dissolved organic matter (DOM), which can be found in
both surface and groundwater. It is also known that HA contaminated water
shows undesirable color and has been associated in bacterial development
in wastewater [71]. The need for elimination of HA has currently become
more important due to having haloacetic acids (HAA) and trihalomethane
(THM) as byproducts. Carcinogenic organic compounds that are risky to
human health are developed when water contaminated with HA is treated
with disinfection processes such as chlorination [72,73]. Furthermore, HA
has the ability to bind pesticides, heavy metals, and herbicides existing in
wastewater, and complexed materials with high concentrations can be devel-
oped [74,75]. Therefore, the removal of HA is an important issue in water
treatment. Currently membrane based HA removal process has been get-
ting more attention due to their operational simplicity, low energy consump-
tion, and environmental friendly nature. Nanofiltration and reverse osmosis
techniques are able to remove HA effectively from contaminated water, but
they require higher energy consumption when compared with ultrafiltration
(UF) and microfiltration (MF) membrane processes. However, the conven-
tional UF and MF membrane separation processes wouldn’t remove the HA
easily due to their larger pore sizes. Moreover, HA has been known as one
of the main membrane fouling components during treatment wastewater by
means of membrane separation process. Therefore, modification of the con-
ventional UF/MF membranes is required to achieve selective removal of HA
from aqueous solutions [71,75,76].

The main objective of this study was to prepare modified CA membranes
using PMMA and amine group with improved selectivity for HA molecule
removal. An effort was made to investigate the influence of polymerization
time and temperature during the graft copolymerization process. Flat sheet
membranes were prepared from the modified CA using phase inversion
process.
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5.2.2 Grafting and Amination Process
5.2.2.1 Synthesis of CA-g-PMMA and CA-g-PMMA_TEPA

Cellulose acetate powder was washed using methanol and deionized water,
respectively, for three times and then was vacuum dried at 60 °C for 12 h
before use. As seen in the schematic of the graft copolymerization process
(Figure 5.10), the graft copolymerization of MMA onto CA took place using
a three necked round bottom reactor vessel with magnetic stirrer inside the
aqueous solution. For graft copolymerization, 8.0 g of CA was added into the
reactor vessel comprising 100 mL of an aqueous solution of 0.006 mol/L of CS
in 0.4 M sulfuric acid. After that, the reaction mixture was purged using N,
gas approximately for 30 min prior to addition a 25 mL of 0.08 mol/L MMA
monomer to start graft copolymerization. Consequently, the aqueous solu-
tion was stirred continuously at a constant rate (250 rpm) to avoid the influ-
ence of stirring on the degree of grafting copolymerization. A condenser was
connected to ensure that any solvent or aqueous solution vapor cools and
drips back down into the chamber containing the solid sample. Finally, the
polymerization reaction was stopped with the addition of a 5.0 wt.% hydro-
quinone solution at a fixed time of reaction, and the mixture was discharged
into a mixture of water and methanol (1:1), and the grafted CA powder was
separated.

The polymerization reaction was conducted at different temperatures (i.e.,
25, 45, 60, and 70 °C) in an oil-bath using heating magnetic stirrer. The pH
of the polymerization reaction was adjusted at 2.0 before the reaction was

Water out
Condenser @b
Water in
Gas in
Nitrogen Thermocouple
eylincer Three neck ]
Stirrer
reactor
Ny )
Heating mantle
Motor pump
FIGURE 5.10

Schematic of the graft copolymerization process.
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started. The duration of the copolymerization was varied from 2 h to 8 h to
investigate its effect on the reaction. The contents of the reactor were stirred
continuously throughout the reaction period to avoid the homopolymer
precipitation on the substrate surfaces. The grafted samples were quickly
taken out after the desired polymerization time from the reactor vessel and
washed repetitively using methanol and deionized water. Table 5.5 presents
the amount of CS and MMA, the variation of time and temperature on the
polymerization reaction. To remove all the unreacted MMA monomer, its
low MW PMMA homopolymer, and the impurities precipitated along with
grafted CA powder, the PMMA grafted cellulose acetate (CA-g-PMMA) sam-
ples were Soxhlet extracted using methanol/acetone (1:1) for 24 h and repeat-
edly washed using deionized water. Consequently, the grafted CA powders
were dried using vacuum drier at 60 °C.

The percentage of the graft was calculated by the percent increase in

weight as follows [13]:
Wy = Wi
Gp(%)=|| — - |x100 (5.1
Wi

where W, (g) and W, (g) are the weight of the grafted and the un-grafted
cellulose acetate samples, respectively.

During the amination process, 6 g of CA-g-PMMA sample was dis-
persed in 250 mL DMF/water aqueous solution, and finally, 10%vol/vol.
TEPA in DI (20 mL TEPA in 200 mL of DI) was introduced through the
ring opening reaction of the methyl groups of the copolymer by react-
ing with 99% TEPA in DMF/water aqueous solution at 70 °C for approxi-
mately 8 h. Thus, the resultant product (i.e., CA-g-PMMA_TEPA) was
filtered and washed using methanol and deionized water following dry-
ing in vacuum at 50 °C.

TABLE 5.5

The Variation of Time and Temperature on the Polymerization Reaction

MMA, Temperature,
Reaction CS, mmol/L mmol/L Time, h °C
G-1 8 6 2 25
G-2 8 6 2 60
G-3 8 6 6 45
G4 8 6 6 70
G-5 8 6 8 25
G-6 8 6 8 60
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The weight gain percentage (W,,) of the aminated samples were calculated
using the following equation.

Wgp(%) = KW] x 100} (.2)

where W, (g) and W, (g) are the weight of the aminated sample and the initial
weight of the grafted CA, respectively.

5.2.2.2 Preparation of Un-g-CA, CA-g-PMMA,
and CA-g-PMMA_TEPA Membranes

Phase inversion technique by immersion precipitation was used for fabri-
cating asymmetric ultrafiltration membrane from modified and unmodi-
fied cellulose acetate polymer. Initially, uniform solutions of the modified
and unmodified CA in acetone/DMAc (70/30; v/v) were prepared under
continuous magnetic stirring at room temperature (28 + 2 °C). After get-
ting a uniform solution, a fixed amount of PEG additive (3 wt.%) was added
and stirred continuously at least for 24 h until the solution was fully dis-
solved and a homogeneous casting solution was obtained. Finally, 2 wt.%
TiO, nanoparticles were added separately and well dispersed for another
one day to form a homogeneous composite solution. PEG additive and TiO,
NPs were added to enhance the porosity, hydrophilicity, thermal/chemical
stability, and anti-fouling properties of the membrane as already explained
in previous studies elsewhere [14,15]. Therefore, the membranes with differ-
ent composition were designated as CA, CA-g-PMMA, and CA-g-PMMA-
TEPA. Table 5.6 shows the solution casting compositions of all the prepared
membranes.

5.2.2.3 Graft Polymerization

The free radical locations were produced on a cellulose acetate backbone
through direct oxidation by using Ce** ion. The redox potentials of the Ce**
metal ion are the key factors in defining the grafting effectiveness. Metal

TABLE 5.6

Solution Casting Compositions of All the Prepared Membranes
AC:DMAc

Membrane CA wt.% TiO, wt.% PEG wt.%  (70:30; v/v)

Un-g-CA 10.5 2 3 845

CA-g-PMMA 10.5 2 3 84.5

CA-g-PMMA_TEPA 10.5 2 3 84.5
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ions having lower oxidation potentials are chosen for enhanced grafting
effectiveness. Therefore, the suggested tool for such practice has attributed to
the intermediate development of a polymer chelate and metal ion complexes,
where ceric ion is well-known, to develop complexes with hydroxyl groups
on a CA backbone and can be dissociated through one electron transfer to
provide free radicals.

Ce*" + R, OH — Complex — R;,,, 0" + Ce* + H* (6.3)

Rpy O"+ M — Ry OM — Ry, OMM® (54)

In this study, the tentative reaction mechanism during the grafting polym-
erization using sulfuric acid solution with the presence of ceric sulfate com-
plex is well-known and the reaction mechanisms are suggested as follows
[77]:

Ce} + HSO, < CeSO3" +H* (5.5)
CeSO?* + HSO; & Ce (SO,), +H* (5.6)
Ce(SO,), + HSO; < Ce(S0O,):” +H* (5.7)
HSO, & SO +H* (5.8)

During the polymerization reaction, only one species or all of these
CS species are maybe reactive and have their equilibrium constants for
the formation of complexes, dissociation, and termination [78,79]. The
concentrations of the above species are dependent on the hydrogen and
sulfate ion concentration. Therefore, the resultant covalent bond between
the CA and the acetate vinyl monomer was suggested due to the for-
mation of free radicals on the vinyl monomer and initiated hydroxyl
groups of cellulose acetate. The competitive reaction for the graft of the
homopolymerization can be occurred due to the active species present
in the aqueous medium (i.e.,, -H and —OH). To investigate the optimum
grafting of MMA onto cellulose acetate initiated by the redox reaction
of cellulose acetate and Ce (IV) ion, factors like pH of polymerization
medium, CS, and MMA concentrations were kept constant. The dura-
tion of polymerization and temperature of grafting were varied, and the
effects were investigated. Therefore, initiation of graft polymerization
of MMA onto cellulose acetate powder using Ce(IV) ion in sulfuric acid
medium proceeds due to oxidizing of the substrate (i.e., cellulose acetate).
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Consequently, the reaction complexes break down to provide CA macro
radicals, H* and Ce(IIl) ion. These radicals may mainly result from sulfur—
hydrogen rather than oxygen-hydrogen bonds of the CA because of the
sulfur-hydrogen form weaker covalent bonds when compared with oxygen-—
hydrogen. Consequently, the free radical grafting copolymerization of
MMA onto the cellulose acetate powder is expected to be attained.
Development of CA macro radicals includes an electron transferring
method from the acetate group to the Ce(IV) ions. Thus, Ce(SO,), is sup-
posed to be the reactive species of CS where later has changed to the
highly stable and colorless Ce(IlI) ion. Moreover, it is evidently observed
that Ce (IV) sulfate initiator with yellow color disappears when the graft-
ing reaction time continues.

During the modification of cellulose acetate powder, the grafting
polymerization of MMA onto CA powder was proposed using CS as an
initiator. The polymerization was attained in a heterogeneous system (i.e.,
monomer—polymer), and the commercial CA powder was first purified
to achieve a better diffusion of the monomer in the peripheral layer of
CA during the grafting process. For initiation of vinyl polymerizations,
CS has been commonly used as a source of radicals. The general pro-
cesses assumed for the synthesizing of CA-g-PMMA_TEPA are presented
in Figure 5.11. It is suggested that the free radical fragments may abstract
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FIGURE 5.11
Scheme for preparation of PMMA, CA-g-PMMA, and CA-g-PMMA_TEPA.
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hydroxyl groups of CA from the backbone to generate macro radicals,
introducing graft polymerization. The other suggested reaction mecha-
nism was that the radicals could react with the monomer to develop an
increasing monomeric radical. Therefore, the increasing monomeric radi-
cal was able to transfer its radical character to the CA chain and the MMA
graft copolymerization as well as homopolymerization was induced. The
effective chemical grafting of MMA onto CA chains was investigated
using 'H NMR and the spectra of CA, MMA, and CA-g-PMMA and pre-
sented in Figure 5.12.

As clearly seen from the figures, a significant shift and splitting of the
CA peaks were detected after grafting of the PMMA, and a successful graft
polymerization was achieved. Subsequently, un-grafted PMMA was com-
pletely detached from the CA surface by Soxhlet extraction followed by
washing using methanol and deionized water. NMR results confirmed that
the CS was able to initiate graft polymerization of MMA on CA properly.
Obviously, the chemical integrity of the CA and PMMA was observed after
graft polymerization, as the peaks corresponding to both CA and MMA
were observed in the 'H NMR spectrum of the CA-g- PMMA, though the
level of integrity was observed to be dependent on polymerization time and
temperature.

5.2.2.4 Effect of Polymerization Time and Temperature

To examine the effects of temperature on grafting polymerization of MMA
onto cellulose acetate was conducted at 25, 45, 60, and 70 °C, where the
concentrations of MMA and CS were kept at 6 mmole/L and 8 mmole/L,
respectively, and the pH of the polymerization medium was kept at 2.0. The
reaction time was varied as 2, 6, and 8 h. The 'TH NMR results of CA, MMA,
CA-PMMA (2/25), CA-PMMA (2/60), CA-PMMA (6/45), CA-PMMA (6/70),
CA-PMMA (8/25), and CA-PMMA (8/60) are shown in Figure 5.12 and the
results (Table 5.7) are "TH NMR (600 MHz, DMSO) & 3.60-3.45 (m, 35H), 2.54
(t, ] =33.2 Hz, 2H), 2.18-1.63 (m, 9H); 'H NMR (600 MHz, DMSO) § 6.05-5.97
(m, 3H), 5.60 (dd, ] = 41, 3.5 Hz, 3H), 3.67 (s, 10H), 3.32-3.27 (m, 1H), 1.86
(d,J =1.2 Hz, 10H); 'H NMR (600 MHz, DMSO) § 4.05-3.72 (m, 121H), 2.56—
2.43 (m, 1H), 2.10-1.76 (m, 10H); 'H NMR (600 MHz, DMSO) & 4.04-3.55
(m, 127H), 2.58-2.41 (m, 1H), 2.10-1.78 (m, 14H); '"H NMR (600 MHz, DMSO)
8 3.78-3.38 (m, 118H), 2.55-2.45 (m, 2H), 2.12-1.75 (m, 24H); 'H NMR (600
MHz, DMSO) 6 3.89-3.44 (m, 84H), 2.50 (s, 1H), 2.14-1.73 (m, 12H); '"H NMR
(600 MHz, DMSO) 6 3.63 (d, ] = 9.6 Hz, 64H), 2.50 (s, 1H), 1.94 (dd, | = 66.6,
49.2 Hz, 10H); and 'H NMR (600 MHz, DMSO) & 3.96-3.48 (m, 150H), 2.50
(s, 2H), 2.13-1.76 (m, 23H), respectively. From these results, the CA signals
at 2.54 and 2.18-1.63 ppm were significantly improved after the grafting
of the PMMA. However, the chemical shifts and the peak intensities were
varied with the time and temperature. In this study, the combined effects of
the time and temperature were observed, and the appearances of the peaks
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'H NMR spectra of CA, MMA, and CA-g-PMMA dissolved in DMSO-d6 at different polymer-
ization time and temperature.
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TABLE 5.7
'H NMR Results of Prepared Samples
Sample Shift H’s Integral
CA 1.95 9 8.90
2.54 2 2.09
3.52 35 35.01
MMA 3.67 10 10.00
1.86 10 9.83
5.60 3 3.03
6.02 3 3.19
CA-PMMA (2/25) 1.93 10 10.06
2.50 1 0.96
3.85 121 120.98
CA-PMMA (2/60) 1.94 14 13.93
2.50 1 0.98
3.77 127 127.09
CA-PMMA (6/45) 1.95 24 24.00
2.50 2 2.02
3.59 118 117.98
CA-PMMA (6/70) 1.95 12 11.98
2.50 1 1.09
3.63 84 83.94
CA-PMMA (8/25) 1.94 10 10.02
3.63 64 64.10
2.50 1 0.88
CA-PMMA (8/60) 2.50 2 1.99
1.97 23 2291
3.64 150 150.10

having higher intensities were detected for CA-PMMA 6/45, CA-PMMA
6/70, and CA-PMMA 8/60. It is obvious that the grafting is time and tem-
perature dependent, where the combination of time and temperature at
8 h and 60 °C (i.e, CA-PMMA, 8/60) seems to be the optimum tempera-
ture and time for the grafting of MMA onto CA by the CA-Ce (IV) sulfate
redox system. Moreover, the peak for CA at around 3.60-3.45 ppm was split
after the graft polymerization reaction of PMMA onto the CA backbone.
The chemical shift and splitting of the proton at 3.6 ppm are accredited
to protons of -OCH, in PMMA, which is an indication of the successful
attachment of the MMA monomers on the CA backbone [80]. Raising the
temperature while keeping the time constant enhances the effectiveness of
the redox instigation system and in turn improves the degree of the graft-
ing reaction. If we observe the graphs for CA-PMMA, 8/25 and CA-PMMA,
8/60, new peaks with higher intensities were detected at 60 °C than 25 °C.
Nonetheless, the contribution of the higher polymerization time, the higher
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temperature, has played a great role for the enhancement of the grafting
process. The polymerization temperature is one of the key factors that
govern the kinetics of grafting copolymerization. The grafting efficiency
improves with higher temperature until the optimum bound is achieved.
The reason for this result can be due to increasing of the monomeric diffu-
sional process in the polymeric backbone with rising temperature and then
simplifying the grafting process. During the grafting of MMA on CA, the
grafting efficiency increased considerably as the temperature was raised
due to a larger swelling of the CA backbone and a resultant improved
degree of the monomers’ diffusion within the locality of CA backbone. The
results can be explained due to an increased thermal decomposition rate
of CS and its capacity in generating free radicals on the polymer backbone
with increasing temperature. Therefore, this incident can cause increased
CA polymer macro radicals concentration, and consequently improved
the graft polymerization. The effect of variation of reaction time was also
investigated during the grafting polymerization. A better grafting effi-
ciency was observed when the reaction time was increased. Regardless of
the effect of temperature, an increase in the reaction time increases the
rate of grafting. As clearly observed from the graphs presented in Figure
512, CA-PMMA, 2/60 and CA-PMMA, 8/60, peaks with higher intensities
were detected for the polymerization time of 8 h. This result is explained as
the polymerization time increases the CA backbone, MMA monomer, and
CS initiator interactions increase. Moreover, compared with other efforts
to chemical modification of CA, the functionalization method would keep
the main-chain structures of CA integral without altering much its unique
physical properties. Moreover, the graft percentage (Gp) of CA-g-PMMA
and the weight gain percentage (W,,) of CA-g-PMMA_TEPA were calcu-
lated using Equations 5.1 and 5.2. The Gp results for CA-PMMA (2/25),
CA-PMMA (2/60), CA-PMMA (8/25), CA-PMMA (6/45), CA-PMMA (6/70),
and CA-PMMA (8/60) were found to be 19.4, 20.2, 23.1, 25.8, 28.3, and 36.3%,
respectively. It was observed that the effects of time and temperature were
indicated clearly from the Gp results of the samples and the highest graft-
ing percentage was attained for CA-PMMA (8/60). Accordingly, CA-PMMA
(8/60) sample was selected for the amination process. Furthermore, the
weight gain percentage (W,,) of CA-g-PMMA-TEPA was calculated as
33.3%. The results indicate that the grafting and amination process were
successful in this study.

5.2.2.5 ATR-FTIR Spectroscopy and Zeta Potential Analysis

To examine the chemical structure of the synthesized samples, the ATR-
FTIR analysis was completed. Therefore, the functional groups of CA,
MMA, CA-g-PMMA, and CA-g-PMMA_TEPA were characterized and pre-
sented in Figure 5.13a. In the spectra of pure CA, the broadband detected at
3419 cm™ corresponded to —~OH stretching because of the strong hydrogen
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FIGURE 5.13
(a) FTIR spectra and (b) zeta potential ({) results of the unmodified and modified CA.

bond of intermolecular and intramolecular kinds. The characteristic band
of 2960 cm™ attributed to the C-H stretching [81]. In the IR spectrum of
CA-g-PMMA_TEPA, the stretching vibrations of C-H bonds are present at
2890 cm™. The peaks of N-H bonds and C-N bonds are present at 1720 and
1250 cm™, respectively. Thus, the results show that TEPA was effectively
introduced onto the surface of the CA-g-PMMA. The spectrum for all the
samples, except MMA, show considerable peaks attributed to O-H group
at 3419 cm, 3423 cm™, and 3396 cm! for CA, CA-g-PMMA, and CA-g-
PMMA _TEPA, respectively. This result is due to the interaction of CA with
MMA and TEPA successfully. Comparing the FTIR spectrum of the CA-g-
PMMA and CA-g-PMMA_TEPA to that of the unmodified CA, the broad-
ening peak of hydroxyl groups in the glucose rings turn smaller after the
reaction of the CA with MMA and PMMA_TEPA. This result indicates that
some of the hydroxyl groups were replaced during the synthesizing process.
Furthermore, the zeta potential ({) values of the modified and unmodified
CA at pH of 7.0 are presented in Figure 5.13b. Zeta potential analysis is one
of the most important methods used to obtain information on the electrical
charge properties [38]. Therefore, the { or electrical charge properties of the
powder or film polymers impact their performances toward specific applica-
tions. As seen from the figure, the un-grafted CA powder displayed low neg-
ative { value (i.e., -5.1 mV). The { values of the grafted powders at different
temperature and time displayed higher negative values than the un-grafted
powder. The high negative { values for the PMMA grafted samples is due
to an increase in the extent of -COOH groups on the surface of CA [71]. A
variation in zeta potential results as a function of time and temperature was
confirmed by this study. High positive { value (+44.4 mV) was detected for
the CA-g-PMMA modified with TEPA. This positive { result was attained
due to the introduction of the amine group (TEPA) through the ring opening
reaction of the methyl groups of the copolymer in the polymer amination
process [82,83].
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5.2.2.6 Membrane Morphological and Physicochemical Studies

The surface morphologies of the prepared membranes were investigated
using FESEM, and the top surfaces and cross-sectional images are presented
in Figure 5.14. As seen from Figure 5.14a, the CA-g-PMMA and CA-g-PMMA-
TEPA membranes displayed porous network structures with many open
pores. The porous network structures were not observed in the case of un-
grafted CA membranes. However, after the amination process, the porous
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FIGURE 5.14
(a) Top surface and (b) cross-sectional FESEM images of un-g-CA, CA-g-PMMA, and CA-g-
PMMA-TEPA membranes.
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network structures on the membrane were observed to be smooth without
showing major microscopic defects. The membranes were having an asym-
metric structure consisting of a thin dense top layer and porous sublayer
and without the development of macro-voids were observed. The formation
of macro-voids occurs under rapid precipitation condition, and the precipi-
tations are faster at high coagulation temperature [84]. In the present study,
the coagulation bath temperature and evaporation time (i.e., before immer-
sion) were fixed to 28 + 2 °C and 30 s, respectively, during the preparation
of all the membranes. As explained in detailed in the previous study, an
additional important factor that can influence the development or suppres-
sion of macro-voids is the de-mixing that happened during the phase separa-
tion process, where the instantaneous de-mixing and the delayed de-mixing
depend on the mutual affinity of the solvent and non-solvent in the ternary
system [37]. The suppression or the formation of macro-voids may be due
to adding of the PEG and TiO, additives to the ternary (polymer/solvent/
non-solvent) system. The presence of theses additives can increase the
concentration/viscosity of the casting solution, which may diminish the dif-
fusional exchange rate of the solvent and non-solvent during the membrane
formation process. Consequently, this may hinder the instantaneous liquid-
liquid de-mixing process that suppresses the formation of macro-voids [85].
As observed from Figure 5.14b, when the modified CA solution was cast,
finger-like structure-free and porous cross-section were attained, unlike the
unmodified CA, where some finger-like structures with less porous cross-
section were detected. Therefore, the grafting of PMMA onto the CA surface
made the membrane structure more porous. Since the top layer is highly
porous to form the resistance layer that can limit nuclei development in the
sublayer, the porous membrane with no finger-like structures can be devel-
oped under the less stable system [82]. Therefore, the porous top layer is
believed to suppress the formation of finger-like structures in the sublayer
and result in porous, finger-like structure-free cross-section. Furthermore, a
highly porous membrane (CA-g-PMMA-TEPA) was obtained with the addi-
tion of TEPA to the grafted polymer due to the development of quaternary
aminated polymer. Unlike the CA-g-PMMA membrane, a porous structure
was observed below the top layer in the cross-section in the case of CA-g-
PMMA-TEPA membrane. Therefore, with the addition of TEPA to the grafted
polymer, the top layer can lead the liquid-liquid phase separation instantly,
causing the development of many pores in the top layer of the membrane.
Moreover, the top layer of the membrane was porous enough to lead the
large amounts of the non-solvent into the sublayer to start a number of nuclei
creations. The open pore structures developed in the membranes are formed
by nucleation and development of the polymer-lean phase in the metastable
area between the bi-nodal and the spinodal curve [86,87]. Nevertheless, the
top layer structure of the ultrafiltration membrane frequently doesn't reveal
an open pore structures and not a completely uniform gel-layer, which is
stated as a nodular structure. The development of nodular structures can’t
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be described by nucleation of the polymer lean part. It is also not common
that nucleation of the polymer-rich part happens because this only occurs
at initially low polymer concentrations, below the critical point. A possible
explanation for the formation of a nodular structure on the top surface of the
membranes could be due to the spinodal de-mixing because the diffusion
process throughout the development of the top layer is faster for the homog-
enous system to develop greatly unstable and crosses the spinodal curva-
ture [88]. The top surface with improved interconnected pores structures is
observed more prominently in the case of CA-g-PMMA-TEPA membrane,
which is achieved due to the spinodal decomposition.

Studying of compaction factor (CF) of the prepared membranesisimportant
to distinguish the morphological structures (i.e., pore arrangements) of the
membranes, particularly the membrane sublayer configuration. Therefore,
membranes having high CF indicate that these are highly compacted and
indicate the existence of defective pore structures in the membrane sublayer.
The compaction factor and hydraulic characteristics of all prepared mem-
branes are presented in Table 5.8. It was observed that for both CA-g-PMMA
and CA-g-PMMA-TEPA membranes, the CF decreases to 1.4 £ 0.5and 1.2 0.7,
respectively, from 2.2 + 0.2 (i.e., un-g-CA). These results were attained due to
the modification process; membranes appear to be free of finger-like struc-
tures. Furthermore, the CA-g-PMMA-TEPA membrane exhibited the small-
est compaction factor result (i.e.,, 1.2 = 0.7) because of less microscopic defects
as compared with CA-g-PMMA membrane.

The hydraulic resistance (R,), EWC, average pore radius, porosity, and
thickness of all the prepared membranes are reported in Table 5.8. The aver-
age pore size and pore size distributions were determined using water filtra-
tion velocity method and using Image ] software from FESEM images, and
the results are presented in Figure 5.15 and Table 5.5. The measured average
pore size results for un-g-CA, CA-g-PMMA, and CA-g-PMMA-TEPA mem-
branes were 42.4 nm, 56.7 nm, and 62.8 nm, respectively.

As seen from these results the hydraulic resistance of un-g-CA (ie,
0.95 x 10 ®m) was greater than CA-g-PMMA (i.e., 0.80 x 10"°m™) and CA-g-
PMMA-TEPA (i.e., 0.79 x 10°m™) membranes. This higher resistance of un-
g-CA is because of its less porous nature than the other membranes, which
can resist the water flux better than the other membranes. From the porosity

TABLE 5.8
Compaction and Hydraulic Characteristics of the Prepared Membranes at 250 kPa

R,, T € [ Thickness
Membrane CF (x10 991~  (L/m?h) EWC (%) (%) (nm) (um)
Un-g-CA 22+02 0.95 2927 812+41 749+35 424+44 82.7
CA-g-PMMA 1405 0.80 3122 854+32 772+23 56.7+3.2 71.8
CA-g-PMMA_ 1207 0.79 3345 87.7+27 824+15 628+23 73.5

TEPA
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FIGURE 5.15
Pore size distribution of CA, CA-g-PMMA, and CA-g-PMMA-TEPA membranes.

measurement results it is shown that all the membranes have shown satis-
factory results (i.e., 74.9%, 77.2%, and 82.4% for un-g-CA, CA-g-PMMA, and
CA-g-PMMA-TEPA, respectively), which is accredited to the lower concen-
tration of the membrane forming polymer (10.5 wt.%) as well as due to the
addition of PEG additives and TiO, NPs together with the type of solvent
used and type of de-mixing occurred [37].

5.2.2.7 Ultrafiltration of PW and HA Solutions

The pure water flux (PWF) studies were performed to investigate the effect
of the grafting and amination of the prepared membranes, and the PWF
results and the effect of the operating pressures are presented in Figure 5.16a
and 5.16b, respectively.

As clearly presented in Table 5.8, the PWF results of un-g-CA, CA-g-
PMMA, and CA-g-PMMA-TEPA membranes at 250 kPa are 292.7, 312.2, and
334.5 Lm= h7, respectively. The pure water flux results of the membranes
are consistent with their pore size and porosity results. Nevertheless, the
PWF results of all the prepared membranes are suitable for their efficient use
in filtration processes. The PWF results at different operating pressures are
presented in Figure 5.16b. The results of PWF for all the membranes were
increased almost uniformly with increasing in an operating pressure from
100 to 300 kPa. The permeate flux results and HA removal efficiencies of the
prepared membranes were investigated using 10 ppm HA solution at pH
of 7.0, and the results are presented in Figure 5.16c and 5.16d, respectively.
The uniform decrease in HA fluxes with increasing time was suggested due
to susceptible pore blocking of the membranes because of HA molecules
adsorption and deposition on the membrane surface and inner channels
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FIGURE 5.16
(a, b) Pure water flux, (c) HA flux, and (d) removal % results of un-g-CA, CA-g-PMMA, and
CA-g-PMMA-TEPA membranes at pH = 7, HA concentration = 10 ppm, AP = 150 kPa, @ 200 rpm.

of the pore, where the effect of concentration polarization was reduced by
rigorous stirring (200 rpm) on the surface of the membrane. As seen from
the figure, the un-g-CA, CA-g-PMMA, and CA-g-PMMA-TEPA membranes
exhibited lower HA flux values as compared with PWF results.

Furthermore, the grafted and aminated membranes (CA-g-PMMA
and CA-g-PMMA-TEPA, respectively) have revealed considerably higher
removal efficiency for HA than the unmodified membrane (un-g-CA). The
enhanced HA removal efficiencies of the modified membranes were mainly
due to the introduction of PMMA and TEPA through grafting and amina-
tion processes, respectively. These results confirmed that the introduction
of PMMA and TEPA on the surface and within the matrix of CA indeed
improve d the characteristics of the membranes toward the removal of HA.
Therefore, the HA removal was suggested due to the electrostatic interac-
tion between the membranes and HA molecules. As already explained
in the previous section in Figure 5.13b, the results of zeta potential study
showed that the surface charge value of un-g-CA (-5.1 mV) was increased to
-33.7mV (i.e.,, CA-g-PMMA).
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After the amination process of CA-g-PMMA using TEPA, the surface
charge result for CA-g-PMMA-TEPA was +44.4 mV. The measured zeta poten-
tial value of HA solution at pH of 7.0 was —60 mV [89]. As seen from Figure
5.16d, the HA molecule removal performance for un-g-CA membrane was
lower as compared with modified membranes. This result is clear that more
negative charges are required to remove (repulsion, in this case) the HA mol-
ecules with high negative charge. However, the negative charges of un-g-CA
(5.1 mV) were not enough to attain higher repulsion of the HA molecules
with —60 mV. Higher removal efficiencies were observed for CA-g-PMMA
and CA-g-PMMA-TEPA membranes. Therefore, the HA molecules removal
phenomenon for CA-g-PMMA membrane is due to electrostatic repulsion
as both the high negatively surface charged membrane (-33.7 mV) and the
negatively charged of the HA aggregates would result in high electrostatic
repulsion [90]. Furthermore, the highest removal efficiency was achieved
for CA-g-PMMA-TEPA membranes due to the availability of high positive
charges (+44.4 mV) for the adsorption of negatively charged HA molecules.
Therefore, the maximum removal efficiencies for un-g-CA, CA-g-PMMA,
and CA-g-PMMA-TEPA membranes at pH of 7.0 were 34.5%, 83.3%, and
99.1%, respectively. The main assumption of this study was that the surface
charges of the modified membranes were altered after the grafting and ami-
nation process of the CA polymer. Grafting method has numerous benefits,
such as the capacity of modifying the polymer surfaces to have distinctive
properties by choosing the various monomers. The introduction of grafting
chains with a high density and an exact localization on the substrate surface
can be done easily and well-regulated without changing the properties of the
bulk polymer. Moreover, graft chains onto a substrate surface with covalent
attachments and promising long-term chemical stability, in contrast to physi-
cally coated polymer chains, can be introduced. Initially, -OCH; of PMMA
was covalently attached by replacing the -H atom of the -OH groups in CA
(Figure 5.11). Second, the TEPA was introduced through the ring opening
reaction between the methyl groups of the PMMA and -NH, of the TEPA.
As confirmed by the zeta potential study, the negative and positive charges
were introduced on the layer of the CA polymer alternatively. The schematic
diagram for the membrane grafting, amination process, and adsorption of
HA molecules in UF process is presented in Figure 5.17.

5.2.2.8 Membrane Regeneration Performance Study

To investigate the fouling and HA removal performances of the un-g-
CA, CA-g-PMMA, and CA-g-PMMA-TEPA membranes, four washing/
regeneration cycles were conducted using 10 ppm HA solution, and the
results are shown in Figure 5.18. After filtration of HA solutions, fouled
membranes were cleaned with 0.05 M NaOH solution followed by rinsing
using DI water for 30 min, and the DI water fluxes of the tested membranes
were measured. As clearly shown in Figure 5.18a, the uniform decrease in
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Schematic diagram for the membrane grafting and amination process and adsorption of HA
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FIGURE 5.18

Washing/regeneration study of un-g-CA, CA-g-PMMA, and CA-g-PMMA-TEPA membranes
at pH =7, HA concentration = 10 ppm, AP = 150 kPa, @ 200 rpm.

DI water and HA fluxes were understood to be highly noticeable, which are
attributed to the reduction in porosity (pore blocking) of the membranes
due to an interior adsorption of HA molecules. Consequently, the DI water
flux results for the four filtration cycles at pH of 7.0 for un-g-CA mem-
brane are 311, 299, 288, and 274 L m2 h-l, respectively; for CA-g-PMMA
membrane are 360, 346, 334, and 321 L m=2 h}, respectively; and for CA-g-
PMMA-TEPA membrane are 409, 394, 381, and 366 L m=2 h-!, respectively.
The HA flux results for the four washing/regeneration cycles are 255, 243,
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233, and 221 L m= h7, respectively, for un-g-CA membrane; 249, 236, 227, and
216 L m= h7, respectively, for CA-g-PMMA membrane; and 229, 214, 206,
and 195 L m2 h, respectively, for CA-g-PMMA-TEPA membrane. The HA
removal efficiencies of all the prepared membranes at pH of 7.0 are pre-
sented in Figure 5.18b. The removal percentage results were detected to
increase with increasing of the regeneration cycles. At the end of the fourth
cycle, the HA removal percentages were 41.6%, 87.4%, and 99.9% for un-g-
CA, CA-g-PMMA, and CA-g-PMMA-TEPA membranes, respectively. The
increasing in the removal performances of the membranes with increasing
the regeneration cycles can be attributed due to the permanent deposition
of the HA molecules onto the membrane surface and within the membrane
pores, which could be accredited to structural interaction [47]. In addition to
the electrostatic interaction phenomena the HA removal for the membrane
with increasing the regeneration cycle was also considered as an indica-
tor of considerable removal due to its structural interaction. Therefore, the
surface and pore channel depositions of HA molecules can provide extra
resistance to solute transport. From this study, it can be suggested that the
CA-g-PMMA-TEPA membrane can be a good candidate for the removal of
HA molecules from aqueous solutions.

5.2.3 Summary

The feasibility of grafting of PMMA onto CA polymer using CS as the redox
initiator was investigated in the present work. The polymerization reac-
tion conditions, such as initiator concentration and monomer concentration,
were kept constant. The polymerization reaction time and temperature were
varied and had a great impact on grafting copolymerization. Moreover, the
functionalization of the synthesized product was done using TEPA amine.
The study of 'H NMR and FTIR spectra results indicated that the graft copo-
lymerization and functionalization were successfully achieved. A highly
porous membrane (CA-g-PMMA-TEPA) was obtained with the addition of
TEPA to the grafted polymer due to the development of quaternary ami-
nated polymer. Unlike the CA-g-PMMA membrane, a porous structure
was observed below the top layer in the cross-section in the case of CA-g-
PMMA-TEPA membrane. The maximum removal efficiencies for un-g-CA,
CA-g-PMMA, and CA-g-PMMA-TEPA membranes at pH of 7.0 were 34.5%,
83.3%, and 99.1%, respectively. The removal percentage results were detected
to increase with increasing in the regeneration cycles. At the end of the
fourth cycle, the HA removal percentages were 41.6%, 87.4%, and 99.9% for
un-g-CA, CA-g-PMMA, and CA-g-PMMA-TEPA membranes, respectively.
Therefore, the grafted and aminated membrane, CA-g-PMMA-TEPA, has
shown a higher HA removal efficiency and can be used for various indus-
trial applications.
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6

Polymeric Membranes for Industrial
Effluent Treatments Applications

6.1 Industrial Effluents
6.1.1 Introduction

In recent years, the contamination of freshwater is a major concern due the
direct discharge of industrial wastewater such as textile, leather, pulp and
paper, printing, and distillery industries, etc. to the environment, which con-
tains a huge number of toxic inorganic or organic materials. The chemical
oxygen demand (COD) becomes high for the release of untreated industrial
effluents due to the non-biodegradable chemicals, residual dyes, and raw
materials that are also responsible for increasing the color and odor of fresh-
water bodies. The direct discharge of the untreated effluents has already cre-
ated severe environmental issues for both flora and fauna [1]. To minimize
the concentration level of toxicity of the pollutants from the freshwater bod-
ies, treatment of the industrial effluents is currently a serious concern [2].

6.1.2 Behavior of Industrial Wastewater

The sources of industrial effluents are mainly raw material preparation sec-
tion, cooling tower region, production lines, washing of instruments, etc.
The properties of the wastewater depend on the industry due to the use of
different kind of raw materials and organic and inorganic chemicals during
the manufacturing of final products. Generally, highly contaminated efflu-
ent contains proteins, fat, oil compounds, heavy metal ions, inorganic salts,
toxic reagents, phenols such as organic materials, etc. based on the types
of the industries. Thus, the suspended materials, dissolved organic com-
pounds, and the non-biodegradable components enhance the chemical oxy-
gen demand of the industrial effluents severely [3]. According to literature, if
the COD level of any effluent is less than 2000 mg L, it is considered as low
strength level wastewater, though it is mentioned that the strength of toxicity
of the effluents depends on the biodegradability of the dissolved materials
and type of the industry. The chemical oxygen demand (COD) level varies
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widely from 2000 to 16,000 mg L dissolved O, for the tannery industry
effluents as the variation of raw effluents is found for the above industry. Not
only that, the textile industrial effluent contains a high amount of inorganic
salts and organic dye reagents resulting in high range of chemical oxygen
demand (COD) starting from 1500 to 6000 mg L of dissolved O,. The analy-
sis of biodegradability based on biological oxygen demand (BOD) also helps
to recognize the strength of wastewater. The analytical ratio of BOD;/COD
is an important parameter to categorize the type of wastewater. Some of the
effluents, such as dairy, wheat and starch, food and beverages, and pheno-
lic industries contain biodegradable components resulting in a high ratio of
BOD;/COD. The organic components, present in the dairy, food, and bever-
ages industries, are significantly broken down due the activities of microor-
ganisms present in the environment. The ratio of BOD;/COD is low for the
effluents generated from tannery, paper and pulp, textile, and dyeing indus-
tries, indicating the proper and effective physical and chemical treatment
before discharge in freshwater bodies. The amount of suspended materials
is high for starch (more than 13,000 mg L), food and beverages (54,000 mg
L), and vegetable oil industries (approximately 24,000 mg L), which need
proper treatment to minimize the water pollution [4,5]. Table 6.1 shows the
characteristics of high strength effluents of different industries. The treated
effluents can be released into the freshwater bodies, whereas some of the
above industries reuse the effluents after treatment in the field of sanitation
purposes or landscaping. However, the regulation and standard levels of the
toxic compounds made by environmental pollution control board should be
maintained before discharging the effluents in the environment [6].

6.2 Industries Generating Hazardous Effluents
6.2.1 Food-Processing Industry

The dairy industry consumes a huge amount of freshwater for the manufac-
turing of milk products, and during the washing of machineries, cleaning of
milk containers, packaging of products, wastewater is generated every day. It
contains high concentration of whey proteins, fat, lactose, minerals, and edible
chemicals whose biological oxygen demand (BOD) level is high. Due to the
stinking in nature, and substantial black flocculated sludges, dairy indus-
try effluents cause discomfort to the surrounding environment that requires
proper and significant treatment process [8]. Olive oil mill wastewater also con-
tains high amounts of volatile solids, high concentration of phenolic compo-
nents, and a huge amount of inorganic materials that increases the COD and
BOD load of the untreated effluent. The untreated low molecular weight pheno-
lic components, present in the olive oil mill wastewater, are mainly responsible
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for increasing the toxicity level of freshwater bodies and can hinder aquatic
life [9]. The fish processing industry generated wastewater is a major source of
pollution at the coastal regions of the world. The fish processing industries con-
tains a wide range of inorganic and organic pollutants in different forms, such
as soluble materials, suspended particles, colloidal components, and particu-
late forms. The intensity of the pollutant generated from this industry mainly
depends on the particular operations involved in fish processing such as wash-
ing, packaging, cutting, etc.,, which enhances the total organic carbon content,
biological, and chemical oxygen demand level of the effluents [10].

6.2.1.1 Characterization of the Food Industrial Effluents

The main compositions of the dairy industrial effluent are whey proteins
and milk sugar, which helps to maintain the pH of the wastewater as neutral.
Due to the rapid fermentation of the milk products to lactic acid, the pH level
changes to acidic in nature resulting in precipitation of casein in the effluents.
According to the literature, the high electrical conductivity value indicates the
presence of different kinds of minerals in the dairy industry effluents. Not
only that, the high total dissolved solids (TDS) materials can hinder the aquatic
life after decreasing the oxygen level from the freshwater bodies during degra-
dation of organic compounds [8]. The nitrates and phosphate compounds can
be found with high range in the dairy industry effluents. The use of additives
and detergent during the cleaning process can change the pH level of waste-
water significantly. As a result, the high amount of BOD (300-1400 mg L' of
dissolved O,) and COD (650-3000 mg L of dissolved O,) levels have been
reported for the dairy industry wastewater [11]. A significant amount of metal
ions such as sodium (Na), potassium (K), calcium (Ca), iron (Fe), magnesium
(Mg), nickel (Ni) are also present in any kind of food and beverages industrial
effluents like the dairy industry. It is reported in the literature that the potas-
sium and cadmium content have been found higher in the dairy industry
wastewater due to different activities during final product processing. These
metal components can easily show adverse effects in the environment [8].

6.2.1.2 Electrocoagulation of Effluents

The effects of electrocoagulation process have already been performed to
treat the dairy industry wastewater successfully. Due to the process simplic-
ity, electrochemical process like electrocoagulation has gained consideration
during the removal of organic components and metal ions to treat the food
industry wastewater. The electrocoagulation process occurs as follows:

i. At the beginning of the process, electrolytic reactions occur at the
electrode surfaces made by iron or aluminum.

ii. The formation of coagulant reagents happens in the aqueous phase.
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iii. Finally, the adsorption of soluble and collided components on the
formed coagulants helps to remove the untreated inorganic or
organic particles from the. Aluminum and iron anodes produce the
aluminum and iron hydroxide flocks at the anode section followed
by the hydrolysis reaction, which helps to adsorb the organic compo-
nents from the wastewater.

Though the electrochemical processes are efficient and simple methods,
the initial cost of this process is the major drawback on use of this process in
industrial level effluents [8].

6.2.1.3 Powdered Activated Charcoal Treatment

Activated charcoal treatment is a significant process to purify industrial
wastewater. The adsorption of dissolved organic materials happens on the
surface of the adsorbent compounds, like activated charcoal. The use of
powdered activated charcoal has been increased to treat the toxic contami-
nants present in industrial effluents. The adsorption of pollutants happens
when the attractive forces at the activated carbon surface are higher than
the attractive forces of the liquid phase. According to previous studies, acti-
vated charcoal has been considered as a significant and efficient adsorbent
for the removal of different kind of toxic materials from industrial effluents.
Activated charcoals made by different sources have already been studied to
treat a wide range of organic and inorganic materials, ions, and metals from
simulated and real wastewater. However, the commercialized production
of activated carbon is expensive and time consuming. Beside the activated
carbons, the removal of toxic pollutants has also been reported using acti-
vated alumina and bauxite as adsorbents successfully. As a result, the uses of
activated carbons and alumina in the field of the removal of toxic materials
from the industrial effluents have been considered one efficient technology
recently [8].

6.2.1.4 Membrane Applications in Food Industry

The effluents generated from the food and beverages industries such as
dairy, vegetable and fruit processing, palm oil processing, meat, and fish-
ery industry contain high toxic compounds that depend on the types of
processing operations. The membrane technology shows various advan-
tages on the treatment of inorganic and organic pollutants from the
industrial effluents. The organic and inorganic components present in the
wastewater can be separated and recovered using different kinds of mem-
brane filtration such as microfiltration (MF), ultrafiltration (UF), nanofil-
tration (NF), and reverse osmosis (RO) depending on the molecular size of
the materials. The treated water that is known as produced water can be
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recycled for different purposes. The membrane technology can reduce the
process material cost after reusing the organic and inorganic compounds
that are separated by membrane filtration. Not only that, this technology
helps to minimize waste disposal cost significantly [12]. Membrane tech-
nology has special credit to treat the food industry effluents and recycle
water to minimize the consumption of freshwater daily. For the treatment
of dairy industry effluents, research has already been performed conve-
niently using different membrane filtration techniques. The significant
reflection on the recovery of organic compounds and the production of
reusable water has been found for the nanofiltration and the reverse osmo-
sis process during dairy industry wastewater treatment. To characterize
the membrane materials, solvent permeability and the selectivity of sepa-
ration are important factors toward membrane filtration [13].

The membrane filtration depends on the transmembrane pressure drops
(TMP), membrane molecular weight cutoff, feed, and retentate flow rate, feed
concentration to achieve an efficient treatment of industrial wastewater. The
efficiency of the polymeric membrane filtration can be calculated based on
the observed rejection of the solute particles. Membrane materials play an
important role to achieve significant amount of rejection during filtration
process. However, microporous membranes such as NF and RO have the
capacity to reject solute particles at their molecular level. The selectivity of
the membranes mainly varies based on the chemical nature of the solute
molecules. Several researchers have focused on matter of the choice of mem-
brane materials to describe the selectivity of the separation of the organic
compounds from food industry wastewater. Though, the dairy industry
effluent treatments using RO and NF polymeric membranes are already
described successfully, a strong and efficient progress and growth of various
membrane filtration can be performed during the treatment of the other food
industries effluents [14].

Due to water scarcity and the increasing demands on freshwater preserva-
tion, the reuse of effluents in food industry is an essential activity. In recent
years, the reuse of wastewater generated from the food industry has been
started successfully toward water sustainability. The recycled water can be
used in cooling towers, washing, and for the process water [15]. Though the
food industrial waste effluents contain less toxic materials than other indus-
tries such as textile, leather, petroleum industries, etc., the chemical and bio-
logical oxygen demands, total dissolved solids materials are significantly
high and require proper treatments before discharge. Table 6.2 describes the
efficiency of the membrane technology to treat the different industrial efflu-
ents and their reutilization.
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TABLE 6.2

The Efficiency of the Membrane Technology to Treat the Different Industrial
Effluents and Their Reutilization

Combined Membrane

Industry/Wastewater Treatments Water Recycling
Dairy/Vapor condensates from Cartridge filtration- Water use in boilers
concentration and drying steps NF-RO-UV oxidation Drinking
Dairy/Flash coolers Cartridge filtration- Boiler make up water
NE-UV
Milk/Bottles machines, chess processing MF, UF, NF, and RO Unspecified
Beverage/bottle rinsing, brewing room, MBR-NF, RO Unspecified

bright beer reservoir

Fruit and vegetable processing/rinsing ME, UE, NF, RO Rinsing beans
beans, cereal processing

Tomato/cleaning, sorting and moving NF Unspecified
the processed

Fruit juices /bottle washing, fruit NF Drinking
processing, juice production and
cleaning of tanks, pipes

Vegetable oil/olive mill, washing ME, UF, NF, RO Drinking
Meat and seafood /slaughterhouse fish Two NF steps-UV Drinking
and crustaceans and tuna cooking SBR, MBR, UF and
RO in different
combinations

Source: Muro, C. et al., Food Industrial Processes — Methods and Equipment, 14: pp. 254-280, 2012.

6.2.2 Leather Industry
6.2.2.1 Introduction

The tanning industry, one of the oldest industries in the world, has been
categorized as a severe pollution generating industry after releasing highly
contaminated waste effluents in the environment recently. The effluent
coming from a leather factory is categorized as a critical environmental haz-
ard due to the high toxic inorganic and organic chemical levels, high level
of salinity, high biological and chemical oxygen demand, low BOD;/COD
level, inorganic and organic dissolved matters, high amount of suspended
materials, presence of sulphide, chromium and lead ions, other heavy met-
als, total kjeldahl nitrogen (TKN), chlorine content, ammonia, and other
specific pollutants such as toxic dye reagents, etc. [16]. A huge amount of
freshwater is used in the leather industry for the tanning process. The
release of untreated effluents in the environment is also increasing, which
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requires proper treatment to control the water pollution. Not only that, gas-
eous and solid wastes are generated during the tanning process that also
need appropriate treatment before discharge into the environment. In the
field of the chrome tanning process in a leather industry, more than 40%
of the residual chromium salts (hexavalent chromium salts) are directly
released in the wastewater, resulting in a severe threat to the living envi-
ronment. Lung cancer, ulcer, skin cancer, and nasal septum perforation are
critical diseases due to the heavy release of untreated pentachlorophenol,
chromium salts, and other different toxic pollutants. A huge number of
project works to treat the tannery industry effluents applying a numerous
number of technologies such as coagulation, flotation, adsorption, electro-
chemical processes, and membrane technologies have been reported previ-
ously. Among all the processes, membrane processes such as ultrafiltration
and nanofiltration have been selected as efficient, eco—friendly, and cost
effective processes to treat leather and tanning processing wastewater [17].

The use of chromium salts during tanning process is a common method in
the leather industry. The chrome tanning is performed based on the chemi-
cal reaction of the cattle hides and a basic chromium sulfate [17]. This process
is performed with the increasing of pH level from 3 to above. After complet-
ing the tanning process, the important steps such as piled down of chrome-
tanned leather, wrung, grading of the leather for the quality and thickness,
fragmented into flesh and grain sheets, and shaved to the preferred thick-
ness is performed and require a huge amount of freshwater for mainly wash-
ing purposes and generate spent tanned liquor.

Wide studies have been performed to treat and recycle the spent tanned
liquor in the leather industry. The recovering of chromium salts from the
spent tanned liquor can reduce the fresh chromium uptake during the leather
tanning process. Though the electrodialysis system may be beneficial to
recover the neutral salts from the spent tanned liquor, the high cost estima-
tion is the major demerit for this process. The significant effects of the tradi-
tional method to recover chromium salts have already been studied based on
the precipitation of target components such as chromium salts with sodium
hydroxide (NaOH) and after that the dissolution of Chromium(III) hydroxide
(Cr(OH),) in sulfuric acid (H,SO,). However, the low quality of the recovered
materials due to the presence of different impurities, such as lipid substances
and other metals, is the drawback of acid-alkaline recovery of the chromium
salts. The membrane technology has already shown its significant ability to
recover used chromium from tannery wastewater. Membrane-based separa-
tion process is known as a cleaner technology due to its various advantages
to purify the tannery, textile, paper, and paint industrial effluents. In pres-
ent years, membrane-based technologies have been emerging quickly and
the economic cost is continuing to decrease while the application potentials
toward strong effluents treatment are spreading. The main advantage of a
membrane-based process is that concentration and separation is achieved
without a change of state and without use of chemicals or thermal energy, thus
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making the process energy-efficient and ideally suited for recovery applica-
tions. The possibility of applying membrane processes in the treatment of the
exhausted bath of a single step offers interesting perspectives for the survival
of this industry and for recovering and recycling of primary resources. The
pilot scale study for the removal of unreacted chromium ions from spent tan-
nery liquid has also been carried out using reverse osmosis (RO). However,
the use of integrated membrane systems such as MF followed by NEF, UF fol-
lowed by RO, and NF followed by RO in the field of the treatment of spent
tannery liquid and the recovery of chromium and other materials is critically
challenged due to the presence of high BOD load and the unreacted parts of
protein molecules resulting in fouling of the polymeric membrane surfaces
and the subsequent process failure temporarily or forever [17].

6.2.2.2 Membrane Application in the Treatment of Tannery Effluents

The effects of membrane microfiltration (MF), ultrafiltration (UF), nanofil-
tration (NF), and reverse osmosis (RO) to recapture the chromium (III) ions
from the leather industry effluents have already been discussed success-
tully. Previously, the application of conventional technologies to decrease
the polluted materials from the wastewater were mainly based on end-pipe
treatments. The use of the conventional technologies is time consuming,
space-requiring, high cost estimating, and does not certify the recuperating
and the reuse of water and chemicals. Subsequently, the produced sludge is
generally discharged into landfills even though it contains major chemicals
that could be recycled at the industrial level. To reduce the effective pollut-
ing parameters, and to recover the primary resources, membrane technolo-
gies have represented an efficient and significant effect over the treatment of
tannery effluents. With the help of membrane technology, the cleaning-up
of remaining wastes is simplified and is reused in the field of agricultural
purposes. Figure 6.1 represents the experimental applications of membrane
systems for the recycling of tanning effluents, and the discussions of the all
processes are summarized below [18].

6.2.2.2.1 Soaking

During the soaking process, the collected raw skins are washed and cleaned
with freshwater to remove the unwanted materials and salts. To hydrate
and to solubilize the skin proteins, the treatment of cleaned skins was per-
formed using water. As a result, the effluents coming from the soaking pro-
cess contains a huge amount of organic materials whose biological oxygen
demand is high and requires proper treatment. Ultrafiltration of soaking
effluent is an attractive and prominent technology to remove the organic
materials from the soaking effluents. Preliminary treatments such as sedi-
mentation and steel spring filters (200-300 mm size of net) are required
to remove the suspended materials to control the clogging occurrences of
membranes.



222 Polymeric Membrane Synthesis, Modification, and Applications

(@ il RAW SKIN
swater e
substances | I L purging
SOAKING D: in T
bath
(proposed) >
=S = UF
pickling
*Water permeate
+«Ca(OH),
enzy 1
«auxiliaries bath
B 1 recycle

LIMING 1 | /A - l
(experimented) coarse —l
screen
o R v

I_, concentrated proteic fraction

swater
eacids
'salt; N concentrate
products for (purging)
DELIMING- deliming-bating a 1 REEg,
BATING 5 P " T
(proposed) | at
UF
washing solution/new solution for bating
permeate
EH :
swater
DEGREASING rsurfactants —-:E]:l bath recycle
(experimented) ]
| <
feed
tank _’R_—’ UF
L.. emulsioned fat for fat liquoring
swater =
i — new pickling baths
PICKLING ] _}' 1 T
(proposed) I bath
RO

}

soaking bath or washing water

il PICKLED SKIN

FIGURE 6.1
Schematic diagram of different applications of membrane processes in the field of tanning

cycle in a leather industry: (a) wet phases before tanning. (Continued)



Polymeric Membranes for Industrial Effluent Treatments Applications 223

(b) ﬂ PICKLED SKIN
*Water
*NaCl 1
+Cry(SOy)s f
*NaHCO; H i
CHROMIUM g —
TANNAGE ! I bath equaliz.
(experimented) tank
pickling 4—@—
tanning or retanning
OR swater . 1 new tanning baths
tannins H Il T
= H = exhausted
VEGETABLE f . bath
TANNAGE il
(proposed) l
purging
swater ]'l new dyeing
«dyes = l: T
DYEING i bath
(proposed) 7 RO
washing
ﬂ DYED SKINS
(©)
effluents » sludges for
l l T disposal
BIOREACTOR e
FOR of sludges
TREATMENT
OF TANNERY
EFFLUENTS denitfication | I_,(@_> treated
tank air effluent
pump (Brenna, 1997)
pickling
DESALTING T
TREATMENT effluents )
o i bli
(experimented e —— g
treatments

FIGURE 6.1 (CONTINUED)

Schematic diagram of different applications of membrane processes in the field of tanning
cycle in a leather industry: (b) tanning of skin and dyeing; and (c) the treatment of final efflu-
ents. (From Cassano, A. et al., Journal of Membrane Science, 181(1): pp. 111-126, 2001.)
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6.2.2.2.2 Unhairing

The major concern of the unhairing-liming treatment is the removal of
unwanted materials from the soaked skins, such as skin hair, subcutaneous
adipose layer, and fat substances, etc. The degradation of mucus cells and
swelling of the dorms have been performed during unhairing-liming pro-
cess using lime and sodium sulfide salts. The effluents generated from the
liming-unhairing sections are mainly containing highly polluting reagents
due to the presence of the toxic sulfide, and amines materials with high COD
value (20,000-40,000 mg L! of dissolved O,). The use of UF to treat the lim-
ing effluents has already delivered significant results to recover the used
sulfide materials and the solubilized low molecular weight protein materi-
als. The produced water coming from the permeate section of the ultrafil-
tration zone can be reused to prepare of the next liming bath solution. The
high molecular weight organic materials are concentrated in the retentate
section. It is reported that the tubular membrane (made by carbon fibers)
ultrafiltration achieved to attain a rejection of high molecular weight pro-
teins approximately 60 to 85%. Not only for proteins recovery, more than
60% of the initial sulfide has been recycled using ultrafiltration process suc-
cessfully. Moreover, an innovation in the unhairing operation was proposed
and tested on a pilot industrial scale.

6.2.2.2.3 Deliming-Bating

To remove the contaminated materials (high concentrated chemicals,
enzymes, etc.) from the deliming bath effluents, ultrafiltration using poly-
meric membrane materials has been used efficiently. This eco-friendly tech-
nology helps to reduce the COD loading and the fatty substances from the
tannery effluents toward the reutilization of produced water during the tan-
ning processes.

6.2.2.2.4 Degreasing

The excess amount of natural fat substances has been generated during the
degreasing process of the leather industry. As a result, the organic compo-
nent loading is critically high for the effluents coming from the degreasing
sections. This operation is carried out particularly for sheepskins where the
percentage of fat substances on raw weight is about 30-40%. The occurrence
of high quantities of fat in the effluent creates undesirable phenomena such
as loss of physical strength of the water, increasing the odor of the efflu-
ents, etc. The organic solvents that are used in the degreasing sections are
increasing the risk of environmental pollution due to the volatile nature.
The application of ultrafiltration with non-cellulosic tubular membranes
has been performed to treat and recover the chemicals from the degreasing
effluents with the observed rejection of 91%. It is reported that the poly-
meric membrane ultrafiltration of tannery effluents permitted the high
removal capacity of fatty and lipid materials, protein substances, organic
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components from the different sections of the leather industry. Water recy-
cling has also been performed successfully with the help of membrane
ultrafiltration technology.

6.2.2.2.5 Pickling

The pickling process is the final operation to eliminate the remaining lime
from the tanned skin samples with the help of acidification and dehydration
and washing. As a result, the effluent generated from this section contains
high concentrated sulfuric, chloridic, formic, lactic acids, adequate amount of
sodium chloride and sodium sulfate salts, and chromium ions. The reverse
osmosis process can be performed to recover the salts that can be reused in
the pickling section for further treatment of tanned skins.

6.2.2.2.6 Chromium Recovery

Chromium sulfate is known as the most commonly used tanning material
today. The chromium tannage wastewater contains approximately 30% of
initial chromium salts, which requires proper treatment before discharge
in freshwater. The serious health problems have been increased rapidly
due to the untreated chromium release in the environment. The recovery
of chromium ions using polymeric membrane nanofiltration from tanning
exhausted effluents represents an effective and significant economic benefit
for the leather tanning industry after its reusing the waste materials and
toward the minimization of water pollution. It is reported that the quality of
the recovered chromium salts during acid alkaline treatment is not always
optimal due to the presence of impurities such as different metals and
unreacted lipid and fat substances. To increase the quality of the recycled
chromium salts, membrane filtration has been chosen as an effective and
alternative method that has already been studied widely. The pilot scale spi-
ral wound ultrafiltration (UF) module with flat sheet polymeric membranes
were used with varying different operating conditions such as membrane
materials, transmembrane pressure drops (TMP), chromium ions initial con-
centration, temperature of the feed solution, feed, and retentate flow rates,
etc. (Figure 6.1b). It is reported that only 28% removal of chromium ions has
been observed using spiral wound membrane ultrafiltration with the chro-
mium (III) initial concentration of 4343 mg L, the maximum transmem-
brane pressure drop of 3.8 bar, membrane active surface area of 3 m?, and
molecular weight cutoff (MWCO) of 15-25 kDa. Suspended materials, the fat
contents, and organic nitrogen compounds were found 84%, 98%, and 40%,
respectively.

To increase the chromium removal efficiency, the UF module was inte-
grated with the nanofiltration system with the membrane active area of
5.5 m?, MWCO of 150 kDa, maximum TMP drop of 16 bar, and the axial
flow rate of 1200-4500 L h-!. According to the analytical results, up to 99%
rejection (Figure 6.2) of chromium ions was obtained using spiral wound
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FIGURE 6.2

Concentration of chromium ions and the chemical oxygen demand (COD) with respect to pro-
cess time in a spiral wound nanofiltration unit (parametric conditions: temperature: 25°C; TMP
drop: 16 bar; axial flow rate of feed: 2200 L h™}; and permeate flux: 3.63-36.0 L m= h!). (From
Cassano, A. et al., Journal of Membrane Science, 181(1): pp. 111-126, 2001.)

nanofiltration membrane module. However, less rejection of organic sub-
stances has been observed as the chemical oxygen demand (COD) was
increased in the permeate samples with increasing process time due to foul-
ing. Finally, the recovered chromium (III) salts was reused during the tan-
ning processes and compared with the fresh chromium (III) solution. The
physical and the chemical analysis for the both the chromium (III) salts
revealed that the values were significant and similar according to the tensile
strength, shrinkage temperature, breaking load, etc.

6.2.2.3 Fenton’s Reaction Followed by Membrane Filtration

The leather and tanning industry is considered one of the vital cost-effective
industrial revenues in several countries. Meanwhile, it is one of the major
consumers of water, which is largely converted to wastewater by soaking,
liming, de-liming, pickling, bating, tanning, and wet-finishing operations.
This industry is commonly associated with aggressive odors coming from
animal hide, raw substances, solids, liquids, and gaseous wastes spring-
ing from such industrial and the medieval methods of processing [19]. The
generated effluents from this process are highly loaded with toxic organic
hazardous wastes that are categorized as the most intolerable materials in
the tanning industry. Such effluents contain various chemicals such as sul-
fide, excess lime during lime and delime section, and organic substances
that are generated due to the hydrolytic degradation of hair, keratins, and
inter-fibrillar proteins with high BOD and COD loading. It is reported that
the more than 60% of the total BOD, COD, and the total solids (TS) are con-
tributed during the liming, unhairing, and deliming processes. Previously,
several studies were performed to control the water pollution due to the
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tanning industry. The discharge of liming/unharing effluents to the natural
water bodies could also cause a serious environmental contamination and
health risks. The appearances of wastewater vary extensively depending on
the nature of the liming/unharing adopted process as well as the amount of
water and used chemicals. It is reported that the conventional treatment of
the tannery wastewater, including primary sedimentation, biological oxida-
tion, and secondary sedimentation, was not efficient to meet the required
limits for the treated of tannery effluents at least for some parameters such
as sulfides, COD, ammonia, salinity, and surfactants. Furthermore, biologi-
cal treatment of wastewaters containing resisting and toxic compounds
requires a long period of time to reach the required limit. This is mainly
due to the presence of several organic compounds applied in leather tan-
ning processes that resist the conventional chemical and/or biological
methods. The anaerobic process and the combination of anaerobic/aerobic
system were examined for the treatment of the leather tanning industrial
wastewater. Further study was carried out using aerobic treatment process
to decrease the level of pollutants in the treated effluent. Other technolo-
gies are studied as an alternative to biological and classical physico-chemical
treatment. These technologies depend mainly on the conventional phase
separation techniques such as adsorption processes and microfiltration.
Other methods depend on destroying the contaminants (using chemical
oxidation/reduction) or pretreatment followed by biological oxidation tech-
niques. Fenton technique is one of the most active systems for the oxidation
of organics in water. This reactivity is due to the in situ generation of highly
oxidation species (hydroxyl radicals) as a result of the dissociation of H,O,
molecule. Hydroxyl radicals are extremely reactive, and membrane filtration
technology (MF), with its different applications, has proven to be a reliable
technique for the treatment of water and wastewater. During the last several
years, membrane filtration has received great development by researchers
and manufacturers. Therefore, the materials and techniques of membranes
are improved greatly, which provide higher fluxes, longer life time, partly
refining the fouling as well as reducing the operation and maintenance cost.
Figure 6.3 describes the industrial leather preparation steps, and the pollu-
tion problems as well as the environmental impact of preservation and beam
house operations.

An integrated system based on using of the Fenton oxidation process fol-
lowed by membrane microfiltration for the treatment of tannery wastewater
was conducted. Figure 6.4 illustrates the diagram of the treatment system.
The raw tannery liming/unhairing wastewater was submitted to the first
sedimentation tank where the effluent was directed by gravity to the mix-
ing tank. Addition of Fenton reaction, namely, H,O, and Fe?" catalyst, was
carried out in the mixing tank. The wastewater flow was slowed down for
the formation of flocks and finally to three baffled tanks for sedimentation
and separation. The effluent of this tank was directed to the microfiltration
process (Figure 6.4).
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FIGURE 6.3

Schematics of the industrial leather preparation steps; pollution problems and environmental
impact of preservation and beam house operations. (From Abdel-Shafy, H.I. et al., Water Science
and Technology, 74(3): pp. 586-594, 2016.)
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FIGURE 6.4

Schematic diagram of the integrated treatment system using Fenton oxidation followed by
the microfiltration processes. (From Abdel-Shafy, H.I. et al., Water Science and Technology, 74(3):
pp- 586-594, 2016.)

6.2.2.3.1 Microfiltration Membrane (MF)

The microfiltration process was designed as a semi-pilot scale unit for the
treatment of Fenton’s treated effluent (Figure 6.4). The MF system is supplied
with a continuous aeration that flows from the bottom of the filter. Tangential
flow along the membrane surface was maintained to minimize the fouling
problem on the surface of the plate and frame module. A continuous aeration
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was provided by a compressor to the MF system to limit the problem of foul-
ing or clogging. Meanwhile, it could maintain the aerobic condition of the
reactor. It is reported that the necessary transmembrane pressure difference
could be realized by 1.4 m of water head above the used membrane (grav-
ity flow) without consumption of any energy as recommended by [20]. Such
gravity flow of wastewater was able to save between 30 to 40% of the total
required energy. Consequently, the aeration system of this MF consumed
only 60% of the total required energy. In addition, the membrane filter
allowed the mixed liquor suspended materials concentrations to be by far
exceeding the usual 2-4 g L' in conventional treatment systems. The aim is
to obtain a final effluent free of particles, organic compounds, and possible
germs. The membrane filtration was operated under aerobic conditions in
which the oxygen concentration in the tank was maintained between 1 to
4mg L of O,. The technical characteristics of the studied MF were as follows:

¢ Membrane material is (PEC)
¢ Number of membranes are (8)
e Membrane surface = m? (0.6)

e Resistance to hydrogen peroxide (H,0,) and (NaOCl), ppm (3,000
5,000 (normal 500))

® Resistance/pH range from (1.5 to 10)
e Resistance/temperature (WC) is <50
® Resistance/pressure as mWS (Max. 1 to 3 (1.02 mWS = 10 kPa))

6.2.2.3.2 Continuous Treatment System of Fenton’s Reaction
Followed by Membrane Filtration

In a continuous treatment system (Figure 6.4), a semi-pilot scale was oper-
ated via two steps, namely Fenton oxidation process followed by mem-
brane filtration. In the first treatment system the Fenton oxidation process
was employed at the predetermined optimum dose of the hydrogen per-
oxide and ferrous sulfates. The average removal rate of COD, BOD, TSS,
oil and grease, S,, TKN and T.P. reached to 97.1, 85.2, 99.3, 99.9, 99.9, 84.5,
and 94.3%, respectively (Table 6.3). The corresponding residual concentra-
tions are shown in Table 6.3. The above results indicate that the biode-
gradability of lime/unhair wastewater was enhanced by employing the
Fenton reaction. After the Fenton’s oxidation, the BOD/COD ratio of the
studied wastewater was increased from 0.155 to 0.80 by about 5.16 times
as an indication of effluent improvement, which is in a good accordance
with the results obtained by. Such achievement confirmed that the treat-
ment with Fenton’s oxidation does not only improve the biodegradability
but also reduces the toxicity of the wastewaters by decreasing the level
of sulfides and TKN. Meanwhile, the concentrations of the pollution
parameters, namely, COD and BODS5, TSS (Table 6.3) were still over the
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permissible level of the National Regulatory Standards. Many govern-
ments over the world developed more suitable effluent standards to pro-
tect the environment. The standard of sulfide is restricted, especially for
lime/unhairing effluents, and it is in the range of 1 to 2 mg L [21]. The
effluent of advanced oxidation was directed to an aerated membrane fil-
tration (Figure 6.4). The characteristics of the final effluent are shown in
Table 6.3. The achieved removal rate of the COD, BOD, TSS, oil and grease,
S2, TKN and total phosphorous (TP) was 97.2, 97.0, 93.0, 87.4, 96.2, 75.0, and
40.8% respectively (Table 6.3). The corresponding residual concentrations
are given in Table 6.3. Meanwhile, slight increase in the BOD/COD ratio
was reached namely from 0.80 to 0.84 as an indication of effluent improve-
ment. The physical and chemical analysis of the final treated effluent was
found to successfully meet the permissible limits of the unrestricted water
reuse according to the standards. Therefore, the treated water can be used
for irrigating vegetables and other plants (i.e., the treated water meets the
national water reuse guidelines that are related to quality of water includ-
ing public health issues).

The overall results indicated that the raw leather industries generate a
large amount of waste effluent that are critically loaded with organic toxic
materials. These wastewaters are characterized by high value of the pol-
lution parameters including TSS, COD, BOD, ammonia, and sulfides. The
presence of high level of sulfides is attributed to the use of sodium sul-
fides in the unhairing tanning process as well as the high organic load
of this wastewater. Such wastewater should be treated before discharge.
Otherwise, serious environmental pollution and health hazards could be
developed. The presence of high sulfides could cause corrosion to the sewer
systems. It was reported that the conventional treatment such as chemical
and biological treatment of waste effluents is not highly efficient due to
the presence of resisting and toxic compounds [21]. In this respect, several
investigators confirmed that oxidation and/or aerobic treatment are effec-
tive in the treatment of leather wastewater. In addition, the combination of
anaerobic/aerobic treatment proved to be more efficient. The present exten-
sive study deals with the treatment of the wastewater coming from the
leather lime, de-lime, and unhair sections using the integration of Fenton
reaction followed by membrane filtration. Bench scale jar-test experiments
were employed to determine the effect of Fenton’s reaction. The opti-
mum dose of hydrogen peroxide in combination with ferrous sulfate was
determined. When a semi-pilot plant continuous system was employed
the results showed that the biodegradability of lime/unhair wastewater
was enhanced by addition of the Fenton reaction. This biodegradability
is attributed to the oxidation of the organic pollutants in the wastewater
as well as the oxidation of the toxic elements such as sulfides and ammo-
nia [21]. It was also confirmed that the treatment with Fenton’s oxidation
not only improves the biodegradability but also reduces the toxicity of the
wastewaters by decreasing the level of sulfides and TKN. When the effluent
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of advanced oxidation was directed to an aerated membrane filtration (MF)
further achievement in the removal of COD, BOD, TSS, oil and grease, S,
TKN and T.P. was achieved. Meanwhile, slight increase in the BOD/COD
ratio was reached as an indication of effluent improvement. This achieve-
ment can be attributed to the fact that the combination of the aerated MF
reactor and the filtration capacity are the main factors of such success [20].
The characteristics of the final treated effluent were found to meet the per-
missible limits of the unrestricted water reuse successfully according to the
literatures.

6.2.3 Petroleum Industry
6.2.3.1 Introduction

Crude oil is a composite mixture that comprises generally alicyclic, aliphatic,
and aromatic hydrocarbons. The refining process needs de-emulsifiers and
the production water generated from the decantation of the oil and water
emulsion offers a wide range of salinity up to three times higher than the
salinity of seawater [22]. The removal of oil and gas (O&G) resources from
the production water can be performed using conventional and unconven-
tional technologies. The conventional process of the extraction of hydrocar-
bons, after the well drilling process, is based on the natural pressure of the
well supporting the next operations such as pumping or compression. After
the reduction of the well’s natural pressure drop, the different techniques
such as water and gas injection and other depletion followed by compres-
sion techniques are applied to increase the production rate. The oil and gas
reservoir section is still considered as a conventional resource in the world.
The heavy oil, oil shale, and oil sands are the primary sources of the uncon-
ventional oil that are found in the low-permeability rock areas.

6.2.3.2 Water and the Petroleum Industry

Most sections of the oil industry (Figure 6.5), including natural gas pro-
duction, liquefied natural gas (LNG) generation, production of gas to lig-
uid (GTL), and other oil fields, consume a huge amount of freshwater and
produce contaminated effluents. Basically, the water to be achieved is either
during the co-production of the hydrocarbons, which is generated as a
byproduct from oil and gas dispensation, or water applied at the facility to
control the production processes. For the cooling and oil processing all the
conventional oil production industries also use freshwater during down-
stream processes. It is observed that the groundwater, seawater, and surface
water typically show an imperative role for all the cases, including upstream
and downstream operations. Thus, profitable water management is an essen-
tial part of the oil and gas industries to confirm the optimized supportable
actions and attain the license to work significantly in the world. The highly
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The use of water in a conventional petroleum industry. (From Adham, S. et al., Desalination,
440: pp. 2-17,2018))

contaminated effluents are generated from the upstream processes contain-
ing biodegradable hydrocarbons. As a result, the BOD load is high for this
kind of waste effluents [22]. The effluents generated from both the opera-
tions such as upstream and downstream processes require proper treatment
before discharge. The reutilization of treated water can be done in the oil and
petroleum industry after the significant treatment.

6.2.3.2.1 Chemical Characteristics

The chemical characteristics such as salinity of the oil reservoir and refin-
ery generated wastewater vary with the geographical location, the types of
hydrocarbons, and especially the age of the reservoirs. Table 6.4 shows the
common chemical characteristics of the various produced water generated
from the different oil and gas field sections. The variation of the organic and
inorganic parameters is the two major concerns to categorize the oil field
generated wastewater. The range of the total organic carbon (TOC) concen-
tration is reported typically 500 to 1000 mg L, whereas coal bed methane
comprises low organic carbon load of approximately 2 mg L1 The total dis-
solved solids (TDS) of the produced water in terms of salinity is found criti-
cally high and above 247,000 mg L in the oil field produced water, which
requires immediate attention, whereas the total dissolved solids (TDS) from
the different kinds of hydrocarbons is comparatively low (less than 10,000
mg L) and is much lower than the seawater salinity (35,000 to 40,000 mg L)
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TABLE 6.4

The Common Chemical Characteristics of Produced Water in an Oil and Gas Field

Steam Assisted

Coal Bed Gravity

Methane Drainage
Chemical Parameters Gas Field Oil Field Field (SAGD)
TDS, mg L-! 5200 247,000 2510 <10,000
TOC, mg L! 500 500-2000 2 430
HCO;, mg L! - 310 1700 1400
Chloride content, mg L 2300 152,750 62 4800
pH 43 5.6 8.4 8.8
Sodium, mg L1 1030 69,160 1350 3000

Source: Adham, S. et al., Desalination, 440: pp. 2-17, 2018.

As a result, at a low specific energy, the treatment of the produced water can
be performed using desalination with the polymeric membranes. The shale
play produced water is extremely adaptable. Generally, toward freshwater
management, the purification of waste effluents generated from the petro-
leum industry is required to reuse the treated water during the oil drilling,
hydrocarbons co-production purposes, etc.

6.2.4 Textile Industry
6.2.4.1 Introduction

The adverse impacts of the various industries have been reflected in the world
as the socioeconomic revolution has spread worldwide. Inappropriately, the
growth of the various industrial sectors has beaten up certain accidental
effects, causing an unavoidable balance between industrial development
and environmental poverty. The textile industry consumes a huge amount
of freshwater and discharges highly contaminated effluents from the vari-
ous stages of the textile processing containing various dye reagents, heavy
metals, different inorganic salts, etc. [23]. However, it is reported that some
parts of the substantial quantities of wastewater are not suitable to reuse
due to the presence of non-degradable components. Thus, textile industrial
effluents are likely to cause environmental difficulties if proper treatment is
not completed. The wastewater found from the various sections of the textile
industry is mostly rich in color due to the use of dye reagents, contains high
chemical oxygen demand (COD), low BOD;/COD ratio, complex chemicals,
organic and inorganic salts, high total dissolved solids (TDS), normally high
pH, high salinity, and turbidity [24]. According to the literature, the textile
industry generated wastes can be classified into four different principal
groups: dispersible materials, hard-to-treat wastes due to non-degradable
matters, high sludge volume, and hazardous and toxic components [25].
Among the different complex chemicals found in the common textile
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effluents, the dye reagents have been inarguably selected as the most uncon-
ditional source of pollution. The direct release of the colored dye reagents
into the environment unfavorably affects aquatic life, freshwater transpar-
ency, change of the taste of the drinking water, and disturbed dissolved oxy-
gen content present in the freshwater due to the highly complex structure of
the dyes, high molecular weight, and tendency of low biodegradability [26].
Further, the mutagenic and the carcinogenic effects of the dye reagents have
been reported previously [27]. The presence of these comparatively recal-
citrant dye reagents along with organic and the inorganic salts materials,
various acids and alkali compounds, and other remaining chemicals in the
wastewater directly released into the sewage systems hinders the biologi-
cal treatment of the effluents [28]. Possibly, the utmost risk to environmen-
tal sustainability is modelled by the offensive consumption of water by the
textile industries, resulting in the exhaustion of the availability of freshwa-
ter resources. The shortage in the accessibility of freshwater can be assessed
by the example of textile industries in India, which consume approximately
0.2 m?® of freshwater per kg of textile products fabricated, and generate above
200-350 m? of effluents per ton of final product [29]. According to the recent
study, the water consumption by the industrial sector is rising with time due
to the massive industrial growth and a substantial increase in population,
which will possibly account for around 8.5 and 10.1% of the total freshwater
extraction in the years 2025 and 2050, respectively [23]. The declining supply
of freshwater is hence an associated result of the development of enormous
industrial sectors and is sure to bring about a decrement in the performance
of the various industrial sectors such as the textile industry due to the serious
scantiness of freshwater resources or degradation in the quality of available
drinking water. The various conventional methods to treat effluents have
been incorporated to control the risk of textile industrial effluents. The waste-
water treatment process should be equally skilled in the field of reclaiming
the treated water using in textile processing to a large extent; such a prepa-
ration is crucial for the sustainable progress in the industrial section in our
society. Previously, different treatment methods were in practice to diminish
the contaminant levels of the textile effluents. However, all the methods suf-
fer from certain severe problems. The eco-friendly biological methods, such
as conventional activated sludge processes, an anaerobic treatment of textile
industry generated wastes, and bioremediation processes are also performed
for the treatment of textile industry wastewater. Their respective efficiencies
are unfavorably affected by the biologically determined constitution of the
impurities present in the textile effluents as well as by the diurnal variation
in the atmosphere by means of the variation in effluent pH, temperature,
and the concentration differences of pollutants in the textile effluents [30].
Furthermore, the conventional biological methods do not perform the com-
plete mineralization of the target components such as dye reagents. Later,
the toxicity of the discharged wastewater from the textile industry remains
almost unchanged due to the presence of dye contaminants. This problem
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harshly obstructs the scale-up of the biological methods for the resulting
reactor unpredictability [31]. The composite rheology of the textile industry
discharge therefore involves either particular or integrated application of the
physicochemical processes, such as coagulation-flocculation chlorination
of effluents, adsorption process, and advanced oxidation processes, mainly
ozonation of wastewater, Fenton oxidation process, electro-Fenton combined
methods, photo-Fenton oxidation processes, and photo electro catalytic pro-
cess to degrade the toxic materials from the textile wastewater completely
[32]. The potential of the adsorption process is mainly unexploited due to
the restrictions postured by the eco-friendly discard of the disbursed adsor-
bents, and the difficulty in restoration of the used adsorbents process effi-
ciency and high chemical costs [33]. Advanced oxidation processes suffer
from an annoyingly short half-life period and hence the process usually
displays insufficient decolorization productivities for insoluble particles.
The chemicals used in some operations such as chlorination and coagula-
tion not only increase the cost of treatment but also produce a huge amount
of residues that require secondary treatment. Furthermore, the degradation
products present in the treated water may hamper the further production of
fibers. Also, the efficiency of operations such as flocculation is restricted due
to the high electrolytic strength generally detected for the textile effluents.
These disadvantages can be acceptably overcome using membrane-based
treatments including microfiltration, ultrafiltration, nanofiltration, reverse
osmosis, and hybridization or integration of two or more of these processes
for the textile industry effluents treatment. The membrane technology is nor-
mally known as clean and eco-friendly technology. The characteristic sim-
plicity of the membrane separation process, the facility of modular design
for treatment of feed samples in a large-scale operation, application of mod-
erate temperature conditions, with no physical and chemical phase chang-
ing, no waste byproducts, and the insignificant use of additives are major
key points of the membrane-based effluent treatment techniques. Besides,
the considerable retention efficacies and steadiness characterizing are also
significant factors for the membrane-based processes under different experi-
mental environments [34]. These benefits account for the rising attention to
membrane-based technology. However, a major weakness of any membrane
filtration is severe membrane fouling. The appropriate selection of mem-
brane separation process and the regular membrane cleaning using different
chemical and mechanical techniques can minimize the membrane fouling
problems and decrease used membrane replacement costs [35].

6.2.4.2 Characteristics of Wastewaters Generated from Textile Industry

The processing methods used in the different textile industries can be
extensively classified, such as wet and dry processing, in accordance with
the effluents properties produced therein [24]. Effluents found in textile
industries, mainly in the wet processing, differ in the composition and the
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degree of toxicity due to the use of various chemicals. This toxicity depends
on the mainly raw materials preparations, exact processes in operation, the
machineries used in the processes, the quality of the water used for fiber
processing, and the predominant management theory applied to control the
water use. However, the dry processing areas mainly generate solid wastes
containing chemicals and fabric rejects. Water is mostly used in a textile
industry during the scrubbing, flushing of the raw materials, desizing of the
cleaned materials, scouring or kiering process, bleaching of the scrubbed
materials, mercerizing process, dyeing of the polished products, washing
of the products, neutralization, and finally salt bath washing. Figure 6.6
reveals the entire process steps involved in a textile manufacturing indus-
try where freshwater is consumed on a regular basis. It is reported that the
use of freshwater varies with each process involved in the textile industry.
Among all the steps, the dyeing and the printing sections are more water
exhaustive processes than the others. The effluents generated from the dye-
ing and printing section contains high amount of toxic contaminants result-
ing in high biochemical oxygen demand (BOD), chemical oxygen demand
(COD), total dissolved solids (TDS), and the total suspended solids (TSS) of
the wastewater (Table 6.5). Hence, diversity has been found in the composi-
tion of the textile industry wastewater. The eco-toxicological effects of the
textile industry generated waste materials released from different sources
can be credited to a number of factors. The treatment of the toxic components
using membrane-based technology is a major concern today.

6.2.4.3 Membrane-Based Treatment Processes

The use of membrane technology in such cases mainly depends on the mate-
rials involved to prepare the membrane. The mechanical, chemical, thermal
resistance, and the membrane exposure are the major parameters to prepare
the polymeric membranes to minimize the fouling behavior. Moreover, the
organization of the concentrate streams containing target compounds from
the feed solution and the recovery of other supplementary toxic chemicals
during membrane filtration delivers the fruitful application of membrane-
based separation processes. Thus, the additional membrane concentrate
treatment processes have to be evaluated based on cost estimation, energy-
intensiveness, final product efficiency, and environmental gentleness prior
to the release of the residuals to the environment after membrane filtration
[36]. For example, the direct discharge of the nanofiltration (NF) and reverse
osmosis (RO) rejected materials after the treatment of dye bath effluents is
not an environmentally accepted action due to the composite rheology of the
concentrated materials. However, the bioremediation of the rejected materi-
als through an activated sludge process is often not efficient technology to
degrade the recalcitrant materials, whereas an anaerobic degradation pro-
cess used in association with the membrane separation process can be a fea-
sible option to treat textile industry generated effluents.
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The process flowchart for the general steps involved in textile fabrication. (From Dasgupta, J.
et al., Journal of Environmental Management, 147: pp. 55-72, 2015.)
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6.2.4.3.1 Microfiltration

Microfiltration has inadequate application during the treatment of textile
industry generated effluents because of its adjacent similarity to basic filtra-
tion process, like sand filtration and mechanical sieve analysis [37]. The pore
size of a typical microfiltration membrane varies in the range 0.1-10 mm. The
separation of materials using microfiltration is naturally performed at a low
transmembrane pressure (TMP) difference within 2 bar. The microfiltration is
primarily applied to remove the suspended and colloidal dye particles from
the dye bath of a textile industry. Hence, the microfiltration is rarely used as
an unassisted independent treatment process for the remediation of toxic and
complex industrial effluents such as textile industry wastewater. As such, it is
frequently employed as a significant pretreatment process in a hybrid system
to remove the suspended materials present in the effluents. For an example,
a comparative study of textile effluents has been performed between the
microfiltration followed by the nanofiltration, and the coagulation and floc-
culation process followed by the nanofiltration. The results showed that more
significant amounts of suspended materials have been removed using micro-
filtration process than coagulation and flocculation as the high permeate flux
has been obtained during the nanofiltration of the microfiltration pretreated
wastewater. This observation was credited to the significant retention of COD,
color of the raw effluent, turbidity, and the salinity of wastewater as the sub-
stantial removal of suspended materials was performed using the microfiltra-
tion of the textile wastewater resulting in less fouling characteristics during
the nanofiltration process [38]. The study thus recognized the advantage of
the use of microfiltration over the coagulation and flocculation process as the
pretreatment step prior to the final treatment, like nanofiltration process to
purify the textile wastewater. However, microfiltration can also be performed
as a final treatment process while purifying industrial effluents. Previously,
the electrooxidation reaction using an anode made of titanium oxide followed
by ceramic membrane microfiltration has been studied to remove toxic solu-
ble organic components and suspended materials, respectively, from a model
textile wastewater prepared by azo dye [39].

The main factor for all the cases was to assimilate two appropriate treat-
ment techniques by which the toxic materials and suspended components
can be easily removed. Recently, an attempt using asymmetric tubular car-
bon microfiltration of textile industry wastewater has been performed suc-
cessfully. Mineral coal powder was used to prepare the tubular carbon based
microfiltration membrane. Figure 6.7 demonstrates the experimental appa-
ratus accepted for the treatment of textile effluent. It is reported that more
than 50% of COD removal was obtained in a single-handed process such as
microfiltration, whereas approximately 30% of the existing salinity has been
retained and significant removal of colored component has been found using
tubular carbon microfiltration membrane in the field of textile industry efflu-
ent treatment [40]. In other investigation, to remove the methylene blue dye
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FIGURE 6.7

A schematic diagram of the pilot scale setup for the cross-flow mode of microfiltration process;
temperature: 25°C, transmembrane pressure drop (TMP): 1-5 bars. (From Dasgupta, J. et al.,
Journal of Environmental Management, 147: pp. 55-72, 2015.)

from aqueous solutions the performance of a thin film composite (TFC) mem-
brane made of organoclay/chitosan nanocomposite materials coated on the
commercial polyvinylidene fluoride (PVDF) microfiltration membrane has
been observed significantly [41]. The novel composite membranes were pre-
pared using polyamide microfiltration membranes by merging two cationic
materials, poly(ethyleneimine)-PEI and chitosan-CHI, and an anionic (poly
(acrylic acid)-PAA) polyelectrolyte materials through the layer-by-layer (LbL)
assembly. Two illustrative textile effluents, namely, methylene blue (MB)
and Coomassie brilliant blue (CBB) solutions, were prepared to estimate the
removal capacity of the above said membranes. Approximately, 95% COD,
799% MB removal, and 87.1% CBB retention were achieved using the PAA/
CHI multilayers microfiltration membrane [42].

6.2.4.3.2 Ultrafiltration

The ultrafiltration is a process frequently used in the field of the separation
of macromolecules and colloidal particles from industrial effluents. The sol-
utes rejected in a common ultrafiltration process have molecular weights of
a few thousands of Daltons [37]. Although hugely fruitful in handling pol-
lutants present in the effluents released from the various chemical, phar-
maceutical, and food industries, the ultrafiltration methods have partial
applications during the treatment of textile industry wastewater, and this
is mostly because the molecular weights of the dye reagent present in the
toxic effluents are generally much lower than the molecular weight cut-
off (MWCO) of the ultrafiltration membranes [43]. Consequently, the dye
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rejection brought about by ultrafiltration process alone usually does not beat
90% removal, though the higher percentage of dye rejection and the removal
of COD have been studied using hydrophobic ultrafiltration membranes
such as polyethersulfone and poly(vinylidene fluoride) (PVDF) ultrafiltration
membranes [44]. The water reclaimed through the ultrafiltration process can
be reused only in secondary processes of the textile industry, mainly in the
rinsing and washing processes. The treated water is not qualified for appli-
cation in primary processes such as dyeing of fibers, which order a reliable
supply of clean and softened water. Ultrafiltration (UF) is mainly performed
as a pretreatment step in systems challenging high degree of process stream
cleansing; it is followed by processes such as nanofiltration (NF) and reverse
osmosis (RO) technologies that significantly satisfy the demands on high-
quality produced water [45].

Several innovative research has been performed with an objective to
recover the performance showed by the ultrafiltration technique during
the treatment of textile wastewaters. In the literature, it is observed that the
ultrafiltration membranes were prepared using polysulfone materials at dif-
ferent evaporation temperatures by phase inversion process and studied the
textile effluents removal efficiencies [46].

The other research described the novel mechanisms containing polymer
and polyelectrolyte enhanced ultrafiltration (PEUF), which includes the
complexation of dye reagents with the high molecular weight polymers, fol-
lowed by the ultrafiltration process [47], and the micellar enhanced ultra-
filtration (MEUF) technology, where some surfactants at a concentration
beyond their critical micelle concentration (CMC) have been added to an
aqueous solution containing toxic dye reagents to procedure micelles that
solubilize the organic materials, which are later separated using ultrafiltra-
tion processes [48].

However, the progressive membrane fouling and the consequent decrease
in permeate flux are the major demerits for the ultrafiltration process. This
requires the outline of the novel hybrid processes, where the ultrafiltra-
tion process is preceded by an appropriate feed pretreatment process such
as coagulation and flocculation processes. Continuous development of the
membrane technology has been simplified by the expansion of modified
membranes such as modified poly(vinylidene fluoride) membranes using
styrene-acrylonitrile (SAN) composites [49] that have been rationalized to
exhibit acceptable resistance to fouling.

6.2.4.3.3 Nanofiltration

Nanofiltration (NF) membrane technology is usually placed between the
ultrafiltration and the reverse osmosis process. Its rising acceptance over
the years as an attractive and easy textile effluents treatment process can be
credited to the several aids it delivers in terms of environmental contamina-
tion abatement, retention, reutilization of textile dyes, divalent inorganic and
organic salts, various auxiliary chemicals, and reuse of brine solution [23].
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Additionally, the achieving of quality permeate permits the reuse of treated
effluents in the major processes such as dyeing and finishing in the textile
industry. Nanofiltration process operates at a comparatively low pressure
drop, ranges from 500 to 1000 kPa, and it allows low retention of monovalent
ion materials, which boosts the scope for low brine retention and reuse while
allowing approximately 100% retention of multivalent ion materials, thus
ensuring high solute selectivity. The rejection of solutes in the nanofiltration
process is governed with the help of the steric and charge repulsion activi-
ties. Other beneficial characteristics of nanofiltration comprise its solvent
permeability with high rate, rejection of dissolved uncharged materials like
organic matters, with molecular weight of 150 Da (approximately), signifi-
cant scale-up facilities, comfort chemical cleaning process, and the capability
of NF membranes to perform at high temperature of 70°C, which decreases
the energy consumption [23].

Numerous investigations have been explored to purify the textile effluents
using the novel nanofiltration process [50]. It is found that the advantageous
amalgamation of hollow fiber membrane configuration and submerged
membrane filtration process has been obtained using thin film composite
hollow fiber membranes made of sodium carboxymethyl cellulose (CMCNa)/
polypropylene (PP) during the treatment of anionic dye solution. The hol-
low fiber membranes are often favored to flat-sheet membranes, due to their
superior energy efficiency attached with high surface to volume ratio; sub-
merged membrane filtration process, however, brings advantages such as
relatively lower energy utilization and cleaning necessities than the other
tangential filtration modes.

It is observed that the negatively charged CMC Na/PP complex hollow
fiber membrane with a MWCO of 700 Da, approximately, was reasonably
active in the field of the rejection of anionic dyes such as Congo red and
Methyl blue from synthetic solution with the neutral pH. Results showed
that the percentage of dye rejection, salt retention rate, and the water flux
for a simulated solution containing 2000 mg L' Congo red dye agent and
10,000 mg L NaCl solution were approximately, 99.8%, less than 2.0%, and
7.0 L m= h! bar™!, respectively. The electrostatic repulsion between the dye
particles and the negatively charged active membrane surface of the mod-
ernly invented membrane was observed as the vital and significant mecha-
nism leading the submerged nanofiltration process of a saline anionic dye
aqueous solutions [51]. In the other study, the performance of the differ-
ent spiral wound NF membranes has been evaluated during the treat-
ment of the secondary textile effluents. The behavior of all nanofiltration
membranes was explored over an extensive range of volume concentra-
tion factors (VCF) (Figure 6.8). The resulting dissimilarity in the membrane
fouling characteristics and the permeate flux decline nature was studied
successfully [52]. Table 6.6 describes the different investigations performed
by the different researchers during the treatment of textile effluents using
nanofiltration.
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Schematic diagram of the experimental pilot plant setup for NF experiments. (From Bes-Pid, A.
et al., Journal of Hazardous Materials, 178(1-3): pp. 341-348, 2010.)

6.2.4.3.4 Reverse Osmosis

Reverse osmosis (RO) is active in recovering and removing macromolecules
as well as ionic compounds from the textile effluents. The treated effluent
obtained from the reverse osmosis process is generally colorless and has less
salinity. The usage of the dense polymeric membranes in the field of reverse
osmosis and the high osmotic pressure generation due to presence of high inor-
ganic salt concentrations significantly restrict the permeate flux increment, and
at times severe fouling occurs, which distresses the membrane performance
characteristics [53]. However, in RO process, the transmembrane pressures
drop (TMP) greater than 2000 kPa are essential to preserve the reasonable per-
meate flux gaining, which again deals a critical blow to the method economics.
Cross-flow filtration processes were carried out using a reverse osmosis and
nanofiltration membranes while treating the textile effluents. It is reported that
the treated products, for both cases, met the recovery criteria, and recyclable
water of significant quality generated with each membrane filtrations could
hence be reused to the textile manufacturing processes such as washing and
dyeing sections, thereby saving on freshwater utilization and energy consump-
tion and additional costs involved in the downstream purification of water [54].

6.2.4.3.5 Electrodialysis

Electrodialysis is performed, rather rarely, in industries such as textile
industries for reduction of textile effluents contaminants. Literature review
exposes that there is a lack of quality studies dealing with the utilization of
electrodialysis based textile effluent purification techniques. Electrodialysis
is extremely functional to remove chlorides components and hence is pre-
dominantly effectual for the significant remediation of wastewaters released
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FIGURE 6.9
The schematic diagram of an electrodialysis process. (From Dasgupta, J. et al., Journal of
Environmental Management, 147: pp. 55-72, 2015.)

from textile industries containing a huge amount of sodium chloride (NaCl),
or salt. The electrodialysis process using the bipolar membrane materials
(EDBM) has currently concerned attention due to its high energy efficacy
and cost effectiveness than reverse osmosis (RO) technologies [23].

The treatment of textile effluents using electrodialysis process has been
investigated in terms of total dissolved solids (TDS) reduction in a batch mode
and continuous mode operation under constant current with sodium chloride
solution (7500 mg L) and sodium sulphate solution (5000 mg L). The operat-
ing current density, in the range 3.6 to 4.8 mA cm, was recommended for the
treatment of textile CETP effluent with TDS, approximately 7000 mg L [55].

The electrodialysis process is able to remove the successive volume load
on evaporators through concentration of retained molecules obtained from a
reverse osmosis (RO) process. The efficiency of an electrodialysis membrane
system in achieving the anticipated concentration of the reverse osmosis
treated textile discharge was also investigated (Figure 6.9) successfully with
the current densities of 2.15-3.35 A m?, feed flow rate of 18-108 L h™' [56].
The electrodialysis process successfully concentrated the reverse osmosis
rejected solution during the treatment of textile industrial effluents.

6.2.4.3.6 Integrated Process

Today, many researchers have reported about the use of integrated mem-
brane processes in the field of the various industrial effluents treatment.
The significant effects of the integrated membrane technology have been
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TABLE 6.7

The Different Integrated Process Connecting Membrane-Based Technologies
for the Textile Wastewater Treatment

Hybrid or Integrated Process Textile Effluent Physical and Chemical Characteristics
Fenton oxidation process followed = Raw wastewater of hybrid dyeing effluent treatment

by membrane bioreactor (MBR) plant (HDWTP)

system Primary dye reagent: Reactive Blue 4 (RB4)
Nanofiltration (NF) process Post-dyeing textile (knitted cotton fabric) wastewater:

followed by an anoxic simulated solution using various dyes

biodegradation system Temperature: low

Dye reagent used: Helaktyn Blue F-R (CI Reactive Blue
4), Helaktyn Yellow F-5G (CI Reactive Yellow 1), and
Helaktyn Red Fe5B (CI Reactive Red 2)

Sequencing batch reactor (SBR) Model textile effluents: various dye reagents solution
followed by nanofiltration (NF) Dye materials: 3 various dyes, namely, Remazol Yellow
process RR, Remazol Blue RR, and Remazol Red RR

Coagulation of wastewater Feed: Raw textile wastewater

followed by ultrafiltration process

Source: Dasgupta, J. et al., Journal of Environmental Management, 147: pp. 55-72, 2015.

obtained with favorable results during the purification of highly contami-
nated wastewater generated from the textile industries containing dyes,
salts, and auxiliary chemicals [23]. However, many of the integrated sys-
tems are focused on the potential of conjugate with biological, chemical, and
membrane separation technologies such as integrated ozone biological aer-
ated filtrations followed by membrane reverse osmosis processes resulting
in recyclable process stream [57]. For an example, a low-pressure microfil-
tration with hollow fiber membranes was performed [58] to separate and
recover the anatase titanium dioxide (TiO,) photocatalyst previously used to
reduce the effects of organic azo dye reagent. The electro-catalytic oxidation
using titanium and silicon based anode materials (Ti/SnO,-Sb,0,-Y) fol-
lowed by nanofiltration process was significantly carried out during another
dye reagent, namely Acid red 73. The substantial effects of the oxidation pro-
cess prior to the membrane filtration helps to reduce the concentration polar-
ization and irreversible fouling of active membranes [59]. Table 6.7 delivers
the different integrated membrane-based technologies, concerning two or
more treatment methods, which simultaneously address the different fea-
tures of textile effluents purification with pollutant removal, water recycling,
and the recovery of dyes and chemicals for further use.

6.2.4.4 Economic Evaluation: Textile Wastewater
Treatment Using Membrane Separation

The applicability of the different technologies in the industrial possibility can
be determined and analyzed only after evaluating the realism of the process
from the economical point of view. Hence, a huge number of assessments
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were directed by various scientists to confirm the economic viability of
membrane-based separation processes to certify the successful service of
these technologies in the field of textile effluents treatment [60]. For instance,
the techno-economical assessment in terms of filtration cost effectiveness,
energy consumption of an ultrafiltration, and reverse osmosis based efflu-
ent treatment of a secondary effluents from dyeing and finishing plants was
carried out on a pilot scale mode [61]. The economic estimation based on
payback period, the net present value, and the internal return rate during the
ultrafiltration of textile waste effluent has been reported significantly [44].
The economic viability of the zero liquid discharge (ZLD) method was also
evaluated during the treatment of the highly contaminated textile industry
generated effluents using integrated membrane process [62]. Therefore, the
explicit utilization of increasingly evolving membrane separation processes
in the field of textile wastewater treatment can positively bring about the
process growth in textile facilities in terms of the initial capital cost estima-
tion through the conservation of water and a wide reuse of energy, process
materials, and produced water [23].

6.2.5 Summary

In the present study, satisfactory diminution of various parameters, mainly
of turbidity, COD, EC, TDS, and hardness, were observed. From the initial
characterization of the effluents, ice-cream effluent was observed with more
pollution potential but varies with type of process used in the industry. Toxic
chromium, lead, and cadmium were observed in all food industrial effluents
and may cause damage to aquatic and other life forms through bioaccumu-
lation. Electrocoagulation with aluminum rods is a convenient route for the
treatment of three food industrial effluents. After electrocoagulation, COD,
turbidity, EC, and hardness showed decrease in values that also indicate
that the technique is best and more efficient to treat such type of effluents.
Powdered activated charcoal treatment proved to be better as compared
with alum dosages. We also recommend that all the three effluents should be
used for irrigation purpose as they have good fertilizing value. Useful nutri-
ents from these effluents can be recycled from the sludge. Electrocoagulation
should be promoted for such type of food effluents and other highly compli-
cated liquid wastes. Wastewaters generated in the food and beverages indus-
tries depend on the specific site activity. Animal processors and rendering
plants will generate effluents with different characteristics to those from fruit/
vegetable washers and edible oil refiners (suspended/colloidal and dissolved
solids, organic pollution, and oil and greases as well as microbial contamina-
tion). MF and UF systems can reduce suspended solids and microorganisms,
while UF/RO combinations can also remove dissolved solids and provide
a supply of process water and simultaneously reducing waste streams. UF
systems can get more than 90% reduction in BOD and less than 5 mg L!
in residual solids and less than 50 mg L in grease and oil. NF systems are
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being used in a number of applications thanks to the quick development in
new membrane materials. In case of RO process, BOD removal rate of 90 to
99% is possible providing a low cost controlled source of bacteria-free water.
The favorable characteristics (modular) of membrane technologies allow dif-
ferent techniques as it has been seen all along this chapter. These hybrid
processes can include traditional techniques as centrifugation, cartridge fil-
tration, disinfection, and different membrane techniques building a “cascade
design” used in many of the applications reviewed. The risk of membrane
damage due to the contact with particles, salt conglomerates, chemicals,
or others substances must be minimized to prevent short membrane life.
Operation parameters must be carefully selected to obtain good results,
especially not to overpass maximum temperature and transmembrane pres-
sures recommended by membrane manufacturers. From the point of view
of each particular process, to work at permeate flow rates below critical flux
will assure longer runs. Membrane operating optimization is another aspect
of paramount importance. It seems likely that the application of membrane
systems in the food industry will continue growing rapidly. In particular,
wastewater treatments will become more important in the next years because
of the increasing cost of mains water and effluent sewer disposal. A mem-
brane wastewater treatment system can be a major contribution to a food
sector, and its introduction may feature as part of the continuous improve-
ment plans within an environmental management system. Water touches
most segments of the petroleum industry. Water managed by the industry
is either co-produced with the hydrocarbons, generated as a byproduct from
oil/gas processing, and/or used to support production operations. An over-
view of the various case studies of the oil and gas industry are provided
where membrane processes were installed or considered and a review of
applied research projects that included membrane technology evaluations.
The current critical evaluation significantly highlights the advantages of the
membrane-based treatment methods in generating regained textile effluents
is quite tangible. The careful choice of the suitable membrane-based method
is an important factor to achieve a high-quality permeate with low energy
consumption. For an example, the quality of water recovered using micro-
filtration and ultrafiltration processes generally does not meet the criteria
for reusing the reclaimed water in the serious processes such as dyeing of
fibers. As a result, nanofiltration and reverse osmosis processes are there-
fore essential to produce the best quality treated water that can be reutilizes
in the primary textile steps such as the dying processes. Furthermore, the
concentrated solutes from the nanofiltration and reverse osmosis processes
can be treated again using a comparatively energy effective process such as
membrane crystallization and membrane distillation systems to regain the
materials toward the concept of zero liquid discharge (ZLD).
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6.3 Polyelectrolyte Membranes for Treatment
of Industrial Effluents

6.3.1 Introduction

Industrial wastewater is considered a major source of water pollution due to
the presence of various toxic contaminants. With the rapid growth of indus-
trialization, the water scarcity and the degradation of water quality are also
increasing due to the huge amount of freshwater consumption by industries
such as paper, textile, leather, carpet, printing, and distillery and the discharge
of highly contaminated effluents into rivers and other water bodies [63]. The
complex characteristics of the contaminants due to the different features of
raw materials, intermediates products, auxiliary inorganic and organic chemi-
cals, and some residual dye agents, which are not reduced efficiently by the
various biological processes, creates toxicity, high color, chemical, and biologi-
cal oxygen demand [64]. This poses critical environmental contaminations, as
this effluent increases the oxygen demand of the freshwater that is highly toxic
to both fauna and flora. The high color is also an unwanted feature to the
visual nature of the living environment. The dye reagents used in most of the
industries, like textile, leather tanning, printing industries, etc., are steady to
the light oxidation and aerobic ingestion resulting in decrement of dissolved
oxygen in the water bodies. A few dye effluents (less than 1 mg L) report
color to the water bodies. The treatment of the industrial effluent is essential to
minimize the concentration of toxic impurities in effluent to the level of allow-
able limits before discharge [65]. Several technologies have been established to
eliminate the color components from the industrial effluents. However, there
is still research to evaluate a cost effective, efficient, and eco-friendly process
to remove or recover the toxic components from the industrial wastewater
[66]. The activated sludge process can mainly minimize the biological oxygen
demand with the help of bacterial oxidation; however, this system is not suf-
ficient to remove the entire toxic materials responsible for the generation of
color in the effluents. Hydrogen peroxide treatment of wastewater has also
been carried out to degrade the toxic elements [67]. The Fenton oxidation pro-
cess using H,0, and Fe (II) salts can decolorize and degrade the soluble and
insoluble dye reagents; however, the generation of sludge materials through
flocculation is the demerit for this process. H,O,-activation in the presence of
ultraviolet radiation is also an efficient process to degrade the pollutants but
can produce hazardous derivatives [68]. Therefore, a significant and economi-
cally viable method should be developed to remove the toxic color compo-
nents from the industrial effluent before being released into freshwater bodies.
Membranes have been beneficial to treat wastewater generated from textile,
paper, and other industries and to purify water. Membrane technologies such
as ultrafiltration, nanofiltration, and reverse osmosis are effectively used in
the field of groundwater and seawater purification. The naturally occurring
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FIGURE 6.10
The polyelectrolytes used for deposition [1]. (From Aravind, UK. et al.,, Desalination, 252(1-3):
pp. 27-32, 2010))

biodegradable materials can be incorporated economically to modify the
polymeric multilayered membranes for the effective treatment of industrial
wastewater [69]. The multilayered membranes can effectively encapsulate
the different toxic molecules. The characterization of the effluent has been
addressed in terms of the conventional parameters such as chemical oxygen
demand (COD), color of the effluents, total dissolved solids (TDS), electrical
conductivity of the wastewater, and pH. The membrane performance has been
calculated for the textile and paper industry effluents at the various dilutions.
The polyethersulfone supporting membrane was cleaned with the dou-
ble distilled water and kept in deionized water for the time period of 24 h.
Polycationic and polyanionic solutions were used to rinse the clean polyether-
sulfone membrane. pH of the fresh polyelectrolyte solutions was adjusted to
1.7 by using HCl solution. The characteristic structure of the polyelectrolytes
used for deposition is shown in Figure 6.10. The multilayers were prepared
with the help of the consecutive adsorption of polystyrene sulfonate and
chitosan on the polyethersulfone membrane [70]. Films were accumulated
with a total number of 5.5, 10.5, 15.5, and 20.5 bilayers. The membrane used
was rounded in shape with an effective diameter of 4.8 cm?. The prepared
chitosan-polystyrene sulfonate is designated as the polyelectrolyte pair.
Chitosan components contain free amino groups that are a fragile polyelec-
trolyte. However, polyelectrolytes with the low charge density are proficient
to form a less cross-linked multilayer, resulting in swollen membranes.
Polystyrene sulfonate materials are the most extensively used polyanion in
the research of the preparation of multilayers. The development of the multi-
layers on the surface of polyethersulfone membrane has been evaluated using
scanning electron microscope (SEM), which is shown in Figure 6.11 [1].

6.3.2 Treatment of Paper Mill Effluent

Paper industry also generates a huge number of byproducts that create seri-
ous discarding problems and affect the ecosystem [71]. The paper industry
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FIGURE 6.11
Scanning electron microscope (SEM) images of different multilayer membranes (CHI/PSS).
(From Aravind, UK. et al., Desalination, 252(1-3): pp. 27-32, 2010.)

generated black liquor was already used to remove the Pb* and Zn?" ions
from model wastewater. The adsorption capacity of 1865 and 95 mg g was
found for the Pb**and Zn?', respectively, at 40°C [72]. The adsorption of pheno-
lic compounds such as 2-nitrophenol, 2-chlorophenol, 4-chlorophenol, phenol,
2,4-dichlorophenol, 3,5-dichlorophenol, etc. using paper industry sludges was
also evaluated significantly with a high removal rate by [73]. The major disad-
vantage of the adsorption process is the disposal problems of used adsorbents.

The paper industry generated effluents contain fatty and resins acids, tan-
nin and lignin derivative materials with high biochemical and chemical oxy-
gen demands (BOD and COD). The treatment of paper industry effluents has
been performed previously using conventional processes such as adsorption
of toxic components using activated carbon from the wastewater, coagula-
tion technology, biological treatment using aerobic and anaerobic digestions,
sedimentation process, etc. However, the membrane technology delivers
as an attractive method due to its cost effectiveness, the reuse of produced
water, and the recovery of valuable products from the industrial effluents.
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To control and minimize the concentration polarization behavior during
the ultrafiltration process of the paper industry wastewater (collected from,
M/s. Nagaon Paper Mill, Assam, India), the newly designed shear-enhanced
membrane system, namely spinning basket membrane module, has been
explored using polyethersulfone membrane successfully. Figure 6.12 shows
the representation of the treatment of paper industry wastewater using spin-
ning basket membrane module. In the presence of various rotational speed
of the membrane basket (10.47 to 73.30 rad s™'), the deposition of the retained
solutes on the membrane active surfaces was less resulting from a minimum
membrane resistance during the filtration process. The rotation of the mem-
brane basket helped to rise the rate of membrane shear that enhanced the
solvent permeation to diminish the mass transfer resistance of the polarized
layer of retained molecules. In terms of effluent purification, the maximum
rejection of 98% was obtained based on the chemical oxygen demand (COD)
at a high applied transmembrane pressure drop (TMP drop) of 414 kPa with
a membrane basket rotation of 52.36 rad s™. The initial COD load of the col-
lected wastewater and after the pretreatment of the raw effluents using vac-
uum filtration were approximately 8470 and 6430 mg L, respectively. The
electrical conductivity was also decreased significantly from 4.8 to 0.58 Sm™!
during the spinning basket membrane ultrafiltration of the paper industry
effluent. Not only that, the total power supply during the filtration process
was calculated by energy consumed per unit volume and the maximum
power supply was obtained as 0.32 kW. Thus, at the cost of less energy con-
sumption, good rejection capacity was observed during the spinning basket
membrane ultrafiltration of the paper mill wastewater [74].

Raw effluent

Pressure gauge

Filter paper Retentate recycle

Membrane back rotation

Vacuum pump Back pressure valve

J 5
Vacuum pump Membrane basket
filtration

Membrane
vy A .
Bypass valve ) =
~
Inlet point S
Induction motor
Pretreated effluent tank Permeate
Feed pump
FIGURE 6.12

The schematic representation of the treatment of paper industry wastewater using spin-
ning basket membrane module. (From Saha, S., and Das, C., Journal of Environmental Chemical
Engineering, 5(5): pp. 4583-4593, 2017.)
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6.3.2.1 Color

The characterization of the paper industry effluent can be performed based
on the analysis of the effluents’ color, clarity, total dissolved solids content,
COD and BOD load, pH, electrical conductivity, etc. The color of the waste-
water is generally analyzed using potassium chloroplatinate and cobaltous
chloride solutions. The analytical results are described in Table 6.8. The
removal of the colored components from the effluent having pH 7.3 was eval-
uated with different numbers of bilayers membranes. The high molecular
weight materials such as tannins, lignin derived materials, and associated
compounds are mostly responsible for the concentrated color of the paper
industry effluents [75]. The interaction between the negatively charged com-
pounds and the polyelectrolyte bilayer supported polymeric membranes
has been observed in the literature resulting in a successful removal of the
toxic chemicals during the treatment of the paper industry effluents. The
assembled polyelectrolyte bilayers deposited are arranged alternatively, like
positive (chitosan—CHI) and negative (polystyrene sulfonate—PSS) charges,
respectively, and the membrane surface layer is always finished with the
chitosan materials. As a result, the active interaction and restriction of the
organic compounds present in the paper effluent to the bilayers can occur
and the efficiency of the immobilization of the toxic materials raised with
increased bilayers starting from 5.5 to 20.5. The reduction in color compo-
nents with the varying pH range of 6 to 9 has been obtained during the
membrane treatment process [1]. The control of the fouling characteristics
was also reported for the newly composite membranes formed by the poly-
electrolytes bilayers. The UV-visible absorption results for the untreated
and the treated paper mill effluents has been revealed in Figure 6.13. It is
observed that the lignin like materials are principally accountable to gener-
ate the strong colors in the wastewater and the absorbance range of the lig-
nin compounds is approximately 250-300 nm. A reduced absorbance in this
region has confirmed the removal of lignin compounds during multilayered
membrane treatment of the paper industry effluents.

6.3.2.2 pH

pH is used to show the acidity and alkalinity condition of a prepared solu-
tion. The pH range of the natural water is in the range of 4 to 9. Due to the
presence of carbonates and bicarbonate compounds, most of the waters are
somewhat alkaline in nature. For the drinking water, the range of the pH is
between 7.0 and 8.5, generally. The pH of the untreated effluents varies with
the raw materials, chemical, and other parameters involved during the pro-
duction. For example, the initial pH of a paper mill wastewater was reported
about to 10. With the help of the spinning basket membrane module, the pH
of the treated effluents has been changed to 7.45, which became invariant for
all the conditions [74]. However, after the treatment of an industrial effluents
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FIGURE 6.13
UV-visible absorption results of the paper industry effluents after membrane treatment. (From
Aravind, UK. et al., Desalination, 252(1-3): pp. 27-32, 2010.)

with a polyelectrolyte bilayer membrane, the pH of the sample was increased
from 745 to 8.5 due to the decrease in the concentration of hydrogen ions
after the adsorption of the lower carboxylic acids [1].

6.3.2.3 Total Dissolved Solids (TDS), Electrical Conductivity, and Turbidity

Electrical conductivity of natural water is directly proportional to the dis-
solved minerals present in the water, since the electrical conductivity differs
directly with the water temperature. The difference in the dissolved organic
and inorganic solid contents is specified by conductivity measurements.
The variation of the electrical conductivity has not been varied significantly
during the treatment of paper industry effluent using membrane bilayers
[1]. With the help of various rotational speeds of a spinning basket mem-
brane module, the electrical conductivity decreased from 4.80 to 1.52 S m™!
using polyethersulfone membrane with molecular weight cutoff (MWCO) of
50 kDa during the shear-enhanced treatment of paper mill wastewater [74].
However, the suspended materials are unwanted in treated waters because
that shrinks the brightness, distresses the color, inhibits texture and consis-
tency, and favor progress in slimes [1].

6.3.2.4 Chemical Oxygen Demand

Chemical oxygen demand (mg L! of dissolved O,) is the amount of oxygen
consumed during the oxidation of organic and inorganic materials under
some specified conditions, modified for the influence of the chlorides. COD
test is extensively employed to verify the pollution strength of industrial and
domestic wastes. The COD of an untreated paper industry effluent decreased
from 12,500 to 1500 mg L! using polyelectrolyte bilayer membrane filtra-
tion indicating that approximately 88% removal of COD has been obtained
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during this separation process [1]. During the spinning basket membrane
ultrafiltration of the pretreated paper industry effluents, the decreased value
of COD from 6340 to 160.75 mg L™ indicated that more than 97% removal
capacity has been evaluated for the shear-enhanced membrane ultrafiltra-
tion [74]. This indicates that the shear-induced membrane process is opera-
tive in the removal of carbonaceous materials present in the paper industry
waste effluents. The reduction of COD can also be helped by the conversion
of some functional groups of lignin components to additional oxidized form.

6.3.3 Treatment of Textile Effluent

The effluent generated from the dyeing section is one of the major contribu-
tors to the textile wastewater, and this colored effluent has a severe influence
on the living environment. The effluent is mainly comprised of secondary
chemicals and the residual dye components. The most common dyes used
in the textile industry are Brown R, Red 6B, Orange RR, Black BB, etc. The
dye removal rate can be evaluated by investigating the color and COD level
of the effluents. The pH, TDS, and electrical conductivity analysis are also
important parameters to evaluate the toxicity level of the textile industry
wastewater. The physicochemical parameters help to compare the treated
effluent with raw wastewater during membrane-based purification. Table 6.8
displays some typical observation of the physicochemical characteristics of
textile industry generated effluent [1].

6.3.3.1 Color and COD

During the bilayer membrane treatment of textile industry effluent, the color
is found to reduce with the rise in the number of bilayers in the membrane
setup. The pH control plays an important role during the polyelectrolyte
membrane-based wastewater treatment. The maximum removal of the toxic
colored materials is found at lower pH. The COD reduction efficiency for the
textile wastewater is in the range of 70%. Chitosan being a fragile polyelec-
trolyte material, the molecular construction of the film can be organized by
varying the different charge density with varying the polymer chains. The
multilayer composition is showed to varying with pH conditions of the efflu-
ent, and as a result, the degree of ionization deviates that disturbs the degree of
interpenetration between the active layers, and the number of unbound chemi-
cal functional groups. Thus, the optimization of the pH is required to control
the interaction between the bilayer and the molecules. The neutral pH plays a
significant role to remove the color and COD level significantly. The removal
degree depends on the structure of the used chemicals during the industrial
process and the molecular size of the dye reagent. It is reported that it is the
important reason that the COD reduction of the textile effluent is lower than the
paper effluent as the textile effluent contains highly complexed dye reagents [1].
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6.3.3.2 pH, TDS, and Electrical Conductivity

pH of the textile industry wastewater is comparatively higher than other
effluents. Most of the manufacturing processes in the textile industry are
performed in an alkaline pH. The high alkaline pH of above 11 indicates
that the textile effluent contains soluble anionic dyes. After the treatment
with polyelectrolyte bilayer membrane, the decreasing rate of the pH has
been noticed. The lower removal rate of the COD has been indicated due to
the lower rejection of the organic compounds during the bilayer membrane
separation. It is highly possible that the unabsorbed dye materials still con-
vey the high pH of the treated effluent. The reduction of COD and color com-
ponents can be improved with the adjustment of pH of the raw effluent. The
remarkable variation of total dissolved solids (TDS) and the electrical con-
ductivity has been observed after membrane separation of the textile indus-
try effluent. Electrical conductivity was decreased from 104 m s to 7 m s
representing the significant absorbance of small molecular weight materials [1].

6.3.4 Summary

The treatment of paper industry and textile mill wastewater using chitosan-
based polyelectrolyte membranes has been demonstrated in this section.
The comparative study using spinning basket membrane module during the
treatment of paper industry effluent has also been discussed here. Chitosan
is predominantly important due to its biodegradable characteristics. Thus, a
considerable reduction of COD and color has been observed during the paper
industry effluent using chitosan-based membrane. This method is estimated
to deliver an effectual route for the purification of industrial effluents such
as paper and textile mill wastewater. Chitosan is previously recognized as a
decent adsorbent for the removal of dye reagent. During the paper mill efflu-
ent, the chemical oxygen demand (COD) reduction was more effective than
textile effluent using bilayer membrane separation. Spinning basket mem-
brane ultrafiltration using polyethersulfone membrane delivered higher
COD removal than chitosan-based membranes. However, during the textile
effluent treatment, the pH adjustment played an important role to remove
the color materials and COD. The composite membrane can be reused for
further purification after the removal of the adsorbed components with the
help of pH variation.
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6.4 Membrane Bioreactor for Industrial Wastewater Treatment
6.4.1 Introduction

Application of membrane bioreactor (MBR) in water and wastewater treat-
ment is not a new technology. Research on membrane bioreactor (MBR) is
ongoing to make more efficient and healthy treatment of industrial waste-
water containing severe toxic materials [5]. In the industrial area, the pre-
sentation of membrane bioreactor has been extensively deliberated since
the early 1990s when the first large connection of membrane bioreactor was
performed in the United States through General Motors at their plant situ-
ated in Mansfield, Ohio [76]. The first continuous scale internal membrane
bioreactor process to treat effluents from the food and beverages industry
was installed in North America in 1998 [77]. In the 1990s, the submerged
membrane bioreactor was successfully commercialized and it was observed
to have low working cost compared to other types of membrane bioreac-
tor [78]. In membrane bioreactor, the biological systems perform a vital role
where solutes as well as contaminants in effluent are transformed into the
final products before filtration is performed by the active membrane [79].
Membrane bioreactor (MBR) is also recognized as a different process for
the conventional activated sludge (CAS) treatment where clarifier is substi-
tuted and recovered with the membrane system to overcome the settling
problem during the formation of undesired biomass. Membrane bioreactor
(MBR) also can produce high performance during the treatment of water
besides having small tracks compared to the conventional activated sludge
process where clarifiers are removed. MBR also gives high quality effluent
[80], is decent in eliminating the organic and inorganic pollutants, profi-
cient of deterring high organic loading [81], and produces less slurry [78].
With all the merits of membrane bioreactor (MBR), various industries have
already started the installation of the MBR to diminish the cost of water by
recycling the treated water for other processes. For an example, the treated
water can be used in landscape and industrial sanitary purposes. Not
only that, the high-quality treated water from MBR can be reused for the
heat integration and processing by confirming that the treated water has
small amounts of impurities to avoid the failure of complex equipment or
pipes [82]. However, membrane fouling is a critical factor for the MBR and
study on how to diminish the fouling behavior is still continuing [83,84].
Other restrictions of concern are the restrictions in pH, temperature, pres-
sure, and some corrosive chemicals [78,82,85]. Fouling infects not only the
microorganisms in the reactor but also abolishes the membrane morphol-
ogy. Recently, some researchers have carried out alterations and incorpora-
tion of MBR to decrease the restrictions [86,87]. Some of the most common
manufacturers of membrane bioreactor (MBR) are M/s. Kubota from Japan,
M/s. Zenon from Canada, and M/s. Mitsubishi. M/s. Kubota has conquered
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the installation; in the meantime, M/s. Zenon has installed more capacity
water treated through their membrane process [82]. In industries, the mer-
its during the management of MBR are to generate the optimum condition
to operate MBR for high strength industrial effluents, shock loading rate,
to regulate the biofouling effect, and diminish the energy consumption
during operational [78]. Recently, the fouling effect by soluble extracellular
polymeric substances (EPS), soluble microbial products (SMP), and inor-
ganic compound dominates in MBR research.

6.4.1.1 MBR Configuration

Large clarifying basins are needed in conventional activated sludge (CAS)
treatment to ensure the complete settlement of the flocs. High power for dif-
tuser is utilized in the aeration basin to make sure that the nutrients are
totally transformed to the final products. In industries, membrane bioreactor
is performed as a secondary treatment process to decrease the biodegradable
and non-biodegradable compounds in the final product or in advance treat-
ment to recover the remaining nutrients that are not fully used during sec-
ondary treatment. The basic view of MBR configuration is imperative before
the MBR alteration for improvement is made. Basic schematic diagram of
MBR configuration is shown in Figure 6.14. Figure 6.14a shows a side-stream
or external membrane module while Figure 6.14b shows an immersed mem-
brane bioreactor (iMBR) or submerged membrane bioreactor (sMBR) module
[5]. For sMBR system, the feed wastewater is directly in contact with bio-
mass. Wastewater and biomass are both pumped through the recirculation
loop consisting of membranes. The concentrated sludge is recycled back to
the reactor while the water effluent is discharged. The idea of separating
the membrane and bioreactor is to ease the membrane maintenance, but it
will increase the operational cost due to recirculation loop installation [88].
The iMBR system has less operational cost because there is no recirculation
loop compared to the sMBR system and a biological process occurs around
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Basic schematic of MBR: (a) immersed MBR, (b) side-stream MBR. (From Mutamim, N.S.A.
et al., Desalination, 305: pp. 1-11, 2012.)
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the membrane in iMBR. Both iMBR and sMBR need to pump out the excess
sludge to maintain sludge age. The mode of membrane transportation could
be pressure driven or vacuum driven. Radjenovic et al. stated that pressure-
driven filtration is used in sSMBR and vacuum-driven is used for iMBR, which
operates in dead-end mode [82]. The air bubbles are supplied to both the
systems for aeration besides scrubbing, especially for the immersed system
to reduce membrane fouling in cross-flow effect through the membrane sur-
face [80,89]. There are also aerobic and anaerobic MBR where oxygen acts as
an important medium for the microbial growth in the aerobic process while
anaerobic is done without oxygen. Anaerobic MBR is less efficient in remov-
ing COD and takes a long time for startup [5]. Usually, anaerobic treatment
is used for treating high-strength wastewater at low temperature, which is
suitable for microbial growth. Moreover, it is difficult to adjust low tempera-
ture for the waste feed, and it causes high fouling compared with aerobic at
low flux.

According to the natures of the effluent, membrane bioreactors have
been modified into three types. Figure 6.15a MBR shows biomass separa-
tion, Figure 6.15b is a membrane aeration bioreactor (also called membrane
aerated biofilm reactor [MABR]), and Figure 6.15c is an extractive MBR
(EMBR). However, MABR and EMBR were applied in a pilot scale for indus-
trial wastewater. Purified oxygen is directly used by MABR without bubble
formation for biofilm growth on the external side of the membrane. Within
the biofilm under aerobic condition, the organic matters were biodegraded
and the entire oxygen supplied was almost utilized for biodegradation. Its
difficulty is to maintain the optimum thickness of biofilm to get sufficient
oxidation; the growth of excessive biofilm can hinder the liquid flow prob-
lem [90]. EMBR is typically operated in the presence of high concentration
of inorganic materials such as high salinity of compounds and extreme pH
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FIGURE 6.15

Types of MBR processes: (a) MBR biomass separation, (b) membrane aeration bioreactor,
(c) extraction MBR.



Polymeric Membranes for Industrial Effluent Treatments Applications 263

value that might hinder the biodegradation process. EMBR selectively recov-
ers the specific organic contaminants, namely, phenol, hydrogen sulphide,
and some inorganic that can be treated in a separated bioreactor [91].

6.4.1.2 Membrane Behavior

The importance of studying membrane behavior is to select good quality
membrane in treating high strength industrial wastewater. High strength
wastewater consists of diverse contaminants that could possibly corrode the
membrane and lead to operational failure [5]. The efficiency of the membrane
also depends on the size of pores, types of materials, types of wastewater to
be treated, solubility, and retention time. Retention is observed due to the mix
liquor suspended solid (MLSS) concentration change between the retentate
(a part of solution that cannot cross over the membrane) and permeate (solu-
tion after filtration). Permeability, flux, transmembrane pressure (TMP), and
resistance are the parameters that also need to be considered. Permeability
is flux per transmembrane pressure drop (J/AP). Flux (L/m?h) is the flow of
permeate per unit of membrane (component accessibility to the membrane)
and it is related to hydraulic resistance, thickness of the membrane, or cake
layer and driven force. Driving force is the gradient of membrane potential
area (unit area of the membrane) of mass transport that involve pressure
and concentration of particles. The mass transport mechanism for the mem-
brane depends on the structure and materials of the membrane. Membrane
structure plays an important role in transport mechanism whether the struc-
ture is parallel or in series. Diffusion and solubility of the component are
related to the kinetic ability of mass transport for membrane. Membrane
pore size participates in kinetic mass transport for the membrane itself [92].
Depending on the size of the impurities in the treatment process, the types of
membranes used are different. Generally, two types of membrane materials
are widely used, namely, polymeric and ceramic. Ceramic membranes are
usually used for industrial wastewater treatment as these have good perfor-
mance in filtration compared to polymer because of high chemical resistance,
and they excessively inert and easy to clean [93,94]. Chemical stability of the
membrane does not only depend on the materials used but also on the pore
size; it reduces when the structure is very fine. Ceramic also has advanced
hydrophilic capability due to the significant water contact angle. However,
the main hindrance of ceramic membrane is it is exclusive to fabricate and
fragile [95]. However, in the current membrane separation process, various
polymers have been used commercially in the form of PVDF, PES, PE, and PP
due to the respectable physical and chemical resistance. The porous polymer
membrane has its own weaknesses where it can foul easily due to the hydro-
phobic characteristic. The separation of materials is performed using hydro-
phobic membrane because the pore size can easily be fabricated. Weakness
of hydrophobic membrane is improved by providing hydrophobic polymer
coating [96]. PE is more quickly fouled compared to PVDF [78]. Membrane
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FIGURE 6.16
(a) Dead-end filtration, (b) cross-flow filtration.

configuration also plays an important role as every configuration has its own
merit and demerit based on the cost, capability to withstand turbulence and
back-flushing, etc. [88]. From the operation point of view, membrane pro-
cesses are of two types, namely, dead end and cross flow. These are shown
schematically in Figure 6.16a and 6.16b. In dead end filtration, solutes are
deposited on the membrane surface and permeate is collected from the bot-
tom of the cell. In a cross flow system, the direction of feed flow is normal
to the direction of the permeate flow, hence defined as a cross flow system,
and the feed is allowed to flow tangentially over the membrane surface and
the growth of concentration boundary layer is arrested. Cross flow patterns
are observed in plate and frame module, tubular membrane module, hollow
fiber membrane module, spiral wound membrane module, spinning basket
membrane module, and rotating disk membrane module.

6.4.2 Application of MBR in Industrial Wastewater Treatment

During MBR operation, there are different operating conditions depend-
ing on the level of constituents of high strength wastewater. The operat-
ing conditions cover the sludge behaviors such as MLSS, dissolved oxygen
(DO), hydraulic retention time (HRT), and solid retention time (SRT) and
membrane behaviors in terms of membrane configuration and pore size.
The operational parameters for textile and food industries are tabulated in
Table 6.9. Table 6.10 shows the characteristics as high strength wastewaters,
but these are different in terms of biodegradability. Food industries have
high biodegradability due to the presence of slow biodegradable organic/
toxic matters compared to food industries [97]. In food industry wastewater,
the level of biodegradability is high due to the presence of readily biodegrad-
able organic matters [98].
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6.4.2.1 Textile Industries

In textile industries, the principal source of wastewater is spent dye and
washing water, contain huge color, salt, toxicity, low biodegradability. These
industries apply adsorption, biological treatment, chemical precipitation, and
membrane technology [101]. Hai et al. used hollow fiber (HF) and flat sheet
(FS) membranes at the same condition with 50—200 pm pore of membrane
for treating high strength synthetic textile industry wastewater comprised
of various chemicals, organic loading, and color. Mutamin et al. have used
white-rot fungi Coriolus versicolor, NBRC 9791 to remove specifically color
and other nutrients with a reactor volume of 12.5 L and each of two HF-FS
membranes with same surface area of 0.2 m? and size of 0.4 um (Mitsubishi
Rayon) [5]. Badani et al. have shown that the best performance by mix liquor
suspended solid (MLSS) was at 15,000 mg/L with average color removal of
70%. The flux decline was observed due to membrane fouling with trans-
membrane pressure (TMP). For a long-term performance, the hydraulic
retention time (HRT) of 2 days was sufficient for almost 97% COD degrada-
tion [99]. In another study, Brik et al. specified that at the beginning of the
process, the sludge 5000 mg/L of MLSS was treated with municipal waste-
water before being acclimatized with textile effluent. The MLSS was found to
increase to 10,000 mg/L and continued to increase up to 15,000 mg/L before
sludge withdrawal. It was also observed that the effect of nutrient addition
could not improve COD removal. However, adding the nutrient contributed
to conductivity due to the inorganic content and causing severe fouling [100].
A report by Yigit et al. revealed that colonies of biomass with a wide spec-
trum of degradation capability were able to degrade as readily biodegrad-
able, slow biodegradable, and biorecalcitrant for a highly concentrated mixed
textile wastewater with BOD;/COD ratio of 0.32. [101].

6.4.2.2 Food Industries

Food processing industries generate highly contaminated wastewater con-
taining various organic materials. A wide range of protein molecules and
various fatty acids are present in this kind of wastewater. As a result, the
BOD and COD load is high for food industry generated effluents. However,
the primary treatment of the food industry effluent is generally performed
before discharging the wastewater to municipal effluent treatment plants
[104]. According to literature, the removal of organic materials from the food
industry wastewater was found about 37% using membranes due to the rejec-
tion of particles larger than the active membrane pore size. The mechanism
of nitrogen removal rate was also evaluated into two stages for membrane
bioreactor (MBR) such as nitrification—denitrification. The removal rate of
the nitrogen at different treatment states was 21% of influent nitrogen was
removed by SND; after that, 31% was removed using cell synthesis (N.),
and 13% was purified by stripped process (Nppeq) during the first stage of
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MBR treatment [105]. Another study showed the performance of the differ-
ent configurations of membrane such as horizontal and vertical at the vari-
ous concentrations of MLSS and their significant effect on the performance
of MBR, although the COD and BOD values were found less, and the amount
of total suspended solids (TSS) was high. The result described that horizon-
tal flux was declined slowly than vertical flux and by rising the MLSS con-
centration, the permeate flux was reduced. TSS and turbidity removal was
good when the MLSS concentration was low. This study also delivered that
the pH performance was significant at low with high MLSS, which raised to
7-9 after treatment [106].

The treatment of palm oil mill wastewater was performed successfully
using hybrid membrane bioreactor system coupled with ultrafiltration and
reverse osmosis. An anaerobic expanded granular sludge bed (EGSB) and
aerobic biofilm reactor (ABR) were used during biological treatment of oily
wastewater. Results showed that 93% COD removal and 43% organic matters
removal were found using EGSM system. The recovered organic materials
can be further used in the field of the generation of bioenergy. In ABR, the
COD removal rate was observed at only 27%. During the reverse osmosis
treatment, near 99.99% COD removal rate was noticed. All the suspended
solids were removed by the UF and the dissolved solids and inorganic salts
were filtered significantly using RO [107].

6.4.2.3 MBR: Fouling, Limitation, and Mitigation

The cost estimation is a major restriction to membrane bioreactor (MBR)
technology due to the preparation of membrane, which leads to increase in
the maintenance and operational costs. Severe membrane fouling is mainly
responsible for the increase in the cleaning cost. The analysis of fouling
needs deliberation when it originates to membrane. During the treatment of
high strength effluents containing various amounts of contaminants, it will
generate high clogging of the active membrane surface area. Some major fac-
tors that effect the membrane fouling during membrane bioreactor (MBR)
process are biomass concentration, suspended materials, dissolved solids,
particle size, MBR configuration, operating parameters (transmembrane
pressure drop, cross-flow velocity, hydraulic retention time), etc. With the
help of the variation of cross-flow velocity, TMP drop, and aeration time,
fouling can be checked and controlled. Figure 6.17 demonstrates the differ-
ent irreversible pore clogging behavior. Fouling is mainly the physicochemi-
cal interface between the bio fluid and the membrane to generate a cake or
gel layer and the severe adsorption of the dissolved organic materials into
the active membrane pores resulting in flux decline continuously. In a gen-
eral membrane bioreactor system, the side streams have higher fouling affin-
ity than a submerged MBR system. The high energy of pumping requires the
side stream of MBR that generates high permeate flux, which will lead to reit-
erating the fouling characteristics compared to the submerged MBR system
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(a)
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FIGURE 6.17
Diagrammatic representation of membrane fouling mechanisms: (a) complete blocking,
(b) standard blocking, (c) intermediate blocking, (d) cake filtration.

[108]. The deposition of the biopolymers including proteins and polysaccha-
rides is responsible for the organic fouling in a MBR system. The deposition
of biopolymers is critical to remove [109]. Figure 6.18 describes the scanning
electron microscopic demonstration of the fouled membranes. Figure 6.19
shows the energy-dispersive X-ray spectroscopy results of the fouled mem-
branes [110].

The insoluble forms of the extracellular polymeric substance and the
soluble microbial products lead to severe membrane fouling. The extracel-
lular polymeric substance (EPS) is found at the outside of the cell surface
and the soluble microbial product is the organic materials that is released
during the substrate metabolism or due to the biomass decay. Both of the
compounds contain proteins, short chain polysaccharides, nucleic acids,
fat and lipid, humic substances, etc. The connection between the EPS and
SMP with membrane material is unfavorably difficult [111]. From literature,
the EPS and SMP overlapping mechanisms have been analyzed by the uni-
fied theory. The EPS and the SMP compounds overlap with each other and
the active cells use the electrons from the electron-donor materials to form
active biomass and generate bound EPS at the same time. In count, some
of the SMP are adsorbed by the biomass flocks to produce bound EPS. The
different fouling mechanisms depend on the characteristics of the sludge
materials. The excess growth of filaments controlled by low dissolved
oxygen concentration produces better filtration than normal sludge treat-
ment because of the large particle distribution. The extracellular polymeric
substance (EPS) [112] is nearly related with the formation of specific cake
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FIGURE 6.18
The SEM of fouled membrane (a) outer surface and (b) inner surface. (From Chang, C.Y. et al.,
Desalination, 234(1-3): pp. 393—401, 2008.)

resistance. The filamentous bacteria make bulking problems leading to pro-
duction of high extracellular polymeric substance (EPS) concentration [113].

With the rising of heavy metal concentration, the membrane permeabil-
ity is decreased due to high formation of extracellular polymeric substance
(EPS) [114]. It is reported that the soluble microbial products content is con-
sidered as an indicator of the fouling control level since with the rising in
soluble microbial products concentrations in membrane bioreactor (MBR)
tends to decrease the membrane permeability. The high irreversible mem-
brane fouling happens due to the less sludge age. Thus, the fouling mitiga-
tion operational parameters are the part of limitation during the treatment
of the wastewater using membrane bioreactor [5]. As a result, the operat-
ing parameters require judicious control to reduce the severe fouling effects.
Sludge retention time (SRT) is a valuable operational parameter that influ-
ences membrane bioreactor (MBR) performance, particularly in the control
of irreversible fouling problem. With the long sludge retention time normally
recovers filtration performance and decreases EPS and SMP production with
the help of starvation conditions. The severe fouling can happen with the
long SRT.
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FIGURE 6.19

EDX spectra and elemental composition of nascent and fouled membranes: (a) nascent mem-
brane, (b) inner surface of fouled membrane, (c) outer surface of fouled membrane. (From
Chang, CY. et al., Desalination, 234(1-3): pp. 393-401, 2008.)

Correspondingly, if the sludge retention time (SRT) is too small, there will
be a chance to reduce the performance of membrane bioreactor (MBR) due
to less biomass generation. Further, for the operational control, the mem-
brane cleaning is required during the decline of the permeate flux, slightly.
There are generally three types of membrane cleaning during filtration:
physical, chemical, and combination of the physical and chemical clean-
ing. Physical cleaning comprises backwashing, and the water is sent in the
reverse direction of the filtration. The backwashing is a speedy process but
is less operative than chemical cleaning [115]. Fundamentally, the physical
cleaning removes the coarse solids or cake formation on the active surface of
the membranes, whereas the chemical cleaning removes the flocs and also
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the deposited materials. It can also eliminate the strong materials that stick
on the active membrane surface. However, the chemical cleaning, except the
fouling elimination, can hinder the membrane surface morphology. During
the industrial persistence, the in situ cleaning process is typically performed
if the fouling is not critical; otherwise, the ex-situ cleaning is performed [116].

6.4.3 Summary

MBR is used to treat most high strength wastewaters successfully and shown
in textile and food industries that have different types of strength. High
strength industrial wastewater is difficult to be identified, and the method
used to identify the “hardness” of wastewater is biodegradable (BOD;/COD)
ratio. The best performance of MBR can be produced by controlling param-
eters such as SRT, HRT, TMP, Flux, and MLSS to an optimum condition.
Besides, the control of operating parameters is demonstrated to be effective
in dropping fouling characteristics. Permeability performance is affected by
the recent parameters such as SMP and EPS that need more investigation
in the industrial sectors. To avoid membrane fouling, wastewater with high
loading has to be treated before entering MBR. According to the MBR opera-
tion condition, physiological characteristics (MLSS concentration, EPS, SMP,
organic and inorganic matters) change, and these make it critical to regu-
late and forecast the membrane fouling. Thus, there are some techniques to
eliminate or minimize the fouling problems and enhance the performance
of MBR to produce high-quality effluents. Membrane is the heart of this sys-
tem but besides pH, pressure, and temperature, it is also sensitive to unusual
chemicals that contribute to minimize the performance of MBR. Since the
quality of wastewater treatment depends on the involvement of processes
and the environment, these problems need to be considered. To prolong the
life span of the membrane, besides the maintaining of microbial growth,
adjustments of the wastewater, dilution for the high strength and toxic mate-
rials contained effluents, and pretreatment or neutralization of acidic or
alkaline nature of effluents are sometimes required.

6.5 Polymer-Enhanced Ultrafiltration Membranes
6.5.1 Introduction

Due to the endless growth of polluted wastewaters discharged in the envi-
ronment by urban and industrial communities and to their potential noxious
impact on human health, the international regulations have been steadily
toughened in the last decades. Remediation of waters polluted by heavy met-
als, and especially in their ionic form, has therefore become a major concern.
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Hence, industries have been compelled to find novel alternatives to treat
their effluents before they are released into the environment [116-118]. In this
context, the implementation of membrane technology appears to be a poten-
tial option for the treatment of contaminated effluents [119-121]. In particu-
lar, nanoporous membranes used for nanofiltration or ultrafiltration have
demonstrated remarkable abilities for the removal of ionic contaminants
in terms of performances but also in terms of economic [122] and ecologi-
cal [123-125] benefits. They allow separation of ionic components according
to size and electric mechanisms [126]. Although nanoporous membranes
have demonstrated several benefits, they unfortunately exhibit drawbacks
for metal ion removal due to the size of the membrane pores. Large pores
of UF membranes allow considerable permeation fluxes but low ion rejec-
tions, whereas the tight pores of NF membranes lead to high rejections but
with low volume fluxes. Consequently, many recent studies were devoted
to improve rejection performances without compromising on flux [127-129].
Among the viable options, the use of polymers from natural resources or
synthetic procedures has demonstrated outstanding achievements to this
end. Polymers can be used to modify the physicochemical properties of the
membrane to increase its rejection performances. This modification can be
implemented either by surface deposition, for instance, via coating [130-131]
or grafting [132], or by including additives during the membrane manufac-
ture [133-135]. Besides membrane modification, a polymer can also be intro-
duced in the feed solution to increase the effective size of the pollutant ions
by complexation. After this preliminary step, the feed solution containing
complexed ions is then filtered by ultrafiltration and ion rejection is there-
fore potentially enhanced (compared to non-complexed ions) by steric or
electrostatic mechanisms [136]. This hybrid process, which is usually called
polymer-enhanced ultrafiltration (PEUF), is much easier to implement com-
pared to chemical membrane modification, especially in view of a potential
application for the treatment of urban or industrial wastewaters [137]. PEUF
is mostly used to remove metal ions by adding synthetic chelating agents
such as polyacrylic acid (PAA) [138] or polyethylenimine (PEI) [139]. The
complexation of metal ions has already been studied in literature, but this
section aims at accurately investigating the enhancement of performances
induced by the addition of two eco-friendly polymers, namely chitosan and
carboxy methyl cellulose (CMC), in several conditions. More specifically, the
influence of metal or polymer concentrations, salt addition, or solution pH
value on ion removal performances is deeply studied for Ni(II). Among met-
als that may cause disorders, nickel is not necessarily the most toxic, but its
accumulation in the environment may represent a critical hazard to human
health [140]. Moreover, this ion is commonly present in industrial effluents,
especially those of surface treatment industry, and its removal is revealed
to be essential [141]. Finally, industrial discharge water from industry has
also been treated by ultrafiltration assisted by chitosan to establish if per-
formances can be extrapolated to complex mixtures containing several ions.
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6.5.1.1 lon and Polymer Solutions

All synthetic solutions studied were made with demineralized water with a
residual conductivity lower than 0.1 mS/cm. Sodium nickel salt provided by
Acros Organics was used as reference pollutant. Nickel concentrations inves-
tigated in this study were chosen to cover a wide range of values commonly
observed for industrial effluents, from wastewater before any treatment to
discharge water released in the environment. For this reason, concentrations
were varied from 1 to 100 ppm corresponding to molar concentrations from
1.7 x 1075 to 1.7 x 102 mol L. The real effluent was collected before discharge
(ie., after usual physicochemical treatment to comply with safety standards)
from a surface treatment industry of Franche-Comte. Chitosan is a biodegrad-
able and biocompatible polysaccharide, which is proved to be a perfect sub-
stitute for synthetic polymers from petrochemical industries [142]. Chitosan
used in this study is provided by France Chitine (Orange, France) [136]. It
exhibits a molecular weight of 1.8 x 10-5 g mol™ and a degree of acetylation
(DA) close to 15%, which means that it contains 85% of amino groups (NH,)
and 15% of acetamide groups (NHCOCH,), as can be seen in Figure 6.20a. The
pKa value of chitosan is around 6.3, which means that it is positively charged
at natural pH (5.4 in our case) but it can become mainly neutral for pH above
6.3 [137]. Carboxymethyl cellulose (CMC) is a cellulose derivative that contains
carboxymethyl groups (CH,COOH) bound to some of the hydroxyl groups of
the glucopyranose monomers (Figure 6.20b). It is provided by Sigma Aldrich
in the form of sodium salt with a degree of substitution of 0.7 and a molecular
weight of 9 x 10-° g mol-t. CMC contains anionic groups with an approximate
pKa value of 3.5-4.0 depending on the conditions [143]. Above this value, CMC
is thus negatively charged. Quantities of chitosan and carboxymethyl cellu-
lose were chosen so that 12-1200 mol of repeating monomer unit can interact
with each mole of Ni?, that is, from 2 x 10-4 to 2 x 10-2mol L of repeating unit.

6.5.1.2 Polymer Addition and Filtration Experiments

Firstly, CMC is dissolved in 5 L of demineralized water, chitosan is dis-
solved in 5 L of diluted acetic acid solution 0.1 M, and both are then stirred

OH

a) L 1-DA b)

- -n

FIGURE 6.20
Chemical structure of (a) chitosan, (b) carboxymethyl cellulose. (From Lam, B. et al., Journal of
Cleaner Production, 171: pp. 927-933, 2018.)



Polymeric Membranes for Industrial Effluent Treatments Applications 275

during 1 h at room temperature to obtain complete dissolution. After that,
30 L of feed solution were prepared by mixing solution of dissolved poly-
mers and solution containing Ni?* ions [136]. This solution is stirred once
again during one night in a tank to optimize interactions between nickel
and polymers. This solution containing both polymer and ions is used
as feed solution for filtration experiments within the framework of the
PEUF. Filtration experiments were implemented for feed solutions con-
taining Ni?* ions with and without addition of polymers. Solutions con-
taining only ions are filtered without pretreatment whereas solutions
containing polymers are introduced in the feed tank after the step of
polymer addition described in the previous paragraph. Filtration experi-
ments are carried out with a setup at the semi-industrial scale. As seen
from Figure 6.21, 30 L of feed solution are pumped in the cross-flow unit
containing a flat-sheet membrane before being recycled in the feed tank to
keep concentrations constant. Filtration cell is equipped with a polyamide
thin film composite flat-sheet membrane (Desal GK, Sm = 14 x 10~ m?,
MWCO = 3.5 kDa) supplied by M/s. GE Water & Process Technologies
(Trevose, USA). The membrane is washed before experiments by an acid/
base cycle before being equilibrated by water filtration until permeabil-
ity remains constant. Once the stabilization phase is done, solutions are
filtered at various applied pressures at maximum flow-rate possible with
this cell (i.e., 800 L/h corresponding to a cross-flow velocity close to 4 m/s)
to minimize concentration polarization phenomenon at the membrane
wall thanks to turbulence [144].

Thermoregulation of the solutions is ensured by a cooling unit that
maintains temperature at 25 + 1°C. After a stabilization time during which
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FIGURE 6.21

Scheme of the setup used for filtration experiments. (From Lam, B. et al., Journal of Cleaner
Production, 171: pp. 927-933, 2018.)
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permeate stream is recycled into the feed tank, samples are collected for
analyses. Each experiment consists in filtrating a feed solution at six given
pressures from 5 to 28 bar, which corresponds to one rejection curve (R; = {(Jv)).
For each applied pressure, the mass of permeate stream (1, is collected dur-
ing a given time (D)) and the concentrations of retentate (C;,) and permeate
(C;,) solutions are determined to calculate the permeation flux J, and rejec-
tions R; with Equations 6.1 and 6.2, respectively.

Jo= 6.1)
°ALS, ’
Ci,p
Ri = ]. - Cf (62)

6.5.2 Effect of lon Concentration on Nickel Rejection
6.5.2.1 Effect of Nickel Concentration and Salt Addition

Filtration of solutions containing nickel ions was performed for four various
values of concentration (from 1.7 x 107 to 1.7 x 102 mol L) to analyze its
influence on Ni?* rejection. It is reported that the increase in nickel concen-
tration tends to decrease rejection, probably due to the screening of mem-
brane charge [136]. Indeed, the increase of ionic strength induces a collapse
of the Electrical Double Layer (EDL), which leads to a decline of the electro-
static interactions between ions and membrane fixed charges. This means
that performances of metal removal are optimized at the low concentrations
that are found in usual industrial discharge waters. However, the latter usu-
ally contains a large amount of mineral salts, such as NaCl, which can hinder
the high rejection of ions.

The presence of salts in typical effluents is investigated by studying the
rejection curves of Ni** at two NaCl concentrations and the comparison
with performances obtained without salt addition has been described in the
literature. In the same way as with the increase of nickel concentration,
the presence of NaCl within the filtered solution tends to strongly reduce
the Ni?* rejection due to the diminution of electrostatic interactions. In par-
ticular, it can be observed that Ni** rejection tends toward zero at 2 x 10!
mol L. This concentration thus corresponds to a limit value beyond which
it can be considered that the influence of electrostatic interactions (between
ions and membrane fixed charges) on rejection are almost negligible. This
result is consistent with observations found in literature [145]. This conclu-
sion is primordial for extrapolation to industrial waters since it means that
removal performances of ionic pollutants will necessarily be low due to the
large amounts of mineral salts usually present in wastewaters. In this con-
dition, the step of polymer addition before filtration is of particular interest
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since mechanisms governing the ion complexation are not supposed to be
impacted by the increase of ionic strength [146]. For this reason, results
provided thereafter in the presence of polymers were all obtained in the
presence of 2 x 107! mol L' of NaCl, so that electrostatic interactions are
minimized.

6.5.2.2 Effect of Polymer on Nickel Rejection

6.5.2.2.1 Polymer Rejection

Before investigating the influence of polymer addition on removal perfor-
mances, it is of prime importance to check that polymers are sufficiently
rejected by the membrane, so that the step of polymer addition is pertinent
for rejection enhancement. The rejection of solutes obtained at natural pH
with chitosan and CMC for a polymer concentration of 2 x 10-* mol L has
been stated. As expected due to their large molecular weight, both chitosan
and CMC are highly retained by the membrane and rejections are higher
than 90%. It can be seen that CMC is slightly more rejected than chitosan
(R > 95%) but nickel removal is unlikely to be influenced by this difference
[136]. However, it should be noted that permeation flux obtained in the same
pressure conditions is lower for solution containing chitosan than for that
containing CMC. This difference may be due to a higher viscosity in the
former case or a lower accumulation of CMC at the membrane surface due to
electrostatic repulsion between the negative charge of the membrane and the
negative carboxyl groups of CMC. It should also be noted that the membrane
hydraulic permeability was also different between these two experiments,
which can explain such a marked discrepancy.

6.5.2.2.2 Effect of the Amount of Polymer

Various quantities of polymer were added to solutions containing nickel ions
before filtration and the behavior of the rejection has been described signifi-
cantly. According to the literature, both chitosan and CMC do not prove any
removal enhancement when 12 (2 x 10-* mol L!) and 120 (2 x 103 mol L)
mol of monomer units per mol of nickel ion are added. Oppositely, the addi-
tion of 1200 (2 x 10-2 mol L!) mol of monomer units per mol of Ni?** leads to
a noticeable increase of nickel rejection. This increase is similar irrespective
of the polymer added in preliminary step, even though rejection with CMC
is slightly higher at low flux. It is worthwhile to mention that this removal
improvement is associated to a flux decline when polymer concentration
increases. Such a decrease can be partially attributed to the rise of viscos-
ity of the filtered solution induced by polymer addition. Additionally, it is
also probable that polymer is progressively accumulated at the membrane
surface by the convective flux. This additional layer could therefore enhance
the hydraulic resistance, leading to a flux decline [136]. This enhancement of
nickel removal by polymer addition emerges as a promising result, but the
quantity required to treat large amounts of metal ions could be tremendous
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if a minimal molar ratio of 1200 between monomer units and ions had to be
met for effective performances.

6.5.2.2.3 Influence of the Amount of Nickel

It was previously highlighted that a ratio of 1200 monomer units per Ni** ion
is required. However, it is necessary to determine if removal enhancement is
governed by this ratio or the concentration of polymer. For this purpose, fil-
tration experiments were implemented for a constant concentration of mono-
mer units (2 x 10-2 mol L) but for various nickel concentrations (1.7 x 107% to
1.7 x 103 mol L) corresponding to molar ratios (monomer units to Ni? from
1200 to 12. It is obtained that the nickel rejection is not significantly impacted
by the quantity of nickel, and thus by the concentration ratio between
monomer units and nickel ions. This conclusion can be drawn for the two
polymers considered, both exhibiting rejections close to 40% regardless of
the molar ratio. This means that the ion rejection enhancement is mainly
governed by the polymer quantity and not necessarily by the relative quan-
tity compared to that of nickel. Indeed, a significant enhancement of nickel
rejection requires a minimal concentration of polymer, but this amount can
enhance performances regardless of the nickel concentration.

6.5.2.2.4 Influence of pH

The pH value is known to have a strong influence on ion rejection since it
strongly affects the membrane charge. Moreover, in the case of PEUF, pH
value may also affect the physical or chemical form of the polymer and
therefore its electrical charge. Consequently, it is obvious that the rejection
of metal ion/polymer is partially governed by the membrane charge. The
nickel rejection was investigated for solutions containing 1.7 x 10~ mol L™ of
Ni* and 2 x 1072 mol L™ of polymer at various pH values. It is clearly dem-
onstrating that the pH value has a huge impact on metal rejection. Indeed, a
higher pH value enables a higher rejection and consequently a better metal
removal and permeate quality. At pH = 74, outstanding rejection is achieved
after chitosan addition, probably because this pH value is above the chitosan
pKa [136]. In this condition, a part of the amino groups (NH?*) are deproton-
ated (NH,) and the lone pair of nitrogen is thus available for complexation of
nickel ions. Moreover, it is likely that a slight fraction of chitosan may have
precipitated since the chitosan solubility decreases for pH values higher than
pKa. However, no precipitate has been observed from turbidity measure-
ments and precipitation cannot thus be invoked to explain such a rejection
increase at this pH value. For acid pH values, the accumulation of a positive
polymer at the membrane surface may also induce electrostatic repulsion
with metal cation, which could enhance their rejection. The collapse of rejec-
tion performances with CMC for pH = 3 can probably be explained by the
progressive protonation of the carboxyl groups (COOH) when pH value is
lower than pKa, which tends to decrease the ionic bonding between these
groups and the metal cations (Ni** for instance) [136]. It is worthwhile to
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mention that the permeation flux of solutions containing chitosan strongly
declines with pH increase, probably due to an increase of solution viscosity
or polymer accumulation. On the contrary, permeation flux of solution con-
taining CMC seems not to be influenced by pH value except for pH = 3. The
flux decrease in the presence of CMC at pH = 3 can probably be explained by
the change in the form of carboxyl groups. At pH 5, electrostatic repulsion
between the negative charge of carboxylate groups COO and the negative
charge of the membrane limits the polymer accumulation at the membrane
surface and thus the flux decline. Oppositely, carboxyl groups are in the neu-
tral form COOH at pH = 3 and the accumulation of CMC at the surface is
probably increased by the lack of electrostatic repulsion with the positive
membrane charge. Indeed, the membrane charge is strongly influenced by
the pH value [147]. This means that above this value, the membrane is nega-
tively charged, whereas it becomes positively charged when pH is less than
3.5. It should be stressed that turbidity measurements have also shown that
no precipitation (or gel formation) was detected and solution viscosity was
not noticeably affected by the presence of CMC.

6.5.3 Treatment of Industrial Wastewater Using Chitosan-
Enhanced Ultrafiltration Membrane

In this section, industrial discharge water from the surface treatment indus-
tries was filtered with and without chitosan addition. The concentrations of
the various species are detailed before and after treatment (UF or PEUF) in
Table 6.11. It is revealed from the literature that the rejection of metal ions
slightly increases due to polymer enhancement, and especially at low per-
meation flux. For a potential application, the magnitude of this improvement
can be considered to be weak since all the ions are competing with each
other [148]. It is possible that other species (such as organic matter) pres-
ent in the effluent interact with ions or polymers leading to a decrease of
performances. Similarly, the presence of other polymers in the process may
perhaps increase the rejection of ions depending on the kind of polymer.
Competition between ions tends to diminish the impact of chitosan for each
ion and a more pronounced improvement of each ion rejection could perhaps
be achieved with a larger amount of chitosan [136]. It seems that chitosan
addition has a positive impact on most heavy metals. However, a conclusion
is difficult to draw since the concentration of the various ions in the feed
solution differs considerably, and their impact on rejection will be different
according to the concentration of the ion considered.

Moreover, it is worth mentioning that the rejection performances with-
out polymer enhancement are already relatively high compared to rejection
obtained with synthetic solutions with a large salt content [136]. This can be
explained by the relatively low amount of sodium (the potassium content
being negligible) in the effluent, 0.06 mol L-! compared to 0.2 mol L for syn-
thetic solutions. A more intensive enhancement would have perhaps been
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observed if salt content had been higher and thus rejections without poly-
mer lower. Finally, it appears that a more comprehensive study that would
deeply investigate this phenomenon of competitive interaction between ions
and polymers could be relevant for drawing pertinent conclusions about the
polymer-enhanced ultrafiltration of complex mixtures such as industrial
wastewaters.

6.5.4 Summary

Ultrafiltration of solutions containing nickel ions with or without a pre-
liminary step of polymer addition has demonstrated a potential efficiency
to remove heavy metals such as nickel ions from contaminated solutions.
The large amount of salt present in industrial wastewaters tends to strongly
decrease the rejection of heavy metals by UF membranes due to screening of
electrostatic interactions. For this reason, a preliminary step of polymer addi-
tion shows an overriding interest to restore the high removal performances.
In this view, additions of natural chitosan or synthetic carboxymethyl cellu-
lose have both led to a substantial enhancement of nickel rejection, provided
that an adequate amount of polymer is used. It has also been highlighted
that the pH value has a strong influence on removal performances and the
higher value, the better removal performances. Among the two polymers
investigated, both have shown similar performance enhancement at natural
pH value. However, chitosan has proved outstanding rejection performances
in basic conditions (above its pKa), whereas CMC has demonstrated weak
rejection performances when pH is below its pKa. In terms of metal rejection,
chitosan is thus probably the better option for basic or strongly acid (pH < 4)
conditions. Nevertheless, CMC should probably be preferred to chitosan in
natural conditions (4 < pH < 8) since its impact on the permeation flux is less
significant. Moreover, chitosan dissolution and use is much more compli-
cated for a potential application at the industrial scale. Finally, it was shown
that, although polymer addition noticeably improves rejection of single salt
solutions, extrapolation to complex effluents is still a major challenge due to
competing effect between the various species.
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7

Polymeric Membranes for Biomedical
and Biotechnology Applications

7.1 Electrospun Polymeric Fibers for Biomedical Applications
7.1.1 Introduction

Biological systems, basically, are comprised with hierarchically complex
structures [1-4], and these constructions convey the miscellaneous function-
alities to the organisms such as various nanoscale viruses, microscale cells,
and different macroscale tissues. The bone tissue parts take an unusual mix-
ture of remarkable toughness and strength, credited to the exactly system-
atized hierarchical structures such as the nanometer-sized hydroxyapatite
crystals sometimes deposited into the gap zones of collagen fibrils in the
bones, which has excellent nano mechanical heterogeneities characteristics
and creating high energy dissipation that may be the reason for fracture [3].
To control the fracture of the bones, different kinds of hierarchical struc-
tures such as zero-dimensional (0-D) particles, one-dimensional (1-D) fibers,
two-dimensional (2-D) substrates, and the three-dimensional (3-D) supports
have been developed in the field of biomedicine and other purposes [5]. The
hierarchically structured fibers signify a major group and have involved
a great deal of consideration in the field of biomedical and other scientific
research areas, including optical areas, electronics, various sensors, cataly-
sis, energy storage, oil and water separation, and air purification, due to the
larger active area and extra heterogeneous boundaries, which may play a
significant role in improving the nano size effect [6-12]. Abundant methods
have been established to fabricate the one dimensional (1-D) fibers in current
years. In this section, an inclusive summary of the current research on the
fabricating of the electrospun hierarchically structured polymer fibers in the
field of biomedical applications including tissue engineering, drug delivery
process, and diagnostics are discussed. Electrospinning is a superficial and
multifunctional process used to make ultrafine and continuous fibers with
manageable diameters in the range of nanometers to micrometers, from both
the organic or inorganic compounds. These electrospun fibers have a wide
specific surface area, high aspect ratio, high porosity value, a manageable
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small pore size, and the capability to look like an extracellular matrix’s con-
struction. The fibers are widely used in different fields such as water fil-
tration and solutes adsorption, optical sensing, catalysis, self-cleaning, food
and beverages engineering, nanofiber-reinforced mixtures, energy storage,
and especially in the area of biomedical applications [13-16].

The electrospun fibers are generally required in a small quantity, and the
electrospinning method is a resourceful process as the fibers can be rotated
into any kind of shape using various polymers [1718]. Electrospun nanofi-
bers are largely applied in the field of biomedical applications, such as tis-
sue engineering platforms, for the wound remedial, drug delivery system,
plasma filtration, affinity membrane, during immobilization of essential
enzymes, small diameter vascular graft implants, healthcare, biotechnol-
ogy, environmental engineering for water treatment, defense and security,
energy storage and generation, and in different research purposes [19-23].
The electrospun polymer nanofibers have already been projected for many
biomedical purposes including vascular and breast prostheses applications
since the 1980s. Different U.S. patents have been allotted on fabrication and
characterization methods and techniques for the vascular prostheses such
as 4044404, 4552707, 4689186, 4878908, 4965110, 5866217, and breast prosthesis
(5376117). Reviewing the number of patents, it is clear that about two-thirds
of all the applications regarding electrospinning processes are in the field of
medical purposes. However, the filtration application has different patents
[24,25]. Owing to application of these nanofibers in various fields, different
research is being completed now. A schematic illustration of the applications
of electrospinning process in different fields is shown in Figure 7.1.

Filtration

Wound healing

Biomedical

Scaffolds in tissue

engineering Affinity membrane

Electrospun —
fibers

Drug delivery I / \ Protective clothing

Enzyme
immobilization

Energy generation

FIGURE 7.1

Applications of electrospun fibers in different sectors. (Reprinted from Biotechnology Advances,
28(3), Bhardwaj, N., and Kundu, S.C., Electrospinning: A fascinating fiber fabrication tech-
nique, pp. 325-347, Copyright 2010, with permission from Elsevier.)
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7.1.2 Electrospun Polymeric Fibers for Biomedical Applications

The electrospun polymeric fibers can be widely used in different fields
due to their high surface area, structural diversity, and adjustable porosity
[27]. Particularly in the biomedical field, properties like structural diversity
and high active surface area are helpful for the loading and subsequent
discharge of different drugs during delivery. Moreover, the adjustable
porosity and the capability of electrospun fibers to mimic the fibrillary
nature of the extracellular matrix (ECM) allow its utilization as promising
two-dimensional (2-D) or three-dimensional (3-D) skeletons for cell sup-
port and development in tissue engineering. The adjustable porosity and
high surface area of the electrospun fibers also provide more active sur-
face area to immobilize the functional groups in diagnostics and different
applications.

7.1.2.1 Drug Delivery

Electrospun polymeric fibers have performed as drug transporters during
drug delivery due to the high surface area and functional characteristics.
The drug delivery process depends on the principle that the dissolution rate
of a particulate drug rises with increasing the active surface area of both
the drugs and the consistent carrier. Therefore, the electrospun polymeric
fibers with biocompatible delivery matrices can release a controlled drug at
a definite rate over a fixed period of time. Thus, biodegradable polymeric
materials are typically used during drug delivery process to transport heal-
ing agents due to their easier design for programmed distribution in a con-
trolled style [28,29]. The large active surface area connected with nanospun
fibers allows for fast and effective solvent evaporation, which delivers the
combined drug limited time to recrystallize, which helps the development
of amorphous distributions or solid solutions [30]. The pharmaceutical dos-
age releasing technology can be deliberated as instantaneous, rapid, and
modified dissolution process based on the polymer carrier used. A variety
of solutions comprising low molecular weight drugs have been processed
for electrospinning, including lipophilic drugs such as ibuprofen, cefazolin,
rifampin, paclitaxel, Itraconazol, and mefoxin and tetracycline hydrochlo-
ride like hydrophilic drugs [29-33]. Few researchers have captured proteins
in electrospun polymer fibers [34,35]. Moreover, the efficiency of electrospun
nonwoven bio absorbable poly (lactide-co-glycolide) (PLGA) impregnated
with antibiotics (mefoxin) in reducing post-surgery adhesion on an in vivo
rat model have also been studied [36]. Encapsulation of a model protein,
fluorescein isothiocyanate conjugated bovine serum albumin, along with
poly(ethylene glycol) (PEG) in poly (e-caprolactone) (PCL) fibers, has been
performed using a coaxial formation and demonstrated a relatively smooth
discharge of the drug over a retro of five days from the electrospun nanofi-
brous mats [37].
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Drug release mechanism is related with polymer deprivation and com-
plex diffusion path along nano-void spaces within nanofiber network. It has
been found that the drug release outlines can be personalized by different
formulation conditions such as polymer properties, combination of various
polymers, superficial coating, and especially the state of drug molecules in
a solid phase [38]. Hollow nanofibrous tubes by coaxial electrospinning also
delivered an auspicious structure for the encapsulation of target drug mate-
rials [39]. This approach prospered in attaining high loading of drug and
simplification of the solubilization of some stubborn and insoluble drugs.
The formulation of a rich variety of therapeutic materials such as antibiotics,
anti-cancer drugs, polysaccharides, proteins, and growth factors have been
performed within the bulk segment of electrospun nanofibers or on their
active surface for achieving controlled topical release of drug within the dis-
tinct period of time [40—43].

7.1.2.1.1 Controlled Delivery of a Single Drug

The selection of polymer is a key feature for attaining a continued release
of drugs from electrospun fibers. Different processes can be performed to
attain a sustained release of a single drug by electrospun fibers, contain-
ing matching drugs with appropriate polymers, using core-shell electrospun
fibers or covered electrospun fiber mats as drug transporters, or by captur-
ing drug-loaded components into electrospun fibers [44]. Then, after effec-
tive loadings, drugs need to cross the obstacles created by the fiber matrix
and then diffuse farther into the release medium. In the case of biodegrad-
able polymers, the release of drugs is mainly dependent on the degrada-
tion process of the polymer fibers because the degradation of the polymer
matrix results in variations in the electrospun fiber morphology, changing
the drug diffusion pathway and affecting the drug release. Moreover, drugs
in the degraded regions of the fiber matrix may also dissolve directly into
the release medium.

In the case of non-swelling non-degradable polymers, the drug diffusion
path would not change because there is no variation in fiber morphology
over time. The conditions controlling the release of the drugs are drug parti-
tioning in the polymer, drug solubility, and drug diffusivity in the polymer.
Generally, the release of drugs from the fiber matrix may be influenced by
hydrophilicity, morphology, degradability, drug diffusivity, and drug parti-
tioning. Currently, some researchers blended drugs with polymers to elec-
trospin into drug-loaded fiber mats such as a successful incorporation of a
hydrophilic antibiotic drug (MefoxinR, cefoxitin sodium) into a poly PLGA
(poly(lactic-co-glycolic acid)-based electrospun nanofiber mat has been done
to attain a controlled release of drugs over the course of 1 h. They have
detected no loss in fiber structure or bioactivity, and they also studied that
the accumulation of an amphiphilic block copolymer (PEG-b-PLA) decreased
the cumulative amount of discharged drug during the previous release time,
extending the drug release time up to 7 days [32]. A hydrophobic polymer
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dopant, namely, poly (glycerol monostearate-co-caprolactone) with polycap-
rolactone (PCL), was used to make a super hydrophobic electrospun fibrous
mesh, resulting in a mesh with an extraordinary apparent contact angle [45].
It is believed that the air in the porous electrospun network may also per-
form as a barrier component and further control the drug release rate. The
types of drugs that were positively encapsulated into electrospun fibers,
such as antibiotics, plasmid DNA, growth factors, antimicrobial components
(e.g., silver nanoparticles), proteins, bacteria, and phages, were also summa-
rized by researchers [46]. However, choosing a great diversity of drugs may
have its own influence, such as the chemical, physical characteristics, and the
hydrophobicity of various drugs will disturb the controlled release proce-
dure. The release of various compounds such as azidothymidine, maraviroc,
raltegravir, and tenofovir disoproxil fumarate was also reported, and it was
much quicker than tenovir in corresponding PCL/PLGA fiber formulations,
signifying that even subtle differences in the chemical structures of drugs
would distress the release rates [47]. In general, the application of electros-
pun fibers as a drug delivery method needs a cautious match between the
drug and the polymer [27]. Moreover, changing the drug diffusion path is an
additional effective way to regulate the release of drugs.

Electrospun fibers with various structures can be invented to control the
drug release process by changing the electrospinning parameters. One
method is to study coaxial electrospinning for the assembly of core-shell
electrospun fibers as a drug delivery process. When drugs are injected
into the core layers of these electrospun fibers, the outer shell helps as an
operative barrier for averting the diffusion of water molecules and the dis-
persion of drugs [48]. Precisely, the configuration, thickness, and penetra-
bility of the outer shell effects the discharge of drugs in the core area of
the fibers [49]. Additionally, emulsion electrospinning was also performed
to make core-shell fibers for regulating drug release [50]. Recently, a drug-
loaded layered electrospun mesh was fabricated successfully with the
chemotherapeutic agent, namely, SN-38 incorporated into a central “core”
layer between the two super hydrophobic “shield” layers of electrospun
mesh without any drug. It was found that the “shield” layers efficiently
hindered the release of SN-38, and by rising the thickness of the “shield”
layers, one could obviously extend the discharge time of the drug. With
the 300 pm thick layers on both edges of the drug-loaded core, there was a
layer of metastable air still present that could be evacuated with an etha-
nol usage after 100 days of soaking, resulting in increase in drug release
[51]. Moreover, the encapsulation of drug-loaded micro-/nanoparticles
into electrospun fibers has been described as an emerging system for reg-
ulating drug release. Thus, the grouping of micro-/nanoparticles with a
large capability for holding drugs and the electrospun fibers can change
the drug diffusion way. Initially, the drug molecules have to first diffuse
out of the main particles; second, the drugs must overcome the barrier
made by the electrospun fibers; and finally, they must reach the discharge
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medium, which may result in a low initial eruption monitored by a longer-
term drug release technique [27].

As indicated in Figure 7.2a—e, electrospun composite fibers by incorporat-
ing ibuprofen (IBU)-loaded modified mesoporous silica (MMS) nanoparticles
into electrospun poly(L-lac-tide) (PLLA) fibers (PLLA-MMS-IBU fibers) was
fabricated to attain a long-term (over 100 days) controlled drug release [52].
As shown in Figure 7.2f, embedded drug-loaded liposomes into electrospun
core-shell fibers with PVA using as an inner core and PCL as the outer shell
of the fibers was obtained, with the potential for this structure to be used
to regulate the release of TGF-, IGF-4, bFGF and other growth-enhancing
drugs [53]. Electrospun drug-loaded microspheres (approximately, 10 pm to
20 pm in diameter) into sacrificial polyethylene oxide (PEO) fibers combined
with slow-degrading poly (e-caprolactone) (PCL) fibers was studied [54]. As
seen from Figure 7.2g, after the elimination of the sacrificial component, the
microspheres remained steadily trapped in the gap of poly (e-caprolactone)
(PCL) fibers. It is clear from Figure 7.2h that the use of a combined micro-
spheres system with electrospun fibers electro sprayed vascular endothelial

FIGURE 7.2

(a—e) Encapsulation of the ibuprofen (IBU)-loaded mesoporous silica nanoparticles (MMSNs)
into electrospun PLLA fibers for long-term controlled drug release; SEM images and TEM
images (inset of a) MMS-IBU and (b-d) electrospun PLLA-MMS-IBU composite fibers with
different drug content; (e) in vitro IBU release profiles of (1) MMSNSs, (2) PLLA-IBUY, (3) PLLA-
MMSI10-IBUS5, and (4) PLLA-MMS15-IBU15; (f) SEM images of lipsome-embedded core-shell
(PVA-PCL) nanofibers; (g) SEM image and fluorescent image (inset) of an anisotropic nanofiber/
microsphere composite; in the inset, blue represents microsphere, green represents PCL fibers
and black represents PEO fibers; (h) the SEM image of an angiogenic microfiber/microparticle
composite. (Reprinted from Progress in Polymer Science, Yang, G., From nano to micro to macro:
Electrospun hierarchically structured polymeric fibers for biomedical applications, Copyright
2018, with permission from Elsevier.)



Polymeric Membranes for Biomedical and Biotechnology Applications 299

growth factor (VEGF)-encapsulating PLGA micro particles with positively
charged surfaces onto negatively charged electrospun PLA microfibers has
been reported. Furthermore, the formation of an angiogenic microfiber/
microparticle composite patch was also found [55]. Furthermore, some inor-
ganic nanomaterials, such as carbon nanotubes and Fe,;O, nanoparticles,
with the capability to adsorb the essential drugs and decrease the rate of
diffusion of drugs in the polymer matrix were also encapsulated into the
electrospun fibers to regulate the release of drug [56,57].

7.1.2.1.2 Controlled Delivery of Multiple Drugs

Multi drug loading and the programmable discharge of each drug types are
key goals to attain effective drug delivery systems in electrospun fibrous.
The treatment of diseases such as combined chemotherapy for a malignant
growth of cells and the restoration of some defective tissues such as regen-
eration of bone defect need a staggered release of various therapeutic drugs
or growth factors to accomplish the best results [27]. The most efficient way
to realize a controlled discharged of each species in a fibrous system requires
loading of various drugs in different areas in the individual fiber or within
the fiber mats. Therefore, the differences in the spatial distribution of drugs
may accomplish variations in release time or may program the discharge
of each drug species. Numerous methods such as embedding drugs with
various hydrophobicity in the same polymeric nanofiber matrix, loading dif-
ferent drugs into the inner or outer layer of core-shell fibers, incorporating
different drug loaded particles into electrospun fibers, or changing the con-
figuration of different drug loaded fibers may aid in achieving the targeted
goals above.

To realize sequential and distinct release of drugs, inserting the drugs at
different hydrophobicity in the same polymeric nanofiber matrix is a sim-
ple pathway. For instance, both hydrophobic dexamethasone (DEX) and
hydrophilic green tea polyphenols (GTP) into electrospun PLGA fibers have
loaded, previously. Therefore, the hydrophobic dexamethasone (DEX) mol-
ecules inside the fiber matrix only discharged from the channels formed
after the early release of the hydrophilic green tea polyphenols (GTP) mol-
ecules. The technique of integrating different drug loaded molecules into the
electrospun fibers is an operative and reasonably modest way to include the
different drugs into the same fiber matrix where the different hydrophilic
and hydrophobic drugs can be injected in the same fibers [58]. A success-
ful encapsulation of two distinct compounds as separate domains within a
single electrospun fiber was achieved by first directly synthesizing two sets
of PVA nanoparticles, one set containing Texas-Red labeled BSA protein and
the other set containing Alexa Fluor 488-labeled epidermal growth factor
[59]. These nanoparticles were entrenched in a biocompatible polymer (PU
or PLGA) through a single emulsion method. Furthermore, the mixing of
these nanoparticle comprising solutions followed by electrospinning of this
combination achieved separate drug domains within the fibers.
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The drug release of these particle loaded fibers mixed colloidal particles
with PCL was effectively electrospun the mixture into fibers. As seen in
Figure 7.3a and 7.3b, all the electrospun fibers comprised of a linear array
of colloidal particles at the core and the PCL as a shell. Then, a cross-linked
poly (N-isopropyl acrylamide) (PNIPAM) and PMMA molecules containing
the model drugs (fluorescein or Rhodamine B) was prepared, followed by

Rhodamine B in PNIPAmM Fluorescein in PMMA

Fluorescein in PNIAPmM Rhodamine B in PMMA

=2 pum

FIGURE 7.3

(a-b) CLSM images of colloids loaded PCL core-shell fibers; (c-f) CLSM images of electrospun
fibers containing fluorescein or RhodaminB loaded crosslinked PMMA or PNIPAm colloids;
(g) release profiles of fluorescein and Rhodamin B from different samples. (Jo, E. et al.: Core-
Sheath Nanofibers Containing Colloidal Arrays in the Core for Programmable Multi-Agent
Delivery. Advanced Materials. 2009. 21(9). pp. 968-972. Copyright Wiley-VCH Verlag GmbH &
Co. KGaA. Reproduced with permission.) (Continued)
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FIGURE 7.3 (CONTINUED)

(a-b) CLSM images of colloids loaded PCL core-shell fibers; (c-f) CLSM images of electrospun
fibers containing fluorescein or RhodaminB loaded crosslinked PMMA or PNIPAm colloids;
(g) release profiles of fluorescein and Rhodamin B from different samples. (Jo, E. et al.: Core-
Sheath Nanofibers Containing Colloidal Arrays in the Core for Programmable Multi-Agent
Delivery. Advanced Materials. 2009. 21(9). pp. 968-972. Copyright Wiley-VCH Verlag GmbH &
Co. KGaA. Reproduced with permission.)

electrospinning the mixture of these two different materials comprising dif-
ferent drugs and the PCL [60]. Finally, core-shell fibers loaded with two differ-
ent drugs was attained as detected in Figure 7.3c—f. Moreover, the two model
drugs followed two distinct rate of release due to the differences in swelling
performance of the two colloids, resulting in discrete release pathways for
each drug (Figure 7.3g). Moreover, it is clear from the curves of drug release
that the exchanging of carrier of the two different drugs would lead to an
exchange of the rate of release, revealing that these particle containing fibrous
drug delivery systems can realize the programmed release of multiple agents.

Furthermore, the different drugs can also be introduced in the particles
and the prepared fiber matrix at the same period of time [61]. Because of
different release procedures of the drug reagents in the fiber matrix versus
the drug in the particles, there should be separate release methodologies.
As indicated in Figure 74a, doxorubicin loaded in silica nanoparticles and
domethacin into PCL/gelatin composite nanofibers and successful release of
the two drugs were achieved [62]. Moreover, as seen from Figure 7.4b, poly-
meric micelles were also assimilated into electrospun nanofibers to appreci-
ate time-programmed multi agent release of drug. Because of using a water
soluble polymer, namely, PVA fiber matrix, the drug reagent and the drug-
loaded micelles can instantaneously discharge from the nanofibers in an
aqueous solution. Ultimately, the drug agent, present in the micelles, will
release gradually. Thus, the electrospun micelle/drug-loaded nanofiber pro-
cess provides multiple drugs safely entrenched within the fiber matrix and
allows the independent control of each drug discharge [63]. Furthermore,
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FIGURE 7.4

(@) The preparation and characterization of PCL/gelatin composite electrospun fibers con-
taining doxorubicin-loaded silica nanoparticles and indomethacin and the release profiles
of the two drugs; (b) the fabrication of the electrospun micelles/drug-loaded nanofibers, the
time-programmed release of micelles and Dox from the nanofibers, the delivery of released
micelles and Dox into cancer cells. The lower panel is the confocal laser scanning microscopy
images of the micelles/drug-loaded nanofibers. (a. Reprinted with permission from Hou, Z.
et al., Langmuir, 29(30): 9473-9482, 2013. Copyright 2013 American Chemical Society; b. Yang, G
et al.: Electrospun micelles/drugloaded nanofibers for time-programmed multi-agent release.
Macromolecular Bioscience. 2014. 14(7). pp. 965-976. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission.)
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core-shell fibers are another active process for controlling the discharge of
different drugs from fiber matrix, due to the easy encapsulation of vari-
ous drugs in the shell and core layers of the fiber. Rhodamine B and bovine
serum albumin (BSA) were generally used as model drugs and equated
the profile of the rate of release under various parametric situations, such
as loading condition of both drugs into the same layer (core or shell) and
loading different drugs into the two different layers [64]. In this study, the
authors observed that when either drug was in the shell layer clear initial
burst release would occur with relatively fast release rate.

When a drug was injected in the core layer, the initial eruption release
was blocked and the release rate was decreased. Moreover, electrospun
layered fiber mats can also competently regulate the discharge of various
drugs. As seen from Figure 7.5, fabrication of a multilayered drug-loaded
poly (L-lactide-co-caprolactone) (PLCL) nanofiber mesh was reported and
used for time-programmed dual release. They have indicated that the carrier
for drug ChroB was present on the top layer of the mesh; barrier mesh was
connected in the second position; after that, another drug, namely, 5, 10, 15,
20-tetraphenyl-21H, 23H-porphinetetrasulfonic acid disulfuric acid (TPPS),
was carried by the third layer, and basement mesh was present in the bot-
tom. An understandable difference in the rate of release profiles of the two
different drugs was noticed in part to the barrier mesh. The chromazurol
B (ChroB) from the top layer confirmed an obvious initial burst discharge,
while the weak and slow initial burst release was observed in the third layer

a: overview
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FIGURE 7.5

(a-b) Schematic diagram of multilayered drug-loaded nanofiber meshes; (c) the drug release
profiles of samples; (d) the drug release profiles of samples in (e—f) cross-sectional SEM obser-
vations of multilayered nanofiber meshes with different layer thickness, in which (i) stands for
ChroB-loaded fiber mat, (ii) stands for barrier fiber mat, (iii) stands for TPPS-loaded fiber mat,
(iv) stands for basal fat mat. (Reprinted from Journal of Controlled Release, 143(2), Okuda, T. et al.,
Time-programmed dual release formulation by multilayered drug-loaded nanofiber meshes,
pp- 258-264, Copyright 2010, with permission from Elsevier.)
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during TPPS release. As seen from Figure 7.5c and 7.5d, thinner drug-loaded
fibers controlled to faster drug discharge rates, while a thicker barrier mesh
instigated a slower rate of drag release [65].

7.1.2.2 Stimuli-Responsive Release of Drugs

The stimuli-responsive polymeric fibers reply to peripheral stimu-
lation, accompanied by corresponding changes in the physical and
chemical properties of the polymers [27]. Based on the various types of
stimulation, the stimuli-responsive fibers can be categorized as physical
stimulus-responsive electrospun fibers such as temperature-responsive
fibers, magnetic field-responsive fibers, light-responsive fibers, electro-
responsive fibers; chemical stimulus-responsive electrospun fibers like
pH-responsive fibers, humidity-responsive fibers, gas-responsive fibers,
ethanol-responsive fibers, reduction-responsive fibers, glucose-responsive
and protein-responsive fibers and multi stimuli-responsive fibers [66—68].
In theory, the application of stimuli-responsive electrospun fibers in a
drug delivery system may give a more accurately controlled drug release
than the other fibrous drug delivery systems explained in the previous
sections. As seen from Figure 7.6a—c, dual-responsive electrospun fibers
containing nanoparticles such as doxorubicin and magnetic within a
fiber matrix were made from a temperature sensitive polymer (poly
N-isopropylacrylamide) [69]. By applying an interchanging magnetic field
to the fiber mats, the periodic heat has been produced by the magnetic
nanoparticles inside the fiber matrix. This causes the polymer to shrink or
swell and efficiently regulates the rate of DOX release.

Figure 7.6d and 7.6e shows an innovative nano gel in microfiber drug
delivery system where the release of the molecules can be controlled with
the help of temperature change [70]. Thereafter, the thermo-sensitive poly
(N-isopropylacrylamide) (PIPAAm) nano gels were embedded within the
shell layer of the electrospun core-shell nanofibers due to the shrinkage
in nature and swelling property during the environmental tempera-
ture change, producing the development or departure of nano channels
between the nano gel and the shell matrix. Consequently, a variation in
shell penetrability was noticed and assisted as a valve to regulate the
encapsulated drug release in the core layer. As shown in Figure 7.6e, for
the nano gel in microfiber device (E2), a clearly temperature switched
adjustable discharge of the model drug, namely, methyl orange (MO),
was studied, where the concentration of MO raised abruptly at 40°C and
increased marginally at 20°C during the all cycles. Then, the collective
drug release of E2 extended up to 92.72% after three cycles. For the mate-
rial without nano gel device (E1), a comparatively slow and continued
release pattern was observed due to the direct dispersal of MO from the
hydrophobic PCL shell, and the cumulative drug discharge of E1 was
approximately 40%.
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(@) The illustration of thermally switched drug release mechanism of electrospun nano gel-
in-microfiber device (E2) under lower-to-higher temperature conversion; (b) the drug release
performances of no nano gel fiber device (E1) and E2 under lower-to-higher temperature con-
version for three cycles; (c) the schematic diagram of the drug release mechanism of a smart
hyperthermia nanofiber system; (d) temperature changes of the nanofibers under the stimula-
tion of alternating magnetic field; () the drug release profile and the swelling ratio of the nano-
fiber system under the stimulation of alternating magnetic field. (a-b. Li, L. et al.: Thermally
Switched Release from a Nanogel-in-Microfiber Device. Advanced Healthcare Materials. 2015.
4(11). pp. 1658-1663. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with per-
mission; c—e. Kim, YJ. et al.: A smart hyperthermia nanofiber with switchable drug release for
inducing cancer apoptosis. Advanced Functional Materials. 2013. 23(46). pp. 5753-5761. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)

7.1.2.3 Oral, Transdermal, and Implantable Drug Delivery Systems

Electrospun nanofibers were also observed to be beneficial during the oral deliv-
ery of some partially soluble drugs; meanwhile, the high active surface area to
volume ratio improves the rate of dissolution of the nanosized drugs installed in
the nanofibers [71]. The ultrafine fibers, mainly PVP loaded with IBU, were used
for the development of a fast dissolving drug delivery membrane (FDM) [72].
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Therefore, the authors reported that using various doping concentrations of the
drug, the fast dissolving drug delivery membrane (FDM) system had nearly the
similar kind of wetting and decomposing time around 15 s and 8 s, respectively;
84.9% and 58.7% of the IBU were discharged within the first 20 s for FDM with
a drug-to-PVP ratio of 1:4 and 1:2, respectively. Moreover, a fast dissolving drug
delivery system was developed using PVA as the filament forming polymer and
drug carrier to fabricate, and caffeine and riboflavin were used as the model
drugs [73]. However, the PVA /caffeine and PVA /riboflavin nanofibrous mats had
practically the equivalent dissolution time such as 1.5 s and wetting time such
as 4.5 s. The in vitro release study delivered that the drugs were discharged in a
burst method after releasing the caffeine to an extent of 100% and the riboflavin
to an extent of 40% within the time period of 60 s from the prepared PVA nano-
fibrous mediums. PVA and Soluplus (SP)-based electrospun nanofiber mat were
employed for the delivery of Angelica gigas Nakai (AGN) extract to recover the
oral cancers [74]. Then, the AGN-loaded PVA/SP electrospun nanofiber (AGN/
PVA/SPNF) mat owns a usual diameter of 170 + 35 nm and an entrapment effi-
ciency of 84.6%. As seen from Figure 7.7a, when compared with the AGN-loaded
PVA (AGN/PVA) nanofiber mat, the AGN/PVA/SP nanofiber mat showed instan-
taneous wetting (within 2 s) and quick breakdown (within 3 min) properties.

Since electrospun fibers not only have a high active surface area to volume
ratio and a high porosity but a large quantity of entrant polymers is also
accessible, the use of electrospun fiber mats in the field of transdermal drug
delivery process looks possible. Transdermal delivery signifies a smart sub-
stitute to the oral drugs delivery process. As shown in Figure 7.7b, polycap-
rolactone nanofibers were used as a drug carrier to attain a sustained release
of vitamin B12, a molecule well-suited for transdermal patch applications
[75]. An electro-responsive transdermal drug delivery system was fabricated
by using electrospinning PVA /poly (acrylic acid) (PAA)/multi-walled carbon
nanotubes (MWCNTs) nano composites [76]. This system was installed with
the uniform distribution of the oxyfluorinated MWCNTs in the nanofibers to
observe the electro-responsive swelling and drug releasing behaviors.

As indicated in Figure 77c, fabricated electrospun PLGA fibers comprising
15 wt% dexamethasone (DEX) and 10 wt% green tea polyphenols (GTP) in the
field of the active transdermal cure of keloid [58]. The fiber mesh was fixed over
the keloid model in the subcutaneous tissue of athymic nude mice by suture and
the fixed fiber mesh was disinfected and soaked in functional saline solution
in advance in a different study. The fiber meshes were moistened by dropping
saline solution into it every other day throughout the treatment process. After
treating for 3 months, the results of histological analysis described that the dis-
appearance of the hyalinized collagen fibers occurred and the loose, thin, and
small collagen bundles seemed in the keloid, representing these dual drugs-
loaded fiber meshes signified an operative transdermal treatment of keloid
[58]. A facile method to functionalize the bio process of PLGA fibrous frame-
works with different molecules such as PEG polymer during the cell revolting,
the Arginine-Glycine-Aspartic (RGD) peptide for the cell linkage and bFGF
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(a) Photographs of the wetting and disintegration process of oral drug delivery membranes.
The AGN/PVA/SP NF membrane is fabricated from a PVA and soluplus (SP)-based nanofiber
(NF) membrane containing the Angelica gigas Nakai (AGN) extract, used for oral cancer ther-
apy. The AGN/PVA NF membrane is made from AGN-loaded PVA nanofibers. (b) Electrospun
nanofibrous transdermal vitamin B, delivery system. (c) Electrospun ultrafine fibrous trans-
dermal dexamethasone and green tea polyphenols system for effective treatment of keloid.
(d) An implantable active-targeting micelle-in-nanofiber device for cancer therapy. (Reprinted
from Progress in Polymer Science, Yang, G. et al., From nano to micro to macro: Electrospun hier-
archically structured polymeric fibers for biomedical applications, 81: pp. 80-113, Copyright
2018, with permission from Elsevier.)
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growth factor for cell propagation through mussel inspired poly (dopamine)
(PDA) coating in aqueous solution was also reported, with minor effects on the
support properties such as drug activity and drug loading ratio. They also con-
firmed that the ginsenoside-Rg3-loaded fibrous skeleton improved with bFGF
growth factor could encourage early-stage wound healing in rabbit ear wounds
(bio-signal from bFGF) and co nstrain the later-stage hypertrophic scars cre-
ation (release of Rg3 drug) after imbedding for 14 days [77].

Other possible areas for the application of dermal therapy based on the
drug-releasing matrices are the local distribution of vitamins or antioxi-
dants such as skin care resolutions [78]. Drug injected electrospun matri-
ces were also projected for the transdermal distribution in addition to local
drug delivery. It was suggested that an electrospun poly (vinylpyrrolidone)
(PVP) matrix laden with an anthrax antigen can be employed for transder-
mal inoculation [79]. An investigative cell assay with liquefied PVP matrices
comprising the antigen displayed the rejected antigen functionality after
the electrospinning methods; however, the efficacy of the projected vaccina-
tion path has to be yet established. Transdermal delivery of meloxicam from
electrospun fibers through snake skin was verified. It was believed that the
matrix may bear potential for an upcoming application as curing of anti-
inflammatory type rheumatic diseases, to avoid the first-pass metabolism,
to maintain the constant level of blood circulation for extended time, and to
improve the patient compliance. Characteristics such as higher surface area,
degree of swelling, porosity, and weight loss of the drug loaded PVA fibrous
matrices as compared to films caused higher skin permeation of meloxicam.
Moreover, the increased mechanical elasticity of PVA fibrous matrices in
view of an application as transdermal patch further donated to the superior
properties of drug loaded fibrous matrices over films [80].

Furthermore, electrospun fibers have also been extensively used in implant-
able drug delivery process, especially in anticancer studies. Therefore, elec-
trospun fibers are used during the treatment of the cancer cells as carriers of
anticancer drugs or nucleic acids; accordingly, the loading drugs or nucleic
acids are discharged from the fiber matrices into the culture medium and
impact the growth of cancer cells [81,82]. Although there are large varia-
tions between the lab-based experimental studies and the practical cancer
remedies in a clinic, the drug-loaded nanofibers are helpful to screen and to
preevaluate the drugs before going to lab test experiments or as a platform
to explore the physiological appearances of growth cells [27]. Antitumor
implants effectively confirm the drug concentration is at a relatively high
level near the tumor tissues and decrease the spreading of the drug in sur-
rounding normal tissues, thereby dropping side effects when compared
with systemic administration such as intravenous injection [83]. Moreover,
implants reduction of the drug management time has occurred, which
reduces the discomfort felt by patients [84]. Therefore, electrospun drug-
loaded fibers deliver the local drug agent due to the significant control of the
release of drug and are simple to reduce in vivo.
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Numerous studies regarding electrospun drug-loaded fibers as antitumor
implants have been reported [85]. The antitumor efficiency of the implants
was estimated mainly according to the tumor size or weight changes and
the histological analysis after the therapy, while animal body weight as well
as survival rate was always studied to estimate the safety of the implants.
As seen in Figure 7.7d, an implantable developed active-targeting micelle-
in-nanofiber device where the Dox-loaded active-targeting micelles were
enclosed in the core poly vinyl alcohol (PVA) of the core-shell polymeric
nanofibers, and the outer shell layer contains the cross-linked gelatin [86].
The authors implanted the system subcutaneously into murine breast cancer
cell near solid tumors to verify the effect of drugs on tumor cells. From this
study, the significant effects of the implantable nanofiber device groups found
perfect comparable tumor growth suppression compared with the intrave-
nously transported Dox formulations (free Dox and Dox-loaded micelles),
though the intravenously carried Dox formulations were vaccinated 4 times
and the nanofiber devices were entrenched only once [27].

For further assessment, the intravenously distributed Dox formulations
were also injected only once to murine breast cancer cell at an equivalent Dox
dose in the beginning of the process, and it is observed that after 21 days, the
mean tumor volumes of all the intravenously transported Dox formulations
groups were approximately 1000 mm?, which were higher than the nanofi-
ber groups (less than 500 mm?), signifying that under the same dosage of
Dox, implantable nanofiber groups performed much improved antitumor
effect than the once-injection of free Dox or Dox-loaded micelles groups [27].
Additionally, the body weight of mice in the nanofiber devices groups was
invariant and even had a slight raise compared with the control groups, such
as saline grouper blank-nanofiber materials, and a relative higher survival
rate over 33% after 42 days of treatment was observed for the mice in the
active-targeting micelle-in-nanofiber device group, indicating this active-
targeting micelle-in-nanofiber device delivers a low toxicity to the body. An
orthotropic mice model of cervical/vaginal cancers was recognized to inject
the drug into the vaginal submucosa of female KM mice near the cervix [87].

Nevertheless, there was a severe deterioration in the body weight of mice
after injecting cisplatin drug indicating the average weight losses of 30.6%
(6 mg/kg) and 12.1% (2.5 mg/kg) on day 9, thus, half of the mice in group of
cisplatin/iv group (5 mg/kg) lived past 9 days. In comparison, only a weight
loss of 2.8% (5 mg/kg) was found for the mice of cisplatin/fiber group, and
all animals survived. Considering these results, the cisplatin-loaded fibers
were capable of favored partition of cisplatin in vaginal tract, reasonable
distribution in rectum, uterus and tumor, whereas a low concentration in
peripheral organs achieved a significant balance between the protection and
antitumor effectiveness compared to the injection of cisplatin. Moreover, an
injection of hepatoma H22 cells into Kunming mice was performed dermally
to generate the solid tumors and used hydroxycamp-tothecin (HCPT)-loaded
core-sheath PELA (HCPT/PELA) fibers as intra tumoral inserts against an
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H22 tumor system [88]. The authors found that the tumor sizes of different
groups raised after 14 days of treatment; the growth was higher for over
500% of saline group and empty PELA fibers group than about 420% of free
HCPT group. The growth was minimum for the 256% HCPT/PELA fibers
group, resulting in better tumor suppression for HCPT/PELA fibers, which
may be owed to the sustained discharge of HCPT from fibers can continuous
hinder the tumor growth.

A Lewis lung cancer model subcutaneously in the backs of C57BL/6 female
mice was established successfully [89]. Therefore, when the tumors stretched
up to 300 mm?, the tumors were removed and threated the mice for stop-
ping the local cancer reappearance in the different pathway, such as using
a cisplatin-loaded super hydrophobic electrospun polycaprolactone/poly
(glycerol monostearate-co-caprolactone) (PCL/PGC-C18) nanofiber mesh
(13.2 mg/kg equivalent dose) implanted at their section site, and the implan-
tation of an unloaded super hydrophobic mesh is also an important path-
way, and another implantation of an unloaded super hydrophobic mesh and
intraperitoneal (i.p.) cisplatin (2 doses x 6.6 mg/kg); or (4) only i.p. cisplatin
2 doses x 6.6 mg/kg process. Subsequently, the treatment is performed, the
resected control animals without chemotherapy were observed to develop
local reappearances within a median of 6 days, and both ways of 3 and 4
did not significantly increase median freedom from local return, whereas
the median freedom from local reappearance was expressively raised for
mice preserved with cisplatin-loaded meshes compared to i.p. cisplatin, with
median recurrence-free existence to over 23 days.

In another study, both the multi-walled carbon nanotubes and doxorubicin-
containing PLLA fiber mats were used in a recognized cervical cancer model
under the mouse’s armpit; then, since the carbon nanotubes were able to com-
petently produce thermo by absorbing near-infrared radiation (NIR), they
performed the NIR radiation photo thermal therapy combined with chemo-
therapy to successfully inhibit the growth of the tumor [90]. In addition to
anticancer studies, electrospun fibers have also been used as implantable
devices as a potential therapy during gout attacks, anti-viral and antibiot-
ics, and in the field of surgical treatments [27]. Lute Olin-loaded electrospun
PCL/gelatin composite fibrous mats were investigated and applied to the
gout sites of the New Zealand rabbits” knees [91]. The authors found that
these implantable devices improved acute gouty arthritis and may offer a
possible gout therapy for overcoming repeated attacks. The application of
electrospun fibers in vaginal anti-HIV drug delivery was revised [92]. Based
on the authors’ opinions, drug-eluting fibers can be designed to attain mul-
tiple design limitations in a single product for topical HIV inhibition, due
to the significant effect to deliver miscellaneous agents and enable the con-
trolled discharged for precoitally and sustained (coitally independent) utili-
zation, and this matrix is technically possible for the continuous scaling-up.
Challenges of using electrospun fibers are present, like issues connected
to vehicle arrangement, dispersion and retaining the vaginal vault, the
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unknown safety and toxicity of the communication of the fibers with the
mucosal environment, and problems in precisely controlled discharge of
multiple drugs from a single electrospun fiber matrix [27].

7.1.2.4 Nucleic Acid Delivery

Recently, the application of electrospun scaffolds for nucleic acid delivery
has received increasing attention. An initial attempt used condensed plas-
midDNA that was captured with poly(lactide)-b-poly(ethylene glycol)-b-
poly(lactide) and combined with electrospun PLGA fibers [93,94]. Defense
and regulated discharge of DNA from the fibrous framework over one week
was attained where transfection levels were low (<1%) when scaffolds were
absorbed into the cell culture dish with a rising monolayer of cells, and the
transfection effectiveness was improved if cells were plated on the supports.
This improvement in efficacy was attributed to an increased local concentra-
tion of DNA and the direct adhesion of cells to the fibers releasing DNA.

As known from various studies on delivery systems for nucleic acids, effi-
cient transfection of cells involves several steps, such as endosomal release,
cellular uptake, and translocation into the nucleus [95]. Preferably, a delivery
system should be arranged to defeat these barriers, for instance, by cell spe-
cific uptake, intrinsic endosomolytic activity, and intra cellular discharge of
the cargo. It is also mentioned that chitosan is one of the common biopoly-
mers that have been studied during the transfection of DNA or siRNA for
the fulfilling of some of these requirements [96,97]. Therefore, it is not unex-
pected that DNA/chitosan complexes were assimilated into electrospun
matrices to deliver the therapeutic genes to the targeted cells to grow on such
frameworks. Various composed supports such as PLGA/HA fiber covered
with naked DNA, PLGA/HA fibers treated with chitosan/DNA complexes,
and chitosan/DNA complexes captured in the composite fibers were studied
previously [98,99]. The duration of DNA release was faster for encapsulated
chitosan/DNA complexes than the chitosan/DNA complexes on the surface
and naked DNA on surface. After for up to 2 months, the scaffolds with
captured chitosan/DNA complexes sustained the release of DNA. The cyto-
toxicity of the different used scaffolds varied significantly and the chitosan/
DNA coated scaffolds produced the highest toxicity. Then, after 3 days of
cultivation, the highest transfection efficiency was obtained using chitosan/
DNA coated scaffolds following encapsulated chitosan/DNA scaffolds [99].

In another study, the established systems were studied in vivo to
treat tibia defects in mice. Amazingly, the scaffolds coated with naked
DNA performed best during the first 14 days, while scaffolds coated
with chitosan/DNA complexes performed best when mice were exam-
ined after 28 days. Therefore, the conceptual advantages of encapsulated
complexes couldn’t be translated into practice in this model, possibly
because of relatively fast self-healing of tibia defects in mice [98]. Core—
shell nanofibers with DNA located in the polyethylene glycol (PEG) core
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and a poly(ethylene imine)-hyaluronic acid delivery vector combined
with PCL forming the shell were carefully studied to evaluate treating
parameters using a fractional factorial design [100]. The transfection effi-
ciency and kinetics of drug release could be extended by varying oper-
ating parametric conditions and most of the frameworks prolonged the
discharge of DNA over a period of 2 months. Moreover, DNA encapsula-
tion can also be achieved with the help of layer-by-layer covering of PLLA
fibers with PEI and DNA [101]. In this case, transgene expression could be
regulated after changing the DNA concentration of the coating solution
or the number of deposition layers on the fiber active surface. However,
it is reported that the transgene appearance raised up to 120 h of culti-
vation time. Layer-by-layer coating is rather appropriate to attain a high
initial release of drag reagents and may be judiciously combined with the
release of DNA /polycation complexes on the fibers significantly. Moreover,
the encapsulation of naked siRNA into PCL or PEG-PCL fibers was also
reported [102]. Therefore, using PCL as scaffold material release from the
fibers was insignificant with pure PCL and raised with rising proportion of
PEG. Actually, siRNA was well secured by encapsulation and continuously
released during 4 weeks, though released siRNA required to transfect cells
seeded on the scaffold with high efficiency, whereas remediation occurs
using transfection reagent. Furthermore, an upgraded scaffold facilitated
siRNA transfection was made up using electrospinning method and blend
of complexes comprising of a transfection reagent, siRNA and a copolymer
of caprolactone and ethyl ethylene phosphate, and protection of siRNA and
release over approximately 4 weeks was achieved [103].

7.1.3 Tissue Engineering and Regenerative Medicine

Tissue engineering is a multidisciplinary area that conglomerates both the
areas of engineering and life sciences to develop the biological alternatives
and also for renovation, conservation, or development of tissue function.
Biomaterials research is known as an emerging engineering area that shows
an essential role in tissue engineering by serving as matrices for cellular in
growth, propagation, and new tissue formation in three-dimensions. When
associated to other fiber forming processes, such as self-assembly and phase
separation processes, electrospinning delivers a simpler and more efficient
incomes to produce fibrous scaffolds with an interconnected pore structure
and fiber diameters in the submicron range. Nanotechnology and nanoengi-
neering are effective for the design, preparation, characterization, and appli-
cations of nanoscale devices, which consist of functional organizations with
at least one dimension in the range from several to hundreds of nanometers.
Currently, the synergy between nanoscience and tissue engineering has led
to great developments in biomedical research as well as clinical practices,
including the realms of bone and cartilage regeneration, blood vessel tissue
engineering, wound dressing, etc. [104-106].
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Probably because of the high surface/volume ratio of nanofibers that
mimic an extracellular matrix structure, different types of cells, including
mesenchymal stem cells, embryonic stem cells, keratinocytes, and hepa-
tocytes, cultivated on nanofibrous meshes showed superior viability com-
pared to other tissue engineering materials [107]. Therefore, Galactosylated
moieties were immobilized onto the surfaces of highly porous nanofibers
for in vitro culture systems of rat hepatocytes [108]. Acrylic acid was photo-
irradiated on polymeric nanofibrous meshes and carboxylic acid groups
were subsequently employed to conjugate galactopyranoside. This galac-
tosylated scaffold composed of poly(e-caprolactone-co-ethyl ethylene phos-
phate) (PCLEEP) promoted cellular functions of rat hepatocytes when the
hepatocytes were cultivated into spheroid-like aggregates. Electrospun PCL
nanofibers were surface-modified with calcium phosphate [109], where the
nanofibers strongly enhanced osteoblastic differentiation and proliferation
for a prolonged period of cell culture was observed. Therefore, the calcium
phosphate layers on nanofibers displayed similar characteristics of human
bones, suggesting potential application in bone tissue engineering. In
another study, hematopoietic stem cells were cultivated on the nanofibers
surface-modified with hydroxyl, carboxyl, and amino groups [110]. From
this study, the authors have found that aminated nanofibers most effectively
promoted expansion of stem cells and progenitor cells including CD34(+)
and CD45(+). Moreover, electrospun polymeric nanofibrous meshes were
prepared in two different ways: randomly distributed and aligned. These
aligned and randomly distributed nanofibers were subsequently modified
with collagen on the surface. Then, human coronary artery endothelial cells
proliferated in the same direction as that of the aligned surface-modified
nanofibers. Also, the endothelial cells on the nanofibers exhibited high reten-
tion of their original phenol types regardless of the degree of alignment. In
a separate report, human mesenchymal stem cells were also cultivated on
nanofibrous scaffolds for subcutaneous implantation of reconstructive sur-
gery [111]. In this case, the stem cells were differentiated into chondrocytes
on the nanofibrous mesh in bioreactors for efficient proliferation. Therefore,
it has been confirmed that high expressions of collagen type 2 and aggrecan
were attained after 42 days of in vitro cultivation. Moreover, cell adhesion
proteins were also conjugated to electrospun nanofibers for cultivation of
epithelial cells [112]. Fibronectin, another cell adhesive molecule, was grafted
on the fibrous meshes composed of PLLC by glutaldehyde crosslinking. The
morphology of the surface-modified nanofibers was the same compared to
that of the unmodified ones. They also tested mechanical properties of the
nanofibers, which showed a minor decrease in the strain strength after poly-
ester aminolysis. Porcine esophageal epithelial cells cultivated on the nanofi-
bers showed enhanced proliferation, which was confirmed by SEM, immune
histology, and protein analysis. Collagen was also employed for enhancing
attachments and proliferation of stem cells [113]. Chemically immobilized
collagen on nanofibrous meshes strongly promoted cell growth rates as well



314 Polymeric Membrane Synthesis, Modification, and Applications

as differentiation of neural stem cells in a dose-dependent manner. This was
attributed to increase in the attachment and preserved viability of cultivated
stems cells on the collagen nanofibrous meshes. Human mesenchymal stem
cells were cultivated in electrospun nanofibrous mesh composed of biode-
gradable polymer, PLGA beads, and PLLA [114]. Presently, many approaches
toward tissue engineering applications have been limited to in vitro studies,
and only a few studies were performed for in vivo application because cells
could not be loaded within the nanofibrous meshes in a large quantity. This
limitation can be overcome by employing multilayered nanofibrous scaffolds,
where layers of cells are proliferated in between the layers of mesh. Therefore,
the cell layers can proliferate and differentiate according to the microenvi-
ronment of surface-functionalized nanofibrous membranes. Numerous
techniques to fabricate 3D nanofibrous scaffolds have been attempted for
in vivo tissue engineering applications. As seen in Figure 7.8, electrospun
nanofibers for drug and gene delivery application have been used for tissue
engineering to improve therapeutic efficacy. Moreover, the fibrous surface
structure shows strong adhesiveness to mucous layers because their nano-
porous structures instantly absorb moisture at mucous layers through nano-
void volumes [115,116]. The superior adhesiveness toward biological surfaces
allows nanofibers to be an ideal candidate for topical drug delivery devices.

Today, electrospun fibers are also extensively used as scaffolds in the field
of tissue engineering due to inherent structural topographies. Because of the
large active surface areas, complex fibrous interfacial topological configu-
ration, ease of functionalization, and significant and controlled mechanical
properties, continuous thin fibers made by electrospinning have the capabil-
ity to mimic the extracellular matrices (ECM) and may be a perfect technique
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Tissue engineering application is often combined with drug delivery strategy. (Reprinted from
Advanced Drug Delivery Reviews, 61(12), Yoo, H.S. et al., Surface-functionalized electrospun
nanofibers for tissue engineering and drug delivery, pp. 1033-1042, Copyright 2009, with per-
mission from Elsevier.)
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(a) Nustration of typical examples of tissues in the human body whose regeneration would benefit
from the use the anisotropic structured electrospun nanofiber scaffolds; (b) electrospun nanofiber
scaffold for skin regeneration; (c) tubular electrospun fibers for artificial blood vessels; (d) nano-
fibers for muscle tissue engineering; (e) nanofibers for outgrowth of neurite; (f) nanofibers for
repair of rat calvarial defect; (g) nanofibers for tendon regeneration; (h) radially aligned electros-
pun nanofibers as dural substitutes for wound healing; (i) electrospun fibers for engineering ear-
shaped cartilage; (j) nanofibers for repair of retinal. (Reprinted from Progress in Polymer Science,
Yang, G. et al., From nano to micro to macro: Electrospun hierarchically structured polymeric
fibers for biomedical applications, 81: pp. 80-113, Copyright 2018, with permission from Elsevier.)

to fabricate the tissue engineering (TE) scaffolds [117,118]. Therefore, various
electrospun fibrous scaffolds that mimic native extracellular matrices should
be applied in accordance with the natural organization of cells, including the
use of random, aligned, and 3-D structural fibers to adapt to the demands
of tissue repair [27]. In Figure 79a, typical examples of tissues in the human
body whose regeneration would benefit from the use of anisotropic struc-
tured electrospun nanofiber scaffolds are summarized [119].

7.1.3.1 Scaffolds for Tissue Engineering

Electrospinning technique has been used increasingly to create nanofibrous
scaffolds for tissue engineering as there are reports that these scaffolds posi-
tively promote cell-matrix and cell-cell interactions with the cells having
a normal phenotypic shape and gene expression [120,121]. Biodegradable
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scaffold is commonly considered as an essential element as these are used
as temporary templates for cell seeding, invasion, proliferation, and differ-
entiation prior to the regeneration of biologically functional tissue or natural
extracellular matrix (ECM). Therefore, the diameter of electrospun fibers is
of similar magnitude as that of fibrils in extracellular matrix (ECM) where
it mimics the natural tissue environment and has demonstrated efficiency
as a substrate for cell growth [122]. Furthermore, natural polymers are often
used for fabricating nanofibrous scaffolds due to their improved biocompat-
ibility and bio-functional patterns such as collagen, silk protein, alginate,
hyaluronic acid, chitosan, fibrinogen, starch, and others. Moreover, blending
the natural polymers with synthetic polymers can improve the overall cyto-
compeatibility of the scaffold [123-126].

Different polymeric nanofibers have been considered for use as scaffolds
for engineering tissues such as dermal tissue engineering [127], cartilages
[120,128,129], bones [130,131], nerves [132], arterial blood vessels [133], heart
[134], etc. Because of their high porosity, that is, greater than 90%, their high
surface area allows higher cellular attachment; and also due to the presence
of multiple focal adhesion points, electrospun PLGA fiber mats are consid-
ered as ideal for tissue engineering scaffolds. These electrospun fiber mats
support proliferation and growth of different cell types, for instance, mouse
fibroblasts adhere and spread well on PLGA nanofibers according to fiber
location [120,121]. Silk fibroin fiber scaffolds having bone morphogenetic
factor 2 (BMP-2) and/or nanoparticles of hydroxypetite (nHAP) fabricated
using electrospinning have been used to form in vitro bone from the mes-
enchymal stem cells (hMSCs) found in human bone marrow. Therefore, it
was suggested that nanofibrous scaffolds of silk fibroin serve as ideal candi-
dates for bone tissue engineering [135]. Because of their ability to differenti-
ate into multiple cell lineages, an increase in the incorporation of marrow
stromal cells (MSC) into cartilage and bone tissue engineering strategies was
observed, and it was also reported that electrospun PCL scaffolds support
the proliferation, attachment, and differentiation of MSCs into adipogenic,
chondrogenic, or osteogenic lineages based on the culture media selected.

The cell biocompatibility of electrospun fibrous scaffolds with MSCs has
been demonstrated by using PLGA electrospun nanofibrous scaffolds and
B.mori silkworm silk fibroin/PEO composite electrospun scaffolds in two
separate studies through the evaluation of the attachment and proliferation
of MSCs in the scaffolds [120,130,136,137]. The initial anticipation about the
use of nanofibrous matrix for tissue engineering applications is declining
due to the fact that low pore size of the mat hinders cell infiltration inside
the electrospun matrix, leading to almost two-dimensional tissues that
eventually fail to simulate the physiological 3D tissue microenvironment.
Therefore, a variety of attempts are being made to enhance the porosity level
and improve cell infiltration. To get large pore size and high porosity it is
suggested that a novel technique of electrospinning silk fibroin using differ-
ent collecting parts and where the nanofibers were dropped directly on the
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coagulation bath containing methanol below the spinneret [138]. Wet spin-
ning has also been suggested to improve the porosity and cellular migration
[139]. Currently, novel wet electrospinning technique is used for preparation
of sponge form nanofiber 3-dimensional fabric with controlled fiber density
[140]. Therefore, the authors have used a combination of both wet spinning
and electrospinning system for control of nanofiber fabric. Poly (glycolic
acid) is used as polymer and the solvents used in wet spinning are pure
water, 50% tertiary-butyl alcohol (t-BuOH), 99% t-BuOH. It is confirmed that
the surface tension of the solvents influences the fiber density considerably.

7.1.3.2 Wound Dressing

For wound healing, an ideal dressing needs to have certain properties
such as efficiency as bacterial barrier, haemostatic ability, absorption abil-
ity of excess exudates (wound fluid/pus), adequate gaseous exchange ability,
appropriate water vapor transmission rate, ability to conform to the contour
of the wound area, functional adhesion, that is, adherent to healthy tissue
but non-adherent to wound tissue, painless to patient and ease of removal,
and finally low cost [26]. Present efforts employing polymer nanofibrous
membranes as medical dressing are still beginning; nonetheless, electros-
pun materials meet most of the requirements outlined for wound-healing
polymer devices due to their nanofibrous and microfibrous structures pro-
viding the nonwoven textile with desirable characteristics [141-144].

The three layers, namely, the dermis, epidermis, and the hypodermis, are
important layers to make human skin (the largest organ of the human body)
immunologic, protective, thermoregulatory sensual, and they behave as a
barrier with protective, immunologic, thermoregulatory, and sensory func-
tions [145]. Conventional skin replacements such as auto grafts, allografts,
and xenografts have been used for skin revival. However, the gold standard
of skin rehabilitations is auto grafts due to the protection from the rejection,
limited availability, donor site morbidity risk factor, and formation of scar
function indicating the safer alternatives [146,147]. Allografts and xeno grafts
are more accessible substitutes but transmit the threat of disease conduction
and immunological rejection [147-149]. Recently, studies have been found
on the development of the regeneration of the facilitating skin as a bioengi-
neered substitute of promising therapeutic alternative. It can help during the
acute and chronic wounds treatment or burns as wound healing.

There are various scaffold types such as films, sponges, and micro- and
nanofibers fabricated by natural and synthetic polymers [150]. It is obvious
that the high specific surface area of nanofibers signifies the enhancement of
fluid absorption, delivery of dermal drug, and absorption of functional pro-
teins such as albumin and fibronectin successfully, as well as surface lam-
inin [151]. Furthermore, the high porosity of these electrospun nanofibrous
scaffolds enables the exchanges of oxygen, water, and nutrient as well as the
elimination of metabolic waste. In addition, the small-sized pores restrain
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the penetration of harmful microorganisms [152]. As seen from Figure 7.9b,
freeze-dried and electrospun collagen scaffolds were compared as skin sub-
stitutes and indicated that the electrospun scaffold skin substitutes influenced
optimal cellular organization, potentially decreasing wound shrinkage [153].

The coaxial electrospinning experiment was performed to make separately
collagen-coated PCL nanofibers such as collagen-r-PCL in the form of a core-
shell structure resulting in the linear increment of the density of human der-
mal fibroblasts on the core-shell nanofiber membrane up to 19.5% within
2 days, 22.9% in 4 days, and 31.8% in 6 days as compared to PCL nanofi-
bers [154]. A system in which collagenase was stored inside PEO electrospun
nanofibers was developed and released on hydration [155]. Through a series
of in vitro and in vivo surveys, their results show that the partial ingestion of
the wound boundary improved wound reparation by making a more obedi-
ent and porous microenvironment that accelerated cell immigration toward
production at the wound margin. A three-dimensional fibrous framework
was also prepared for enhanced vascularization using a photo cross-linkable
natural hydrogel based on gelatin methacryloyl (GelMA) using electrospin-
ning technology [156]. Therefore, the authors found the fibrous membranes
using ultraviolet (UV) photo cross-linkable gelatin electrospun hydrogel,
owning soft adaptable mechanical properties and controllable dilapida-
tion properties. These fibrous membranes can support the endothelial cells
and dermal fibroblasts bond, proliferation, and migration into the supports,
which further enables for vascularization. The skin flap survival rate of a rat
model was advanced above the other control group after the implementation
of the fibrous scaffolds below the skin flap. More microvascular formation
was detected, which was possibly cooperative for the flap tissue vasculariza-
tion. It is also found that the morphology of an electrospun fiber mat impacts
the development of seeded fibroblasts.

Furthermore, the arrangement of the fibers may control cell alignment and
support the contact between the cell body and the fibers in a longitudinal
way [157,158]. Moreover, novel sandwich-type frameworks were prepared as
micro skin grafts to use in skin revival containing outward aligned nanofi-
bers as the bottom layer, nanofiber membranes with square arrayed micro
wells and nanostructured prompts as the top layer, and in the middle posi-
tion, micro skin tissues were present [159]. Therefore, the micro skin tissues
were inadequate in the square arrayed wells and instantaneously directed by
the nano topographic cues, enabling the in vitro immigration of the cultured
NIH 3T3 fibroblasts and prime rat skin cells. The distribution of the micro
skin grafts was obtained in the sandwich-type transplants and the “take”
rate of the micro skin tissues was improved, promoting re-epithelialization
on the wound. Additionally, the exudate drainage from the wound was
promoted from the void regions in the scaffolds. Assembly of electrospun
three-dimensional fibrous with an irregular inner structure and engineered
surfaces was reported to heal the wound, with thickness of 3.7 + 0.1 mm and
fibrous-based micro-sized conical extensions whose length and width were
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1000 + 300 m and 3800 + 80 m, respectively, at the top side of the fibers, with
an average peak density of 73 peaks per cm? while keeping a nonwoven
mesh bottom [160]. Therefore, when the three-dimensional hypothesis was
used as wound dressing, it actively supported wound healing (90 + 0.5% of
wound closure within 48 h).

Electrospun fibers can also perform as supporting material for wound
dressing. For instance, a novel dissolving microneedle (DMN) delivery
scheme on an electrospun pillar array (DEPA) was invented, where it was
capable to rapidly graft the DMNs into the skin. Then the separation of the
DMN:s from the fibrous sheet was noticed to be dependent on both the pillar
height and the properties of the fibrous sheet [161]. A cell-on-a-chip model
with electrospun fibers was processed to simulate a cutaneous wound in
vitro and screened the performance of several electrospun fibers as wound
dressings. This electrospun screening process is predicted to change the path
that researchers screen the candidates during the wound dressings [162].

Moreover, wound-healing properties of mats of electrospun type I collagen
fibers have been investigated on wounds in mice, and the authors found that
healing of the wounds was better with the nanofiber mats than with conven-
tional wound care, especially in the early stages of the healing process [129].
Furthermore, nonwoven antibacterial poly (vinyl alcohol) (PVA) membranes
are prepared by electrospinning of PVA aqueous solution with addition of
Ag* loaded zirconium phosphate nanoparticles for potential application in
wound healing materials [171]. Therefore, the antimicrobial tests showed the
effectiveness of nanoparticles containing nanofibers against tested strains.
Recently, fibrous poly (L-lactide) (PLLA) and bio component PLLA /poly (eth-
ylene glycol) mats have also been prepared by electrospinning and coated
with chitosan and confirmed that with the increase of chitosan content, the
hemostatic activity of the mats was observed to increase [172].

A various range of natural and synthetic polymers, namely, polyurethane
(PU), PLA, PCL, PLGA, polyvinyl alcohol, dextran, chitin, chitosan, cellulose
acetate, gelatin, and collagen, was investigated as applicants to make dress-
ing materials, where anti-inflammatory drugs and tissue growth agents, the
bioactive agents were also merged in the polymeric nanofibers to control the
drug delivery [106,173-177].

A guinea pig wound model was demonstrated using electrospun PU
matrices, and it was confirmed as a suitable wound dressing material that
providing raised rates of epithelialization [144]. In addition to wound cover-
age, the porous property of nanofibrous scaffolds support to enable wound
healing by acting as a barrier for bacteria. It can absorb the wound exudates,
and a moist environment can be provided, allow gas exchange that permits
informal removal off the wound [178]. Moreover, loading wound dressings
with drugs may further help an efficient wound healing process. Therefore,
several wound dressings with drug delivery functionality are demonstrated
starting from hydrocolloids and hydrogels up to electrospun nonwoven
[179]. It is worth mention that electrospun scaffolds are suitable as wound
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dressings due to the large active surface area, nanofibrous structure, and
amendable porosity [180].

7.1.3.3 Vascular Tissue Engineering

The major categories of the vascular tissue engineering preparation tech-
niques are mainly flat fiber membranes scattered with endothelial cells or
even muscle cells for a convinced time followed by the rolling technique into
the vessels [181,182], then as spun micro-/nanofiber tubes utilized straight
to the culture cells to make blood vessels [183-186] and as spun micro-/
nanofiber tubular frameworks surrounded in vivo and performed to prompt
the cells from experimental animals to migrate into the frameworks to
finally attain vascular tissue [163,187]. Three-dimensional fibrous tubes
composed of ultrafine electrospun fibers were prepared with an innovative
static method and combined macro tubes were arranged directly [188]. A
multilayer vascular graft based on collagen-mimetic proteins was also devel-
oped [186]. Therefore, the electrospun polyurethane tubular mesh was used
to reinforce the tubular PEG-ScI2 hydrogel to develop the tubular hydrogel
to attain suitable biomechanical properties. PEG-Scl2 hydrogel, which was
skilled to bind the endothelial cells (ECs) and resist platelet linkage, was pre-
pared with the help of conjugated collagen-mimetic protein derived from
group A streptococcus, Scl2.28 (Scl2), into a PEG hydrogel [27].

Moreover, the minimal platelet interactions were observed for the pre-
pared multilayer vascular scaffold and can support the migration of ECs.
Furthermore, a bilayered tubular scaffold with an inner layer composed of
small diameter fibers and an outer layer composed of large diameter fibers
was fabricated, and the results confirmed that the bilayer scaffold allowed
both EC adhesion on the lumen and SMC infiltration into the outer layer
[183]. In addition, collective electrospinning and spin-casting approaches
were employed to design the luminal surface of small-diameter polyure-
thane (PU) grafts with microfibers and microgrooves [185]. It is also reported
that the microgrooves guided endothelial cell alignment alongside the axis
of the blood vessel. Then, the tracks of the circumferentially leaning micro-
fibers were fabricated using electrospinning polyurethane (PU) onto a
mandrel rotated at high-speed velocity, while the longitudinal tracks of the
microgrooves were generated using spin-casting polyurethane (PU) over a
rotating poly (dimethylsiloxane) (PDMS) mold. The authors confirmed that
the endothelial cells scattered onto the grafts developed merging mono-
layers with individual cells showing an elongated morphology parallel to
the micro patterns. As-spun micro-/nanofiber tubular scaffolds were also
able to induce cells to migrate into the scaffolds after in vivo implantation
by replacing rat abdominal aorta. As revealed in Figure 79c, rat abdomi-
nal aorta was replaced with macroporous electrospun PCL vascular scaf-
fold with thicker fibers about to 5-6 um and larger pores approximately
30 pum [163]. After 100 days’ experimentation, the authors noticed that the
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completed structure of the endothelium coverage was generated and the
similar smooth muscle layer structured with abundant ECM is found to
those in the native arteries. Analysis of the cellularization process exposed
that a large number of M2 macrophages were prompted by the thicker-fiber
scaffolds to penetrate into the graft wall, which further reinforced cellular
penetration and vascularization.

Today, vascular tissue engineering is used to substitute the large-scale
blood vessels with diameters greater than 6 mm, where the process would
prompt microvasculature or neovascularization procedures inside or near
the entrenched scaffolds. Therefore, to attain good blood vessel regeneration,
several vascular tissue scaffolds, comprising nanoscale porous membranes
and mainly electrospun polymeric nanofibrous frameworks, have been con-
sidered and prepared to make various types of blood vessels. As seen from
Figure 710, during the fabrication of these scaffolds some considerations that
should be taken include the following: they should maintain endothelial
coverage to control the diverse physiological signals; they also should show
suitable mechanical strength and elasticity; and the remodeling of blood ves-
sel should be able to respond stimulatory cues [189].

In recent decades, significant efforts have been completed to make vascular
frameworks with nanoscale properties, targeting to replicate the ECMs archi-
tecture. ECMs contain nanofibers with diameters in the range of 5-500 nm,
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and compositions comprising elastins, collagens, and nanoscale adhesive
proteins (e.g., fibronectin and laminin) [190,191]. Therefore, the distinctive
engineered frameworks are three-dimensional concepts having porous
interwoven arrangements. In the literature it is stated that a nanostructured
polymeric scaffold with the dimension between 200 and 400 nm was pre-
pared to attain the excellent mechanical properties and steady tube-like net-
works for cell seeding [192]. Moreover, the integration of bioactive polymeric
nanoparticles into the fiber frameworks is a logical approach to improve the
regenerative capability of tissue engineering devices. Moreover, in blood ves-
sel regeneration, polymeric nanoparticles can be used for this purpose and
provide bioactive biomolecules such as growth factors, adhesion molecules,
extracellular matrices, signaling molecules, and tight junction proteins. These
molecules can penetrate into the microvasculature inside the tissue scaffolds,
cells, or cell nuclei and accelerate the regeneration process [189,193].

7.1.3.4 Muscle Tissue Engineering

Human muscle tissues, comprising smooth muscle, skeletal, and cardiac,
not only function as a train device but also provide the protein breakdown
products and keep the normal functioning of the organs [194-196]. Though
the muscle tissues have an intrinsic capability for regeneration following
injury, tumor ablation or heart disease, and severe trauma (e.g., volumetric
muscle loss) could overcome these natural muscle repair mechanisms. The
fiber arrangement is one of the most significant parameters for muscle tissue
engineering and ECM-like electrospun fibers are also appropriate for muscle
cell adhesion and proliferation [197]. Highly aligned scaffolds with unidi-
rectionally oriented fibers have been frequently demonstrated to recover
myoblast adherence, myotube generation, proliferation, and arrangement
of muscle cell when compared to scaffolds with randomly arranged fibers.
Furthermore, the porosity of a fibrous scaffold and the degree of cell infiltra-
tion influences the muscle cell growth. Water soluble polymers, for instance,
co-spun with PCL can be merely eliminated in the following scaffold prepa-
ration, ensuing in spaces that act as conduits for enhancing cell infiltration
[198]. As seen in Figure 7.9d, electrically conductive material was integrated
within associated electrospun PCL [199]. The PCL/polyaniline (PANi) and
polyurethane scaffolds were helped to develop the matrices leading to a
more operative electrical encouragement in the emerging cultures and fur-
ther developing myotube maturity.

The previously demonstrated factors such as substrate stiffness and
mechanical stimulation are used to impact skeletal muscle growth. Therefore,
elastomeric polyurethane scaffolds were developed using the optimum stiff-
ness process and repetitive mechanical strain during culturing the myo-
tubes controlled to the growth of more developed, striated myotubes than
with fiber alignment alone [200]. Moreover, the muscle tissue engineering,
mainly in the field of cardiac tissue engineering, has continuously advanced
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from two-dimensional culture process to three-dimensional culture sys-
tems that are more illustrative of living systems [201]. Other methods such as
microfluidics [202] and micro patterning [203] have been combined with elec-
trospinning method to prepare different and functional three-dimensional
frameworks for muscle tissue engineering. Therefore, a bottom-up method-
ology to assemble a modular tissue comprised of multiple tissue layers with
discrete structures and functions has been reported. In this study, one layer
was designed to support cardiac cells and promote their organization into a
contracting tissue. Therefore, microgrooves were created, on this layer hav-
ing ridge width of 120 + 2 m, width of 115 + 5 m, and height of 110 + 10 m, on
the thin albumin electrospun fiber layer by laser-patterning for mimicking
native anisotropy of the natural ECM and increasing the surface area of the
fibrous scaffold. Furthermore, micro holes with 40 + 0.8 m in diameter were
created on the edges of the fibrous layer to enhance the mass transfer among
different layers. Another layer allows the arrangement of endothelial cells
into blood vessels that were patterned with micro tunnels (450 m) to develop
a predefined vasculature, and cage-like structures between the micro tun-
nels to facilitate controlled release systems to constantly supply signals for
vascularization. Additionally, the third type of layers with cage-like struc-
tures comprise drug-loaded PLGA microparticles permitting the controlled
release of various bio factors such as DEX (an anti-inflammatory agent) influ-
encing the engineered tissue. Before transplantation, the tissue and micro
particulate layers were combined to form thick 3D cardiac patches by ECM-
based biological glue. Last, the patches were transplanted in rats and after
2 weeks, the authors found that patches without the vascular endothelial
growth factor (VEGF) stayed white, whereas the VEGF-loaded patches were
occupied with blood vessels. Moreover, histological study and immunos-
taining the extracts for smooth muscle cells further revealed the capacity of
the VEGF micro particulate layer to develop blood vessel penetration into
the cardiac patch [204].

7.1.3.5 Neural Tissue Engineering

The feasibility of using electrospun fibrous scaffolds as substrates for neu-
ral tissue engineering has been explored by several researchers. Therefore,
comparisons among substrates prepared from polymer films vs. electrospun
fibers have been examined both in vitro and in vivo to demonstrate the effec-
tiveness of these fibers in improving nerve regeneration [205]. Therefore, in
vitro, configurations of neurite cell consequence from the prime dorsal root
ganglia (DRG) seeded on a scaffold of electrospun nanofibers with several
order, arrangements, and surface properties were observed. As shown in
Figure 79e, neurite out growth happened radially without specific direc-
tionality on randomly oriented nanofibers, whereas the cells differently
stretched beside the longitudinal axis of the fiber on allied fibers [206,207]. In
vivo, axonal addition in the electrospun fibrous nerve channels and partial
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functional re-joining has been demonstrated [208,209]. Furthermore, the elec-
trospun fibers were also used to relocate and generate the human neurons
in the brain. A three-dimensional (3-D) micro topographic framework was
fabricated with the help of tunable electrospun microfibrous polymeric sub-
strates for neural network development, promising in situ stem cell neuronal
reprogramming, and supporting neuronal engraftment into the brain [210].
Therefore, the authors have found that the relocation of framework rein-
forced neuronal networks into mouse brain striatum efficiently improved
survival approximately, 38-fold at the injection site, as compared to injected
isolated cells, and allowed the supply of numerous neuronal subtypes.

7.1.3.6 Bone Tissue Engineering

Bone tissue engineering is an essential branch of tissue engineering where
its objective is to regenerate bone tissue by using cell-based growth enhance-
ments based on functional scaffolds. Furthermore, this technology is
frequently employed to renovate the skeleton function in the process of
orthopedic or oral-maxillo facial surgery [106]. Therefore, in bone regenera-
tion, electrospun nanofiber has been receiving considerable attention, which
has mainly been intended in identifying appropriate composition of materi-
als for electrospinning process [211]. Therefore, the nanofibrous substratum
could provide favorable environments for cell anchorage and development.
Though the applicability of electrospun nanofibers in bone regeneration and
tissue engineering is in the early stages, current research using electrospun
nanofibers with new structures intended for bone growth and some pro-
cessing tools for designing three-dimensional scaffolds have emphasized
the possible use of electrospun materials in bone tissue engineering [27].
Therefore, to broaden the application of electrospun nanofiber in bone tissue
engineering, several research groups have prepared different electrospun
nanofiber scaffolds to promote either in vivo or in vitro osteogenesis, such as
electrically conductive electrospun aligned PLA/MWCNTs nanofibers with
a synergistic combination of topographic cues and electrical stimulation for
osteoblast extension [212]; beaded nanofibers with surface nano roughness
for modulating and facilitating cellular behaviors [213,214]; a 3-D nano/micro
alternating multilayered scaffold loaded with rBMSCs and BMP-2 [215], and
nanoparticle-embedded electrospun nanofibers for the efficient repair of
critical sized rat calvarial defects, Figure 7.9f [166].

In another study, PCL scaffolds containing electrospun nanofibers in the
range of 20 nm to 5 mm dimension have been used to develop the supportive in
vitro diversity and mineralization of bone marrow—derived mesenchymal stem
cells (BM-MSCs) from rat [130]. The authors have reported the effectiveness of
the PCL scaffold with nanofiber diameter around 370 nm, where the scaffold
could enable both proliferation and adhesion of MSCs. Moreover, they create
higher levels of alkaline phosphatase activity, osteocalcin, mineralization, and
osteopontin productions. Furthermore, the scaffold was seeded with MSCs and



Polymeric Membranes for Biomedical and Biotechnology Applications 325

consequently implanted in the omenta of rat for 28 days [216], and the cells
were found to effectively differentiate and infiltrate into the frameworks [217].
In addition, nanofibers comprised of PEG, silk, hydroxy-apatite nanoparticles,
and bone morphogenetic protein 2(BMP-2) were prepared using electrospin-
ning to produce composite scaffolds. Therefore, the silk/PEG nanofibers were
found to be able to support the osteogenic differentiation of human MSCs
(hMSCs), where the presences of BMP-2 and hydroxyapatite nanoparticles
could considerably improve the bone generation in vitro [135]. Furthermore,
polymeric nanoparticles have been also employed for bone tissue engineering
where they are essentially to be entrapped and deliver bone morphogenetic
proteins, genetic resources, and biomolecules [218,219]. Though their use in
bone regeneration needs some specific considerations, polymersomes, poly-
meric micelles, nano gels, nano capsules, nanoparticles, and dendrimers are
all possible vehicles for controlled delivery. Generally, the solid, porous, or
hollow nanoparticles are appropriate for bone applications, where they can be
prepared using nano manipulation, self-assembly, photochemical patterning,
and bio-aggregation [220]. It is also reported that the scaffolds for bone tissue
engineering comprising bioactive polymeric nanoparticles can show numerous
advantages over conventional monolithic scaffolds such as enhanced control
over sustained delivery of therapeutic agents; acting as compartmentalized
micro reactors for dedicated biochemical processes; acting as porogen or rein-
forcement phase to introduce porosity and/or improve the mechanical prop-
erties of bulk scaffolds; imbedding injectable or moldable formulations to be
applied in minimally invasive surgery; and acting as cell delivery vehicles [221].

There are several other possible applications of electrospun fibers in tissue
engineering in addition to previously mentioned applications. For instance,
aligned PCL-PEG nanofibers in porous chitosan scaffolds were developed to
enhance the orientation of collagen fibers in regenerated periodontium [222].
As seen in Figure 79g, dextran glassy nanoparticles (DGNs) loaded with basic
fibroblast growth factor (bFGF) and encapsulated these nanoparticles into poly-
l-lactic acid (PLLA) copolymer fibers were prepared to protect the bioactivity of
bFGF in a repeated manner, accordingly promoting tendon healing and cell pro-
liferation both in vivo and in vitro [167]. The preparation of “aligned-to-random”
electrospun nanofiber scaffolds was also demonstrated that mimic the struc-
tural organization of collagen fibers at the tendon-to-bone insertion site [223].
Therefore, tendon fibroblasts cultured on such a scaffold displayed highly orga-
nized and randomly oriented morphologies on the random and aligned por-
tions, respectively. As seen in Figure 79h, the authors also fabricated scaffolds
based on radially aligned electrospun nanofibers, a high potential as artificial
dural substitutes were confirmed [168]. Furthermore, the fabricated scaffold was
also able to direct and improve the cell migration from the periphery to the cen-
ter and bring faster cellular migration and population than random nanofibers.
It is also found in this study that dural fibroblast cells, which cultured on the
scaffolds of radially aligned fibers, expressed extracellular matrix such as type I
collagen in a high degree of organization. As seen from Figure 7.9i, a successful
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use of electrospun gelatin/polycaprolactone fibrous membranes was confirmed
to build an ear-shaped cartilage. As seen in Figure 7.9j, electrospun fibrous scaf-
folds with 200 nm fiber topography enhanced retinal pigment epithelial culture
were developed and sub retinal biocompatibility was shown [170].

7.1.4 Other Applications in Medicine
7.1.4.1 Humoral Diagnosis of Cancer and Other Diseases

Electrospun fibers were developed to detect the tumor markers or circulat-
ing tumor cells (CTCs) in the blood cells. It also helps to identify the cancer
cells in other body fluids of a patient in early stage cancer [224]. Titanium
butoxide (TBT)/PVP composite fibers were subjected to electrospun onto a
silicon substrate and achieved titanium dioxide (TiO,) nanofibers using cal-
cination process and by eliminating organic components [225]. The nanofi-
ber materials were modified using a biotinylated anti-epithelial cell adhesion
molecule (anti-EpCAM) and lastly treated the colon cancer cells and gastric

A Microfibers Nanofibers Nanofibers/Microbeads

b 7 Biotinylated
anti-EpCAM
Chip holder
(top)
Streptavidin
Electrospun PLGA ?
nanofibers s | ‘ " _ |
0=C: 0
PPS LCD film ==b E z&‘ "
~
Glass substrate N 3
Chip holder (bottom)
PDMS chaotic mixer 2 um
FIGURE 7.11

(a) SEM images of captured CTCs by anti-EpCAM modified PS microfibers, PS nanofibers, and
nanofibers/microspheres composites; (b) combination of biotinylatedanti-EpCAM modified
PLGA nanofibers and microfluidics for capturing CTCs. (a. Ma, L. et al.: Trap Effect of Three-
Dimensional Fibers Network for High Efficient Cancer-Cell Capture. Advanced Healthcare Materials.
2015. 4(6). pp. 838-843. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with per-
mission; b. Zhao, L. et al.: High-Purity Prostate Circulating Tumor Cell Isolation by a Polymer
Nanofiber-Embedded Microchip for Whole Exome Sequencing. Advanced Materials. 2013. 25(21).
pp- 2897-2902. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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cancer cells using the fabricated device. As seen from Figure 7.11a, microfi-
bers, nanofibers, and combined nanofibers and microbeads composite mate-
rials were developed from PS using electrospinning technique, and next
anti-EpCAM was employed to update the fibers. Therefore, it was applied
to capture the human breast adenocarcinoma cell (MCF7) using these fibers
efficiently, where significant results were observed. However, the nanofibers/
microbeads composites showed the highest capture efficiency [226].

As seen from Figure 7.11b, biotinylated anti-EpCAM modified PLGA nano-
fibers were attached with a microfluidic technique and efficiently detected
and treated human breast cancer cells (SK-BR-3) in a PBS and in blood [227].
The authors used a confocal microscope laser to separate captured cells for
additional gene sequencing detection. Furthermore, they also used a bioti-
nylated anti-CD146 antibody-modified PLGA nanofiber mat combined with
a microfluidic device to effectively detect melanoma circulating tumor cells
[228]. Moreover, PEI-modified electrospun PLGA (PLAG-PEI-HA) nanofibers
were developed using covalently conjugated hyaluronic acid, and it integrated
the nanofibers into a microfluidic chamber [229]. Therefore, the PLGA-PEI-HA
nanofibers combined microfluidic platform was used successfully to capture
the HeLa, KB, A549, and MCEF-7 cells that are the different categories of the
CD44* carcinoma cells. Mostly, the HeL a cells were more proficiently captured
by the nanofibrous membrane (PLGA-PEI-HA) under flowing circumstances
than in static dish at a density of 20 cells mL-!. Finally, the captured HeLa cells
could grow on the nanofibrous membrane in the micro-chip for days with-
out compromised cell viability; the electrospun fibrous membranes have also
been employed, in addition to the detection of CTCs, for the detection of tumor
associated factors and genes, like the p53 gene [230] or the K-RAS gene [231].

7.1.4.2 Mimicking the Tumor Microenvironment

Tumor associated macrophages (TAMs) are critical stromal components
intimately involved with the progression, invasion, and metastasis of can-
cer cells. A malignant tumor is more than a single, mutated cell population
replicating without regard to the otherwise healthy tissue within which it
resides. Rather, the surrounding stroma maintains a dynamic relationship
with the tumor, through which it is intimately involved in cancer initiation,
growth, and progression [232]. Furthermore, cellular components of the
tumor stroma include fibroblasts, myofibro blasts, endothelial cells, peri-
cytes, macrophages, and a variety of inflammatory cells. Therefore, tumor
associated macrophages (TAMs) are a macrophage subset that drew early
interest due to histological observations of tumor infiltration. Macrophage
content in human tumors varies from 50-80%, with one study in breast can-
cer quantifying infiltration as 490 and 343 macrophages/mm? for medullary
carcinomas and ductal carcinomas, respectively [233]. Therefore, a detailed
study of tumor development and its growth environment benefits enhance
the management of drugs and the testing of new medicines.
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Numerous materials and techniques have been employed to mimic tumor
microenvironment and to develop in vitro tumor models [234]. A three-
dimensional development of microenvironment for tumor cells based on
electrospun PCL fibers was developed and a bioactive peptide derived from
domain IV of perlecan heparan sulfate proteoglycan [235]. This microenviron-
ment can preserve the relocation process of prostate cancer cells. Moreover,
electrospun PCL fibers with various molecular weights and mouse fibrosis
lung extract was used to develop a three-dimensional (3-D) microenviron-
ment fiber matrix. With the help of the fabricated matrix, the pathogenesis
of congenital pulmonary interstitial fibrosis was explored [236]. Ewing sar-
coma (ES) cells onto electrospun PCL 3-D scaffolds were cultured within a
flow perfusion bioreactor, and the flow-derived shear stress can provide a
physiologically related mechanical stimulation [237]. The authors found that
cells exposed to flow perfusion produced more insulin-like growth factor-1
(IGF1) ligand, displaying shear stress-dependent sensitivity to IGF-1 receptor
targeted drugs as compared with static environments. Moreover, the flow
perfusion increased nutrient supply throughout the scaffold, which enriched
ES culture over static conditions. Furthermore, aligned electrospun fibers
were employed to investigate breast cancer cells [238] and their invasion and
metastasis ability in vitro. As seen from Figure 7.12, attractively, the apopto-
sis of glioblastoma tumor induced by conduit built from electrospun aligned
fibers was thoroughly explored [239]. In their study, they have induced direc-
tional migration of tumor cells through the aligned fibers to a gel pool that
would prompt apoptosis of cancer cells. Moreover, as seen in Figure 7.12c, the
amount of tumor cells in the aligned nanofiber film conduits was the highest
after one week, and the corresponding internal glioma in the animal brain
was the smallest, which suggested that this conduit with aligned fibers could
promote the migration of glioma cells from the glioma tumor. The inventive
fibrous antitumor implants techniques are gaining attraction, and the anti-
tumor influence is noteworthy as a new way to recover cancer cells with the
help of electrospun fibers during treatment [27].

7.1.4.3 Enhancing Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a sophisticated technology to visual-
ize the interior structures of the body (i.e, muscle, brain, heart, and cancer
regions) by using radio waves and magnetic fields. Generally, this technol-
ogy provides greater contrasts between the different soft tissues of the body
when compared with other imaging techniques [106]. However, the intrinsic
contrast in some parts of the body is often inadequate for clear differentiation,
for example, detection of small tumors. Therefore, to overcome this difficulty,
it is recommended to use MRI contrast enhancing agents. Consequently, the
most frequently used MRI contrast agents are low molecular weight che-
lates of gadolinium (Gd3+) or iron oxide particles. Frequently, biocompatible
polymers such as polylysine, poly(l-glutamic acid)-cystamine, poly(ethylene
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4.5mm Tumour cells in empty conduit at 4.5 mm

FIGURE 7.12

(a) Representation of the tumor guide containing a nanofiber film inserted into a rat brain.
Three-dimensional view (left) and coronal view (right) of the brain and conduit; (b) digital
image of extracted brain containing a conduit from the top view; after 7 days” implantation,
() fluorescence images showing the presence of tumor cells throughout the cross-section of all
the conduits (empty, smooth film, and aligned nanofiber film) at distances 0.5 mm, 2.5 mm, and
4.5 mm, respectively, from the interface of the tumor in the brain, scale bar = 400 m; (d) fluores-
cence images showing the tumor core in the brain for the tumor control, the smooth film con-
duit, and the nanofiber film conduit. (Reprinted by permission from Macmillan Publishers Ltd.
Nature Materials, Jain, A. et al., Nature Materials, 13(3): pp. 308, 2014, copyright 2014.)
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glycol), dextran, and I-cystine bisamide copolymer have been employed for
the preparation of MRI contrast enhancing agents through conjugation with
low-molecular weight chelate agents [240]. Moreover, the use of biocompatible
polymers is reported where it is believed that it could increase the signal inten-
sity by 121% in damaged lungs and by 118% in pulmonary arteries of healthy
lungs [241]. Therefore, the biocompatible polymers in poly(l-lysine) (PLL) has
been also employed to modify the pharmacokinetic characteristics of the MRI
contrast agents. It was also reported that the usage of PEG-b-poly(l-lysine)
could considerably prolong the circulation time of gadolinium ion in blood.
Furthermore, a significant amount of biocompatible polymers, namely, PEG-
P(Lys-DOTA-Gd) micelles, was detected to collect in solid tumors after 24 h
intravenous injection due to the enhanced permeation retention (EPR) effect.
Consequently, the MRI signal intensity of the tumor was improved 2.0-fold by
the use of this polymeric micelle contrast agent [242]. A cancer-recognizable
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MRI contrast agent (CR-CAs) was also reported [243]. Therefore, the CR-CAs
had a spherical shape with a uniform size of ~40 nm at the physiological pH
(pH = 74) level. Under the acidic tumoral environment, pH = 6.5, the CR-CAs
disintegrated into positively charged water soluble polymers because of the
protonation of the imidazole groups of p(l-His) segments.

Consequently, as seen from Figure 713, the CR-CAs show highly effec-
tive T1 MR contrast improvement in the tumor region, which supported the
detection of small tumors of ~3 mm?3 in vivo at 1.5 T within a few minutes.
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FIGURE 7.13

(a) Schematic representation of the preparation of the cancer-recognizable MRI contrast agents
(CR-CAs); amphiphilic block copolymers (i.e.,, PEG-p(l-LA)-DTPA-Gd and PEG-p(l-His)) self-
assemble into micelles in an aqueous solution at pH 7.4. (b) Schematic representation of pH-
dependent structural transformation and related MR signal change in CR-CAs. Inset: Chemical
structural representation of the protonation of imidazole groups in PEG-p(1-His) at acidic pH.
(c) Schematic representation of the tumor-accumulation behavior of (1) conventional micelle-
based CAs and (2) CR-CAs. (Reprinted from Progress in Polymer Science, 60, Tang, Z. et al,,
Polymeric nanostructured materials for biomedical applications, pp. 86-128, Copyright 2016,
with permission from Elsevier.)
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7.1.5 Summary

The electrospun fibers have been developed in the field of drug delivery, tis-
sue engineering technology, disease diagnostics, and many other applications.
Defined and planned drug discharge profiles can be attained as a result of the
well-defined multilevel assembly of the fibers. The polymer fibers are perfect
during the tissue engineering frameworks due to the fine nanofibrous struc-
ture resulting in a high active surface to volume ratio and capable of simulat-
ing the ECM of alive cells. Highly refined electrospinning methods need to be
developed in accordance with the requirements of biomedical applications. For
instance, for drug delivery applications such as cancer therapy, interdisciplinary
investigation from material scientists and biologists are essential to additional
develop multileveled fibers. Therefore, the microfluidic-combined electrospin-
ning technology, which can regulate the materials present in the electrospin-
ning solution more accurately, may be improved to fabricate multileveled fibers.

Intissue engineering application, a major factor is properly regulating the fiber
installation, mainly on a nanometer range, to more exactly simulate an ECM.
In addition, it is dire to know the cellular response to electrospun compounds
with various compositions, fiber locations, and the microstructures. These
aims can be informal to attain better result by integrating the use of electros-
pinning process, microfluidic spinning technique, and the three-dimensional
(3-D) printing to build the 3-D frameworks containing wide range fiber sizes,
depositions, and alignments similar to in vivo like ECM. During the diagnos-
tics of a cell, more complex materials should be engaged during electrospinning
process, or surface alteration of the fibers by changing and doping different
functional groups such as polydopamine action, plasma treatment, and layer-
by-layer modification technique will be needed. Furthermore, the continuous
production of electrospun nanofibers is a requirement for this technology to
rise profitable value, which may be positively understood through the novel
needleless electrospinning. The biomedical applications of electrospun fibers
such as engineered skin and tissue anti-adhesion membrane has been devel-
oped commercially, which is getting more attention in recent years. However,
before the widespread commercialization of electrospun fiber materials in the
field of biomedical applications, more broad studies, even clinical trials, are
required to estimate the real effect of the electrospun nano and microfibers in
healthcare and biomedical engineering.

|
7.2 Membrane Processes in Biotechnology: An Introduction
7.2.1 Introduction

Membranes have been employed conventionally for separation processes
based on size with high throughput, however with comparatively low
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resolution requirements. These uses consist of ultrafiltration for protein
concentration and buffer exchange and microfiltration for clarification and
sterile filtration [244]. Morever, membrane processes are increasingly being
used in reaction, clarification, and recovery schemes for the production of
molecules, emulsions, and particles due to their properties such as high sur-
face area to unit volume ratio and their potential for controlling the level of
contact and/or mixing between two phases. Therefore, membranes are suit-
able to the processing of biological molecules because they operate at com-
paratively low temperatures and pressures and involve no phase changes or
chemical additives, thus reducing the extent of deactivation, denaturation,
and/or degradation of biological products [245].

In this section different membrane processes, such as the well established
microfiltration and ultrafiltration, and emerging processes like membrane
chromatography, membrane bioreactors, and membrane contactors for the
preparation of emulsions and particles are explained in detail. Microfiltration
and ultrafiltration are commonly used to recover macromolecules; retain
suspended colloids and particles; and are being integrated into both down-
stream and upstream processes. Several applications of ultrafiltration and
microfiltration have been reported, such as to concentrate proteins; clarify
suspensions for cell harvesting; exchange buffer systems; and sterilize
liquids to remove bacterias and viruses. Other membrane separation pro-
cesses including membrane bioreactors, where enzymes, microorganisms,
or antibodies are suspended in solution and classified by a membrane in
a reaction vessel or immobilized within the membrane matrix; membrane
chromatography, where it is used as an alternative to conventional resin-
based chromatography columns, for a large range of chromatographic puri-
fication schemes, including ion-exchange, hydrophobic, reversed-phase, and
affinity chromatography; and membrane contactor, which involves using a
pressure to force the dispersed phase to permeate through a membrane into
the continuous phase, for the preparation of emulsions and different types of
particles, as water/oil emulsions, oil/water emulsions, and polymeric parti-
cles. The research and development efforts have been focused toward drastic
developments in selectivity while maintaining the inherent high throughput
characteristics of membranes. Therefore, this is important if membrane sepa-
ration processes are to satisfy the new purification and process economic
challenges posed in various fields such as its application in biotechnology.

7.2.2 Microfiltration and Ultrafiltration

Microfiltration and ultrafiltration are well-known membrane separation
processes [245,246]. One of the common applications of ultrafiltration in
downstream processing is for product concentrations like buffer and/or sol-
vent removal. Therefore, buffer exchange and desalting can be done using
diafiltration to wash the initial buffer out and to replace it with a new buffer.
On the other hand, microfiltration is most commonly applicable in sterile
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filtration (i.e., bacterial removal) earlier to final formulation of many prod-
ucts, and in the initial clarification of fermentation broths to remove the sus-
pended cell mass and other particulate debris. Moreover, sterile filtration
process is done in a dead-end configuration using 0.2 pm pore size mem-
branes that have been confirmed for the complete removal of Brevundimonas
diminuta [247]. However, such sterilizing filters allow to pass small microor-
ganisms under some process conditions. Consequently, some users employ
0.1 pm pore size membrane to give improved sterility assurance in pharma-
ceutical processes [248].

To separate viruses range from about 12 to 300 nm from proteins of 4 to
12 nm, microfiltration membrane is used for virus removal from cell cultures
[244,249]. The production of recombinant proteins commonly requires mam-
malian cell lines that have therapeutic, prophylactic, or diagnostic appli-
cations. But cell lines are contaminated with virus or virus like particles.
Viruses may also be introduced by addition of supplements and other con-
stituents introduced into the fermentation process, or through handling and
other manipulations during processing in addition to endogenous contami-
nants. Today, membrane manufacturers are developing membrane filters
with increasing resolution for virus-protein separation purposes [244]. This
has significant importance to the biotechnology industry because incidents
of parvovirus contamination of cell cultures may happen. Parvoviruses are
mainly complicated to remove, as these are both small (about 20 nm diameter)
and highly resistant to many chemical and thermal techniques of inactiva-
tion. Therefore, to make sure that virus removal is consistent with validation
studies, membrane integrity is monitor both pre and post use.

Membrane filtration is also particularly well suitable in antibiotic produc-
tion where most antibiotics, such as erythromycin, benzylpenicillin (penicil-
lin G), and medmycin, are broadly employed and also used as raw materials
for semisynthetic antibiotics. Then, these are produced by fermentation and
recovered from their broths by using the conventional steps, like solvent
extraction (isolation and purification), filtration (removal of biomass), and
subsequent crystallisation (polish). Therefore, membrane filtration is used
for the primary clarification of these fermentation broths [250-252]. One of
the main advantages of membrane systems for the initial recovery of anti-
biotics from a fermentation broth is the ability to obtain high yield using a
combined filtration and diafiltration process. Complete retention of the cells
and particulate matter can be achieved using membranes with pore sizes
up to 0.2-0.45 pm, and essentially complete passage of the antibiotics can
be achieved as long as the nominal membrane molecular cut-off is greater
than about 20,000 g/mol [245]. Ultrafiltration was used to remove emulsifiers
in antibiotic broths before solvent extraction to avoid emulsification and to
improve extraction efficiency. Purification of benzylpenicillin filtered broths
obtained from fermented broths by ultrafiltration with diafiltration was also
reported by Nabais and Cardoso (1999) [251]. The authers have conducted
an investigation using pilot ultrafiltration process with a tubular membrane
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and membranes with molecular weight cut-off of 100,000 (PVDE), 20,000
(polysulfone), and 8000 (polysulfone) were investigated. The colored sub-
stances, proteins, and other impurities were effectively removed, and high
benzylpenicillin recovery in permeate was also detected. Moreover, it was
demonstrated that ultrafiltration may be an alternative to the use of floc-
culants and anti-emulsion agents to attain good phase separation in benzyl-
penicillin solvent extraction.

Numerous applications of microfiltration and ultrafiltration in the biotech-
nology field have been reported. Some examples: concentration and purifica-
tion of recombinant Brain-Derived Neurotrophic Factor (rBDNF) inclusion
bodies from E. coli cell suspensions by cross-flow microfiltration and diafil-
tration [253]; recovery of heterogeneous immunoglobulins (IgG) from trans-
genic goat milk by microfiltration [254]; recovery and purification of yeast
alcohol dehydrogenease (ADH) from bakers’ yeast as typical of downstream
processing for the extraction of an intracellular enzyme product [255]; and
recovery of naturally glycosylated therapeutic proteins produced from ani-
mal cell cultures by microfiltration [256]. Furthermore, the optimization of
monoclonal antibody recovery from transgenic goat milk by microfiltration
was also reported as an interesting example by Baruah and Belfort (2004).
Therefore, the optimization has involved transmembrane pressure, varying
pH, membrane module type, milk feed concentration, and axial velocity. In
the pressure-dependent operation regime at low uniform transmembrane
pressures using permeate circulation in co-flow, at the pl of the protein is
revealed to increase IgG recovery from less than 1% to over 95%. Therefore,
such methodology is in general appropriate for the recovery of target pro-
teins found in other complex suspensions of biological origin.

Currently, many efforts are being devoted to develop new membrane mod-
ules with enhanced mass transfer characteristics for microfiltration and ultra-
filtration processes. Some of the newly developed modules include rotating
disk filters [257,258], conically shaped rotors [256], cylindrical Taylor vortex
devices [259], and helical coiled dean vortex systems [253,260]. Dean vortex
devices show high mass-transfer rates, owing to the existence of centrifu-
gal flow instabilities. Furthermore, these devices display significant rises in
protein transmission and capability, though fouling remains as difficult in
many applications. Alternative methods like high-frequency back-pulsing
can be used to continually clean the membrane surfaces [255]. Concequently,
high-frequency back-pulsing was revealed to increase flux, reduce fouling,
and increase protein transmission in the purification of conjugated vaccine
products [261]. Moreover, to improve ultrafiltration and microfiltration per-
formances other techniques including pulsative flow, gas sparging, electric
fields, ultrasonic fields, and combined electric/ultrasonic fields were also
reported [262]. Moreover, the effects of different hydrodynamic parameters
on the permeate flux provided by two different dynamic filtration systems
using the same membrane materials and the same fluids were compared by
Jaffrin et al. (2004) [257]. The tested systems were two homemade rotating
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disk modules and a VSEP pilot with a circular vibrating membrane. In this
study, the flux was confirmed to be primarily governed by the maximum
shear rate and not by details of internal flow and can be increased to high
levels by increasing rotation speed or vibration amplitude or by equipping
the disk with large vanes.

In another study, Dean vortex microfiltration with controlled centrifugal
instabilities (Dean vortices produced in helical flow) was used to enhance
cross-flow microfiltration and diafiltration for the concentration and puri-
fication of rBDNF inclusion bodies from E. coli cell suspensions [253]. For
microfiltration experimentations with the feeds comprising cell and homog-
enate suspensions, developments in flux of about 50% and 70%, respectively,
were attained with the helical module as compared with that obtained with
the linear module. For diafiltration with the homogenate suspensions as
feed, solute transport was from 100% to 40% higher after 40 and 100 min,
respectively, with the helical module as compared with that obtained with
the linear module. Continual enhancements in understanding the effects of
solution environment on molecules, particles retention, and fouling have
also led to further improvements in ultrafiltration and microfiltration per-
formances [263]. Moreover, recent studies have confirmed that it is possible
to control the rate of protein transport through membranes by adjusting the
solution pH or the ionic strength [264-266]. The processes have to be oper-
ated at the pl of the transmitted protein and far from the pl of the retained
protein. Therefore, to enhance the separation, the ionic strength has to be
kept low so that the thickness of the diffuse double layer of the charged
solute is noticeable, leading to high retention, while the uncharged solute
readily permeates the membrane. Furthermore, using High Performance
Tangential Flow Filtration (HPTFF) process these electronic interactions can
also be exploited for protein separation. For instance, 99-fold purification of
an antigen-binding fragment of a monoclonal antibody (Fab) from BSA were
achievedby operating the membrane process near the isoelectric point of the
BSA and using a positively charged membrane to attain high rejection of the
positively charged Fab.

7.2.3 Membrane Bioreactors

It has been reported that membrane bioreactors are alternative methods to
classical means of immobilizing biocatalysts, namely, enzymes, microor-
ganisms, and antibodies, which are suspended in solution and partitioned
by a membrane in a reaction vessel or immobilized within the membrane
matrix [267-269]. As seen in Figure 714, first the system might consist of a
conventional stirred tank reactor combined with a membrane separation
unit; second, the membrane acts as a separation unit and as support for
the catalyst. Furthermore, the biocatalyst can be flushed along a membrane
module, segregated within a membrane module, or immobilized in/on the
membrane by entrapment, gelification, physical adsorption, ionic binding,
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Membrane bioreactor configurations: (a) reactor combined with a membrane operation unit,
(b) reactor with the membrane active as a catalytic and separation unit. (Reprinted from
Biotechnology Advances, 24(5), Charcosset, C., Membrane processes in biotechnology: An over-
view, pp. 482-492, Copyright 2006, with permission from Elsevier.)

covalent binding, or cross-linking. Some of the advantages of immobilizing
enzymes are increased reactor stability and productivity; enhanced product
purity and quality; and waste reduction [269]. The effectiveness of the overall
system depends on the geometric parameters (e.g.,, membrane configuration,
morphology, and pore size distribution), biochemical (e.g., catalytic activity,
reaction kinetics, concentration, viscosity of substrate and product, immobi-
lization stability), and hydrodynamics parameters (such as transmembrane
pressure and flow velocity) [270]. Furthermore, immobilized biocatalyst mem-
brane reactors are repeatedly used in a hollow-fiber configuration due to their
high packing density (large surface area per unit volume of reactor space).
Membrane bioreactors have been employed in the production of antibiot-
ics, aminoacids, anti-inflammatories, anticancer drugs, optically pure enan-
tiomers, vitamins, isomers, etc. Membrane bioreactors for the synthesis of
lovastatin with immobilized Candida rugosa lipase on a nylon support [271];
the production of diltiazem chiral intermediate with a multiphase/extractive
enzyme membrane reactor [272]; the synthesis of isomaltooligosaccharides
and oligodextrans in a recycle membrane bioreactor by the combined use of
dextransucrase and dextranase [273]; the production of a derivative of kyo-
torphin (analgesic) in solvent media using a-chymotrypsin as catalyst and
a-alumina mesoporous tubular support [274]; and biodegradation of high-
strength phenol solutions by Pseudomonas putida using microporous hollow
fibers [275] have been reported. A forced-flow membrane enzyme reactor was
developed in which the enzyme is immobilized on porous ceramic mem-
brane [276]. The enzymes were attached to the porous membrane surface, and
the mass transfer was enhanced by using convection rather than diffusion,
and the convection was not limited by the significant pressure drops found
in enzyme-immobilized bead-filled column reactors. In this study, a 10-fold
higher efficiency was detected in their system as compared to a conventional
column reactor in which the enzyme was immobilized on beads. Membrane



Polymeric Membranes for Biomedical and Biotechnology Applications 337

bioreactors for immobilized whole cells have also been tested successfully,
and they provide an environment for improved cell densities so as to produce
higher product titre [267]. The cells are perfused using a membrane with a
steady continuous flow of medium and supplied with oxygen and nutrients
whereas wastes and desired products are removed. Therefore, the cells are
frequently retained in the bioreactor through a membrane barrier.

Numerous membrane configurations such as flat sheet and rotating biore-
actors have been evaluated, though the hollow fiber configuration is mainly
interesting. In this case, cells are either developed in the extra capillary space
with medium flow through the fibers, or developed within the fibers with
medium flow outside or across the fibers. It was revealed that a mass trans-
fer hinderance for oxygen and glucose was achieved and well-defined spac-
ing among the fibers was a means of reducing this occurrence [277]. Other
geometries were suggested, such as hollow fibers inserted within another
to grow the cells in the annulus between the two fibers [278]. Therefore, a
proper selection of outer and inner fibers diameters can limit the distance
required for diffusion of medium components (oxygen, glucose, glutamine,
and other nutrients) to approximately 50 pm for the furthest cells. Then, a
comparison of the traditional and concentric reactors for antibodies produc-
tion from hybridoma cells displayed that a much higher concentration of
cells can be sustained in the concentric reactor along with higher specific
productivity and cell viability. A significant aspect for membrane bioreac-
tors with immobilized enzymes is the chemistry of enzyme immobilization.
Therefore, it is frequently accomplished either directly on the membrane or
via spacer arm, often through the e-amino functionality of lysine residues on
the protein [279].

Though immobilization of enzymes in general improves their stability, one
major shortcoming of random immobilization of enzymes onto polymeric
microfiltration type membranes is that the activity of the immobilized enzyme
is often considerably reduced because the active site may be blocked from
substrate accessibility, multiple point-binding may happen, or the enzyme
may be denatured. Membrane bioreactors have been introduced last years,
and till now their main industrial applications have been for wastewater
treatment such as industrial, domestic and municipal [280]. However, in the
field biotechnology, membrane bioreactors have attained only limited accom-
plishment. The main technological problems in using membrane bioreactors
in an industrial level are associated with rate-limiting aspects and scale-up
problems of this technology, together with the lifetime of the enzyme, the
accessibility of pure enzyme at an acceptable cost, the necessity for biocata-
lysts to operate at low substrate concentrations, and microbial contamination.

7.2.4 Virus Filtration

It is reported that mammalian cell cultures are susceptible to contamination
with adventitious viruses introduced during processing [244]. In addition,
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mammalian cells used in the manufacture of recombinant DNA products
have been shown to contain endogenous virus-like particles [281]. Therefore,
the safety of mammalian cell-derived products is controlled by requirements
to attain less than one virus particle per million doses. Furthermore, this can
be realized by designing purification processes that comprise validated viral
elimination using multiple clearance and inactivation procedures. Physical
inactivation (e.g., heat or UV), chemical inactivation (e.g., using chaotropes,
low pH, solvents, or detergents), size separation (filters and size-exclusion
chromatography), and chromatographic separation (affinity and anion
exchange) offer a wide array of choices for virus clearance [244]. Therefore,
filters provide the advantage of the physical removal of viruses combined
with a size-based technique that complements other virus removal steps.
Nevertheless, the size-based technique has the limitation of precisely sepa-
rating viruses that range in size from about 12-300 nm from proteins that
typically range in size from 4-12 nm [282]. Membrane manufacturers con-
tinue to successfully improve normal flow filters with increasing resolu-
tion for virus—protein separation process. This is of substantial meaning to
the biotechnology industry due to incidents of parvovirus contamination
of cell cultures that have happened. Parvoviruses are particularly difficult
to remove, as they are both small (about 20 nm diameter) and highly resis-
tant to many thermal and chemical methods of inactivation. Threfore, the
development of higher resolution membranes with enhanced permeability
is likely to continue and the application of charged membranes [283] and
the optimization of solution pH and ionic strength [284] may also be used to
develop resolution by increasing the effective difference in hydrodynamic
volume between the protein and virus and by exploiting a charge repulsion
mechanism.

7.2.5 Membrane Chromatography

Membrane chromatography was explored many years ago without any con-
siderable commercial achievement. Current developments have generated
renewed attention in this technology, and several membrane chromatogra-
phy products have been brought to the market [244]. Membranes have an
intrinsic advantage of not being diffusion limited in contrast to conventional
bead chromatography where the binding capacity is independent of flow rate.
The challenges have been to attain binding capabilities that are competitive
with beads where there is an inherent trade-off between the convective flow
through larger pores with limited internal surface area and high internal
surface area available in small pores with diffusion limitations. Furthermore,
adsorptive membranes have been investigated for decades as an alternative
to conventional resin-based chromatography columns [285-288]. As seen in
Figure 715, the advantage of adsorptive membranes is the shorter diffusion
times than those gained in resin-based chromatography, as the interactions
between molecules and active sites on the membrane occur in convective
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Comparison between (a) membrane chromatography and (b) gel bead chromatography. L: ligand,
S: solute. (Reprinted from Biotechnology Advances, 24(5), Charcosset, C., Membrane processes in
biotechnology: An overview, pp. 482-492, Copyright 2006, with permission from Elsevier.)

through-pores, rather than in stagnant fluid inside the pores of an adsorbent
particle. Moreover, adsorptive membranes have the potential to keep high
efficiency both at high flow-rates and for use of large biomolecules with small
diffusivities. Chromatographic membranes have been employed in different
configurations such as staked membranes, spiral wound membranes, hol-
low fibers, and various adsorptive mechanisms (i.e., ion-exchange, reversed-
phase, hydrophobic, and affinity based procedures). Moreover, ion-exchange
membranes have been examined with strongly basic (quaternary ammo-
nium), strongly acidic groups (sulfonic acid), weakly acid (carboxylic acid),
and weakly basic (diethylamine) types. Furthermore, affinity membranes
have been investigated with a large range of ligands such as Protein A and
G, immunoaffinity ligands, low-molecular-mass ligands (Cibacron Blue, his-
tidine, tryptophan), and other ligands (peptide, Cu?*) [288].

Membrane materials examined for chromatographic application includes
cellulose, polysulfone, hydrazide, polyamide, and composite membranes
such as blend of polyethersulphone and polyethylene oxide coated on all
surfaces with a covalently bound layer of hydroxyethylcellulose [286]. Ion-
exchange membranes (anion and cation exchange) are also available as well
as affinity membranes (protein A and Cu*" as ligands). Chromatographic
membranes have been also reported for purification processes for a variety
of compounds, such as DNA, proteins (monoclonal antibody, serum anti-
body, serum albumin, enzymes, etc.), and viruses. For example, applications
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in this field has been reported such as immobilized L-histidine in hollow-
fiber membranes for the separation of immunoglobulin G from human
serum [289], the use of thiophilic membranes for the purification of mono-
clonal antibodies from cell culture media [290], affinity membranes for the
separation of MBP fusion proteins [291], cation-exchange membranes for the
purification of alphaviruses [292], ion-exchange membranes for the isolation
of antibacterial peptides from lactoferrin [285], anion-exchange membranes
for the adsorption of DNA [293], and strong anion exchange membranes for
reduction of endotoxin in a protein mixture [294].

In this field membrane chromatography, a hollow-fiber method was pro-
posed for purification of fibronectin from blood plasma and purification
of IgG using hollow-fiber membrane-supported protein A [295]. Therefore,
the high throughput rate and the effective ligand use of this device allowed
rapid bind—elute cycle times. Furthermore, the volume of a typical agarose
affinity method was 100-1000 times than that of the affinity-membrane and
the membrane required only about 0.1% as much ligand to handle the same
throughput at the same mass transfer efficiency. An example of a successful
application in the pharmaceutical manufacturing was also reported [294].
In this study, a scale-up of strong anion-exchange adsorber membranes that
eliminate endotoxin from bacterial extracts while preserving enzyme activ-
ity in the protein mixture was validated. Therefore, the endotoxin removal
process was directly adapted from the small-scale Q-100 MA cartridge
(Sartorius Corporation, 100 cm? working surface area) to the large-scale Q
550 MA sheets (5500 cm? working surface area). Furthermore, the character-
istics of endotoxin removal, protein absorption, and photolyase purification
were observed to be similar in the two processes.

One of the major drawbacks with membrane chromatography is non-
uniform flow distribution across the membrane, because of the large
diameter-to-length ratio of the modules. However, the membrane chroma-
tography system has not certainly gained the expected success. The reason
is probably due to the reticence of potential users for this new technology. In
addition, membranes for chromatography are particularly attractive for pre-
parative chromatography, as initially developed by Sepracor Inc., to purify
large amounts of molecules. Particularly, hollow fibers are mainly well suit-
able, more than flat sheet membrane modules [295].

7.2.6 Membrane Contactors

As per Drioli et al. (2005) recently, membrane contactors have shown growing
attention [296]. They have reported that membrane emulsification for emul-
sion preparation [297,298] and for the preparation of precipitates [299,300],
membrane contactors are used. As seen from Figure 7.16, the term “membrane
contactor” can be defined as the connection of phases A and B through mem-
brane pores. The membrane contactor involves using a pressure to force a dis-
persed phase A to permeate through a membrane into a continuous phase B,
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Schematic diagram of the membrane emulsification process. (Reprinted from Biotechnology
Advances, 24(5), Charcosset, C., Membrane processes in biotechnology: An overview, pp. 482—
492, Copyright 2006, with permission from Elsevier.)

which flows tangentially to the membrane surface. Therefore, membrane pores
behave as parallel capillaries for the introduction of phase A into phase B.
There may either be no reaction between the two phases (membrane emul-
sification) or a reaction may occur between the two phases (preparation of
precipitates). In case of membrane emulsification, droplets grow at the pore
outlets until, upon reaching a certain size, they detach. This is determined by
the balance between the drag force on the droplet from the flowing continu-
ous phase, the buoyancy of the droplet, the interfacial tension forces, and the
driving pressure [297]. The final droplet size and size distribution are deter-
mined by the pore size and size distribution of the membrane and also by the
degree of coalescence, both at the membrane surface and in the bulk solution.

A typical experimental set-up for a membrane emulsification process
includes a tubular microfiltration membrane, a pump, a feed vessel, and a
pressurized (N,) oil container. The oil phase (to be dispersed) is pumped
under gas pressure through the membrane pores into the aqueous continu-
ous phase that circulates tangentially to the membrane surface. Membrane
emulsification has been developed during the past 15 years [297,298]. The dis-
tinguishing feature is that the resulting droplet size is controlled primarily
by the choice of the membrane and not by the generation of turbulent droplet
break-up. The apparent shear stress is lower than the conventional emulsifi-
cation systems, because small droplets are directly formed by permeation of
the dispersed phase through the micropores, instead of disruption of large
droplets in zones of high-energy density.

Besides the possibility of using shear-sensitive ingredients, emulsions
with narrow droplet size distributions can be produced. Additionally,
membrane emulsification processes allow production of emulsions at lower
energy input (104-106 J/m?) compared to conventional mechanical meth-
ods (106-108 J/m?®) [301]. Single (w/o or o/w) and multiple (w/o/w, o/w/o)
emulsions, with various droplet sizes ranging from 0.8 to over 100 pm, and
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a typical coefficient of variation of 10-15%, have been prepared. Numerous
microspheres with diameters from 2 to 100 pm have been prepared by com-
bining the membrane emulsification method and consequent suspension
polymerization [302], following solvent evaporation [303], or by using the
droplet swelling method [304]. Particles prepared primarily by membrane
emulsification also include metal solder particles, embedded TiO, micro-
capsules, bichromal particles, solid microcarriers [305], and solid lipid
nanoparticles by the cooling of the lipid emulsion formed by membrane
emulsification to room temperature [306]. Moreover, microporous mem-
branes used by different investigators for membrane emulsification includ-
ing Shirasu Porous Glass (SPG) membranes, coated a-alumina or zirconia,
anodic porous alumina, polypropylene, polyamide, and polytetrafluoroeth-
ylene (PTFE) membranes [297]. A large range of particles, such as uniform
polyurethaneurea-vinyl polymer microspheres of about 20 pm; using a
Shirasu Porous Glass (SPG) membrane emulsification technique; and sub-
sequent radical suspension polymerization were also prepared [302]. In
this case, a mixture of a 40% urethane prepolymer solution of xylene and
a vinyl monomer comprising an initiator was permeated through the uni-
form pores of the SPG membrane into a continuous phase containing a sta-
bilizer to form uniform droplets, where the droplets were then permitted to
stand for chain extension at room temperature with di- or triamines for 2 h
in the absence or presence of ethyl acetate, followed by suspension polym-
erization at 70°C for 24 h. In another study, a reaction between phase A
passing through the membrane pores with phase B flowing tangentially to
the membrane surface, that is, for the preparation of nanosized BaSO, and
CaCO, particles, have been reported [299,300], and polymeric nanoparticles
by interfacial polymerization or nanoprecipitation reaction between an
organic and an aqueous phase. A membrane contactor for the preparation of
nanoparticles was also described recently [307] and the organic phase was
pressed through the membrane pores by the filtrate side. Furthermore, the
aqueous phase circulated inside the membrane module, and swept away the
nanoparticles forming at the pore outlets. It was confirmed that nanoparticles
as small as 260 nm could be attained with a 1000-Da nanofiltration mem-
brane, a transmembrane pressure of 3 bar, and a cross-flow rate of 1.7 m s=%.
Moreover, high fluxes were attained with the 0.1 pm pore size microfiltra-
tion membrane (1.6 m®/h m?), leading to the preparation of 1.8 x 10-3 m?
nanoparticles, with an average diameter of 360 nm, in 4 min. Therefore,
the advantage of this membrane contactor compared to other processes for
nanoparticle preparation validated its scale-up capacity and the possibility
to control nanoparticle size by a suitable choice of membrane. However, the
possible disadvantage of direct membrane emulsification is the relatively
low maximum disperse phase flux through the membrane (typically 0.01
to 0.1 m3/(m? h)) needed to avoid the transition from a “size-stable” to “con-
tinuous outflow” zone and to avoid steric hindrance among droplets that
may be formed simultaneously at the adjacent pores. Therefore, numerous
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operating techniques were introduced such as rotating membranes [308]
and repeated membrane extrusion of coarsely preemulsified feeds [309]. For
instance, multiple w/o/w emulsions by multistage (repeated) premix emul-
sification using Shirasu-porous glass (SPG) membranes with a mean pore
size of 10.7 pm have prepared [309]. A coarse emulsion containing drop-
lets with a mean particle size of about 100 pm was homogenized 5-6 times
through the same membrane at a constant pressure difference of 20-300 kPa
to achieve additional droplet homogenization and size reduction. However,
membrane contactors will have to face competition from other emulsifi-
cation and particle preparation processes, to find their place in industrial
practice [310].

7.2.7 Summary

Membrane processes are currently used throughout downstream purifica-
tion processes. Recent advances in ultrafiltration membranes and process
designs can provide the high concentration factors and greater overall yield
required for high-dose products. Developments in normal flow filtration
provide significant capabilities for virus removal. Therefore, membranes
have long been an integral part of biotechnology processes. The most well-
known examples are ultrafiltration and microfiltration, which have become
routine methods. The sterile filtration of fermentation media, purification of
buffers, and proteins are now standard practices. Other applications of mem-
brane processes have been introduced more recently, as membrane bioreac-
tors, membrane chromatography, and membrane contactors.

Although ultrafiltration and microfiltration are well-established processes,
membrane bioreactors and membrane chromatography have certainly not
obtained the expected levels of success. The reasons are related to a reticence
of users for applying new technologies, and also to their potential advan-
tages compared to other processes, such as classical reactors for biological
reactions and conventional bead chromatography. In this sense, the exam-
ples of ultrafiltration and microfiltration may be advantageous, for which
a continuous improvement in understanding the physicochemical phe-
nomena governing the processes has been shown to enhance considerably
the separation of proteins using their inherent electrostatic properties. The
membranes biosensors development and molecularly imprinted polymeric
membranes for separation of molecules are the emerging membrane pro-
cess applications. The permeation, reaction and mixing mechanisms are the
most striking features of membrane processes. For this reason, there is no
doubt that new successful applications will continue to appear in the near
future. Their industrial success will again depend on their advantages over
other competing processes and on their acceptance. Theoretical understand-
ing of the physical and chemical phenomena governing these processes will
also help to improve their performance and to facilitate their introduction in
the biotechnology-based industries. Continued efforts to develop improved
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membrane materials, modules, and process designs should enable mem-
brane systems to play an important role in the next generation of biotechnol-
0gy processes.
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Appendix

Specific Surface Area Analysis

The nitrogen adsorption and desorption isotherm for electrospun PVA
nanofiber membranes are shown in Figure A.1. Adsorption isotherms show
the quantity of molecules adsorbed on the surface of a solid as a function of
equilibrium pressure at a given (constant) temperature.

It is observed from Figure A.1 that initially the adsorption volume quickly
raises at lower relative pressure, once the monolayer development of the
adsorbed molecules is achieved and multilayer development begins to occur
in matching to the sharp-knee of the isotherm that indicates that the isotherm
graphs are of Type IV, which is characteristics of the mesoporous structure.

The shapes of the hysteresis loop are also associated with the different
pore shapes, for the case of nonporous material, those desorption isotherm
curves repeat the adsorption curves. Nevertheless, for the macroporous
and mesoporous, desorption isotherm curve does not repeat the adsorp-
tion curve causing in a wide loop as seen from the isotherm graphs (Figure
A.la and A.lb). The pore volume decreased as the electrospun deposition
time increases from 25 to 60 min. In addition, the BET study indicated that
the specific surface area of the e-PVA membranes was 21.8, 27.3, 34.2, and
53.5 m?/g for electrospinning durations of 25, 35, 45, and 60, respectively. The
specific surface areas were increased considerably from 21.8 to 53.5m?/g as
the electrospinning duration was increased from 25 to 60 min. This improve-
ment in surface area was explained due to increasing in the entanglements
of the fibers and due to an increasing of the depth/flowing channel within
the membrane matrix as the thickness of the membrane increased. In other
words, increasing the electrospinning duration allows the entanglement of
more fibers onto the collector, which in turn permits increase in the thickness
as well as the depth of the membrane pores. So, the key factor to increase the
specific surface in this study was explained as the increase in membrane
channel due to the deposition of more entangled fibers onto the collector
plate. The total pore volume of the membranes has found to be in the range
from 0.06 to 0.28 cm?/g.
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FIGURE A.1
Adsorption desorption isotherm graph of ePVA membranes at (a) 45 min and (b) 60 min pro-
cess times.
|

X-Ray Powder Diffractometer (XRD)

XRD patterns of the ePVA nanofiber membranes deposited at various times
are shown in Figure A.2. No sharp peak is detected for ePVA 25 and ePVA 35
on the XRD pattern. This indicates that these membranes are amorphous. As
shown in Figure A.2, two weak peaks appeared for ePVA 45 and ePVA 60 at
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FIGURE A.2

2 Theta

XRD patterns of ePVA fibers using 10% w/v at different deposition times, (a) 60 min, (b) 45 min,

(0) 35 min, and (d) 25 min.
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around 26 = 20° analogous with (101) plane of semi-crystalline of polyvinyl
alcohol membranes [1], and this may be due to the entanglement of more
fibers as the time of deposition increases.

Cross-Linking e-PVA Nanofiber Membranes

The second objective of this work was to evaluate the effect of cross-linking
on the properties the membranes. When the electrospun PVA membrane is
immersed in water or used for water treatment applications, it can be dis-
solved slowly. In other words, the specific nanofibrous structures of e-PVA
membranes are not stable in aqueous condition. It is already well-known
that polyvinyl alcohol can be cross-linked chemically with a range of alde-
hydes, such as glutaraldehyde and glyoxal [2]. The interaction is because
of the development of acetal-bridges among the ~OH within PVA and the
aldehyde molecules [3,4]. Crosslinking of electrospun membrane was done
at room temperature. Acetone, which is a water-miscible and a non-solvent
for PVA, was mixed with hydrochloric acid (35 w%) and gultaraldehyde
aqueous solutions (25 wt.%) to prepare the crosslinking solution. The pro-
cedure of crosslinking solution preparation is clearly presented in Figure
A.3. No evidence of shrinkages was shown after the e-PVA membrane was
dipped into crosslinking solutions.

Solutin A Solutin B Solutin C

1 0.01 N/ HC] + 30 mM GA - GA
. HCl
Acetone Acetone Acetone

j Mz M3 Ma R
\ 1. Washed with
| | |

deionized water for
sevaral times

GA GA GA
HCl HCl HCI HCl 2. Dried using
Acetone Acetone Acetone Acetone vacuum drier for 24
\ J hrs
| Keptior 24 h |

FIGURE A.3

Preparation of cross-linking solution (1) and immersing the membranes into the solution (2).
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gy L

Poly (Vinyl Alcohol) Glutaraldehyde

FIGURE A.4
Schematic of cross-linked PVA formed by chemical reaction of PVA and glutaraldehyde cata-
lysed by hydrochloric acid.

The tested ePVA membranes were cross-linked using a mixture of acetone
and 30 mM glutaraldehyde at 25 °C for 24 hrs [5]. Figure A.4 shows the pre-
dicted chemical cross-linking reaction among the polyvinyl alcohol chains
and glutaraldehyde catalysed using HCI [6].

The crosslinked ePVA membranes were rinsed numerous times and
soaked in water for 48 hours and then dried. As observed from the
images Figure A.5a—d, the surface pore size and the diameters of each
fiber were measured by using Image ] from FESM images. The results
indicated that the diameters of fibers were ranging from 69 to 200 nm
with the average fiber diameter being 98 nm. The membrane fabricated
at 45 min electrospinning duration was selected for Image ] evaluation.
The surface pore diameter distribution of the cross-linked membrane is
presented in Figure A.6.

The maximum, minimum, and average surface pore sizes are 261.7 nm,
55.5 nm, and 125.9 nm, respectively. It was clearly observed that no substan-
tial changes both in surface pore sizes and fiber diameters when compared
with the non-cross-linked fibers, but uniform arrangement and rigidity
of the fibers was observed, which may be due to the strong acetal bridge
between the PVA monomers after crosslinking. Moreover, no shrinkages in
the membranes were observed after the crosslinking process. These results
agreed with the FTIR and TGA results, which make us draw the conclusion
that the cross linker (GA) has reacted properly and the formation of acetal
bridge is confirmed.

As shown in Figure A7, the interaction between PVA and GA catalyzed
by hydrochloric acid resulted in a substantial decrease in the intensity of the
O-H peak, showing the development of acetal-bridges between the pendant
hydroxyl groups of PVA chains [6]. Table A.1 shows the typical band assign-
ment of ePVA cross-linked with GA. As shown in Figure A.7, the broad
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FIGURE A.5

FESEM images of crosslinked ePVA membranes with glutaraldehyde (ePVA/GA); (a) 3 KX
magnified, (b) 10 KX magnified, (c) 50 KX magnified, and (d) 100 KX magnified.

bands observed at 3363 cm™ are assigned to —OH stretching because of the
presence of the strong bond (hydrogen bonding) of intramolecular and inter-
molecular type. The distinguishing bands at 1095, 1430, and 2947 cm™! were
attributed to the C-O stretching, C—H bending, and C-H stretching of PVA,
respectively. The band observed at 1714 cm™ may be due to the C = O stretch-
ing bands of remaining acetate group, residual after the synthesis of PVA
during polyvinyl acetate hydrolysis process. The spectra show that there is
no change in the molecular species and their interconnectivity when the pro-
cess time is varied from 25 to 60 min.

The presence of aldehyde peaks (v = 1643 cm™) could be because of the
partial reaction of glutaraldehyde with the hydroxyl groups within the
polyvinyl alcohol throughout the cross-linked network development. One
aldehyde group could react with —OH groups within the polymeric chain
by means of developing hemi-acetal structures due to its bifunctional cross-
linker property, whereas the other one does not interact could be related
with some kinetics drawbacks.
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FIGURE A.6
% Surface pore size diameter distribution of ePVA/GA membranes obtained at 45 min electro-
spinning duration.
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FIGURE A.7
FTIR results of electrospun PVA cross-linked with glutaraldehyde (ePVA/GA).
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TABLE A.1

Characteristic Bands of ePVA Crosslinked with GA and Their Assignments

Range of Wave Number

Wavelengths (cm™) Assignment (cm™) Reference

30002850 C-H stretch 2947 -

3500-3200 O-H stretch, H-bonded 3350 -

1670-1640 Carboxylic groups 1643 -

1150-1085 C-0-C 1080 [3]

1320-1000 C-O (Crystallinity) 1141 [6,7]
I

The Thickness Measurement of the Nanofiber Membranes

The images of the ePVA fibers are captured at 25 min, 35 min, 45 min and
60 min. These are shown in Figure A.8.

|
50 um

——
50 pm

T —
50 pm

ee———
100 pm

FIGURE A.8
Microscopic images of the ePVA fibers at different process times, (a) 25 min, (b) 35 min, (c) 45 min,
and (d) 60 min.
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FIGURE A.9
(@) TGA and (b) DTG curves of pure ePVA and ePVA/GA membranes.

Thermogravimetric Analysis (TGA)

The Thermogravimetric Analysis (TGA) and differential Thermogravimetry
(DTG) curves for pure ePVA and ePVA/GA membranes are presented in
Figure A9a and A.9b, respectively. The Pure PVA showed two main deg-
radation steps at around 220 °C and 440 °C where the first stage was main
degradation step and indicates the decomposition of side PVA chain [§].
The second smaller step related to the splintering of the central chain of the
pure ePVA membrane. The TGA curve for the ePVA/GA membrane also
indicated two main degradation stages at around 291 °C and 480 °C, and the
first stage was main degradation step. It is clearly observed that the degrada-
tion temperatures of the ePVA/GA membranes are greater than that of pure
ePVA membranes, which further indicates a rise in the thermal stability of
the membrane after cross-linking process.
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List of Abbreviations and Symbols

I

Nomenclature

A,, Effective area of the membrane (m2)

b Langmuir constant (L mg™?)

C, Equilibrium concentration of metal ions (mg/L)
¢ Concentration in the feed (mg/L)

C, Initial concentrations of heavy metal ions (mg/L)
C, Concentration in permeate (mg/L)

F,, Irreversible fouling

F, Reversible fouling

F, Total fouling

Tso BSA flux in the first run (L/m? h)

T 51 BSA flux in the second run (L/m? h)

I52 BSA flux in the third run (L/m?2 h)

Iss Steady-state BSA flux (L/m? h)

Jewo Pure water flux (L/m? h)

Joor Initial water flux (L/m? h)

T2 Water flux in second run (L/m? h)

Joo Water flux in third run (L/m? h)

k; Pseudo first-order model rate constant (min™)

k, Pseudo second-order model rate constant (g/mg min-?)

Kpr Activity coefficient (mol? ]2

ks Freundlich capacity factor (mg/g) (mg/L)n

M Mass of adsorbent membrane (g)

My, Molecular weight (Da)

n Intensity parameter

NFR Normalized flux ratio (%)

P, Hydraulic permeability (L/m? h kPa)

qpr Highest adsorption capability (mmol g)

q. Adsorption capacities at equilibrium time (mg/g)

D wax Highest quantity of the metal ions per unit mass of adsorbents
(mg/g)

q; Adsorption capacities at time t (mg/g)

Qw Water flow (m3 s™)

R Regression value

Solute rejection (%)
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R, Resistance due to fouled membrane

T, Average pore radius (nm)

R, Membrane resistance (m)

R, Resistance due to membrane

R, Resistance due to concentration polarization

t Adsorption time (h)

t Experimental time interval (h)

Vv Total volume permeated during an experimental time interval (L)
\%4 Volume of the liquid in the solution (mL)

Wy Weight of dry membranes (g)

Wy, Weight of wet membranes (g)

Ap Operating pressure (kPa)

|

Greek letters

€ Membrane porosity (%)

€ Polanyi potential

¢ Membrane thickness (um)

u Dynamic water viscosity (Pa s)

Py Density of the polymer (g cm)

Pw Density of pure water at operating conditions (g cm™)
|

Abbreviations

AAS atomic absorption spectrophotometer
ABR aerobic biofilm reactor

AC acetone

AFM atomic force microscopy

BET Brunauer-Emmet-Teller

BIS Bureau of Indian Standards

BOD biological oxygen demand

BPO benzoyl peroxide

BSA bovine serum albumin

BTEAC benzyl triethylammonium chloride
CA cellulose acetate

CAN ceric ammonium nitrate

CAS conventional activated sludge

CB Cibacron blue

CBB Coomassie Brilliant Blue
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CBT
CCD
CE

CF
CMC
CMC
CN
COD
Cu

CS
CTCs
DEX
DGNs
DI
DMAc
DMF
DMN
DOE
D-R
DRG
EC
ECM
EDA
EDL
EDS
EGSB
EPR
EPS
EWC
FAO
FD
FESEM
FS
FTIR
GA
GMA
GTL
GTP
HF
HMTA
HRT
ICMR
IMBr
LNG
MA

coagulation bath temperature
central composite design
cellulose esters

compaction factor

carboxy methyl cellulose
critical micelle concentration
nitrocellulose

chemical oxygen demand
copper

ceric sulfate

circulating tumor cells
dexamethasone

dextran glassy nanoparticles
deionized
N,N-dimethylacetamide
dimethyl formamide

dissolving microneedle

design of experiment
Dubinin-Radushkevich

dorsal root ganglia
extracellular

extracellular matrix
ethylenediamine

electrical double layer

energy dispersive x-ray spectroscopy
expanded granular sludge bed
enhanced permeation retention
polymeric substances
equilibrium water content

Food and Agriculture Organization
fiber diameter

field emission scanning electron microscopy
flat sheet

Fourier transform infrared
glutaraldehyde

glycidyl methacrylate

gas to liquid

green tea polyphenols

hollow fiber
hexamethylenetetramine
hydraulic retention time

Indian Council of Medical Research
immersed membrane bioreactor
liquefied natural gas

maleic anhydride



378 List of Abbreviations and Symbols

MAA methacrylic acid
MABR  membrane aerated biofilm reactor

MB methylene blue

MBR membrane bioreactor

MCL maximum contaminant level
MEUF micellar enhanced ultrafiltration
MF microfiltration

MLSS  mix liquor suspended solid
MMA  methyl methacrylate

MMS modified mesoporous silica
MRI magnetic resonance imaging
MWCO molecular weight cut off

NF nanofiltration

NIR near-infrared radiation
NMP N-methyl-2-pyrrolidone
NMR nuclear magnetic resonance

PAA polyacrylic acid
PAN polyacrilonitrile

Pb lead

PC polycarbonate
PCL polycaprolactone
PE polyethylene

PEG polyethylene glycol
PEGDMA polyethylene glycol dimethacrylate

PEI polyethylenimine

PEO poly(ethylene oxide)

PES polyethersulfone

PET polyethylene terephthalate

PEUF polyelectrolyte enhanced ultrafiltration
PP polypropylene

PS polysulfone

PTFE polytetrafluoroethylene

PU polyurethane

PVA polyvinyl alcohol

pvC polyvinylchloride
PVDF  polyvinylidene fluoride
pPvp polyvinylpyrrolidone
PWF pure water flux

RO reverse 0smosis

RSM response surface methodology
SAN styrene-acrylonitrile

SBR sequencing batch reactor

SEM scanning electron microscope

SMBr submerged membrane bioreactor
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SMP
SPD
SPG
SRT
TAMs
TDS
TEM
TEPA
TFC
TFNC
TGA
THF
TiO,
TKN
TMP
TOC
TP
TPEE
TS
TSS
UF
USEPA
Uuv
VCF
WC
WHO
XRD
ZLD

soluble microbial products
surface pore diameter

Shirasu porous glass

solid retention time

tumor associated macrophages
total dissolved solids
transmission electron microscopy
tetraethylenepentamine

thin film composite

thin film nanofibrous composite
thermogravimetric analysis
tetrahydrofuran

titanium dioxide

total kjeldahl nitrogen

trans membrane pressure

total organic carbon

total phosphorous

thermal plastic elastomer ester
total solids

total suspended solids
ultrafiltration

United States Environmental Protection Agency
ultraviolet

volume concentration factors
water content

World Health Organization
X-ray powder diffractometer
zero liquid discharge
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Index

A

AAS, see Atomic Absorption
Spectrophotometer (AAS)

Acetone, 17, 35, 48, 49, 50, 65, 66, 102, 112,
123,145, 171, 189, 190, 367, 368, 376

Adeq Precision, 54, 55

Adj R-Squared, 54, 55

Adsorption, 43, 48, 77, 78, 82-100,
117-120, 139, 157-169, 174, 177,
181-185, 201-211, 217, 220, 227,
236, 252-257, 267, 268, 282-290,
294, 335, 340, 362-366, 372-375

Adsorption capacity, 25, 77, 78, 84-95,
181, 253

Adsorption—-desorption, 95

AFM, see Atomic force microscopy (AFM)

Aluminium oxide, 5

Ammonia, 219, 227, 231

Analysis of variance (ANOVA), 51-53,
219

Anti-fouling performance, xiv, 123, 125,
137,142, 157, 162

Arsenic, 2, 25,32,77,99, 210

Atomic Absorption Spectrophotometer
(AAS), 43,40, 376

Atomic force microscopy (AFM), 43, 73,
74,98, 376

ATR-FTIR, see Attenuated total
reflectance Fourier transform
infrared (ATR-FTIR)

Attenuated total reflectance Fourier
transform infrared (ATR-FTIR),
42,172,196

Average pore radius, 39, 40, 129-132, 155,
179, 200, 375

Average pore size, 39, 129, 132, 154, 155,
162, 179, 200

B

Biocompatible, 21-25, 65, 101, 121, 143,
170, 186, 274, 295, 299, 328, 329,
347-351

Biological oxygen demand, 214, 218, 221,
251, 376
Biomedical, 12, 17, 293-331, 345-352
polymer nanofiber, 10, 18, 294, 326,
347, 351-358
polymeric membranes, 4, 23, 27, 101,
121,122, 144, 164, 169, 213, 218,
225,234, 237,244, 255, 293, 343
Biomedicine, 293
Biotechnology, 293, 294, 331-344, 350-363
Nanofiltration 1, 19, 32, 33, 169, 187,
206, 208-211, 217-226, 236, 237,
240-251, 273, 282-291, 342, 373,
378
Ultrafiltration, 1, 2, 18-44, 64, 65,
95, 96-122, 136145, 157-170,
181-225, 236-259, 268-290,
332-379
Bisphenol-A, 16
Blending, 13, 27, 28, 44, 45, 65, 168, 170,
289, 316
Bone tissue engineering, 313, 316, 324,
325, 344, 352, 357
bioactive polymeric nanoparticles,
322,325
bone regeneration, 324, 325
composite scaffolds 325, 350, 352
electrically conductive electrospun,
324, 357
polymeric nanoparticles, 322, 325, 342
Bovine serum albumin (BSA), 24, 36,
101, 116, 136, 143, 295, 303, 347,
375, 376
Brunauer-Emmet-Teller (BET) isotherm,
43, 376
BSA, see Bovine serum albumin (BSA)

C

CA membrane, 31, 66-76, 103-211

CA, see Cellulose acetate (CA)

Cadmium, 2, 21, 28, 33, 76, 99, 169, 209,
216,249

381
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CAP membrane, 150-162
CA-PEG membrane, 132, 134
CA-PEG-TiO2 membranes, 168, 121, 208
Effect of PEG additive, 22, 31, 121, 127,
133, 137,163, 211
Preparation, 123
Solution compositions, 124
Viscosity, 121-129
CA-PVP-TiO2 membrane, 145
Preparation, 145
Solution compositions, 145
Viscosity, 145
Carcinogenic organic compounds, 187
CAT membrane, 150-161
CCD, see Central composite design (CCD)
Cellulose acetate (CA), 31, 32, 35, 4449,
65-123, 142-170, 186-211, 284,
319, 348, 376
Cellulose esters, 4, 377
Central composite design (CCD), 47-49,
377
Ceric (IV) sulfate (CS), 36, 377
CEF, see Compaction factor (CF)
Characterization, 22-122, 163-216,
249-373
Chemical Oxygen Demand, 213-259,
286, 377
Chemical precipitation, 1, 267, 286
Chemical treatment, 13, 15, 214, 227, 274
Chromium, 30, 40, 76, 169, 181-209,
219-226, 249, 290, 291
Color, 2, 58, 104, 123, 145, 146, 187, 192,
213, 234, 358
Compaction factor (CF), 36, 109, 113, 131,
152, 155, 179, 200, 377
Concentration polarization, 96, 117,
138-158, 182, 202, 248, 254, 275,
291, 376
Contact angle, 24, 42, 114-116, 135-143,
156, 157, 177-179, 263, 297
Contaminants, 1, 76, 91, 169, 170, 217-333
Controlled Delivery of a single drug,
296
changing the drug diffusion
pathway, 296
changing the electrospinning
parameters, 297
coaxial electrospinning, 296, 297, 318,
347

Index

degradation process of the polymer,
296
drug diffusivity, 296
drug-loaded layered electrospun
mesh, 297
drug partitioning, 296
encapsulated, 297-347
extending the drug release time, 296
longer-term drug release technique, 298
Controlled Delivery of multiple drugs, 299
programmable discharge of each
drug, 299
Conventional activated sludge, 376, 235,
260
Copper, 2, 20-35, 7699, 169, 206, 277
Copper chloride, 35
Crosslinking, 17, 18, 50, 64, 211, 313,
366-369
Crystallinity, 6, 20, 72, 73, 79, 371
CS, see Ceric (IV) sulfate (CS)

D

Degreasing, 224
Deionized water (DI), 35-40, 78, 116,
136-193, 252
Deliming-bating, 224
Design of experiment (DOE), 48-50, 377
Desirability function (D), 59
Deuterated dimethyl sulfoxide (DMSO),
35,193, 194
D], see Deionized water (DI)
DMAC, see N, N-dimethyl acetamide
(DMACQ)
DMSO, see Deuterated dimethyl sulfoxide
(DMSO)
DOE, see Design of experiment (DOE)
D-R, see Dubinin—Radushkevich (D-R)
Dubinin-Radushkevich (D-R), 90-92, 377
N, N-dimethyl acetamide (DMAc)
Drug delivery, 35, 48, 49, 65, 66,
101-190, 377
antibiotics, 295-359
anti-cancer drugs, 296
biocompatible delivery matrices, 295
encapsulation of a model protein, 295
polysaccharides, 96, 186, 269, 296, 373
proteins, 23, 27, 34, 116-143, 157-161,
213-226, 269, 295, 296-366
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E

Economic growth, 1
EDA, see Ethylenediamine (EDA)
EDX, see Energy dispersive X-ray
spectroscopy (EDX)
Effective filtration area, 36
Electrical conductivity, 216, 252, 254-259
Electrocoagulation, 169, 206, 216, 249
Electrodialysis, xiii, 1, 2, 220, 244, 247, 285
Electrospinning, 5, 9-98, 164, 293-373
Electrospun, 9, 10-98, 164, 208-373
affinity membrane, 12, 24, 32, 97, 294,
339, 340, 362
biomedical applications, 12, 17, 293-350
drug delivery system, 299-305
for the wound remedial, 294
plasma filtration, 294
tissue engineering platforms, 294
Electrospun polymeric fibers, 294
adjustable porosity, 293-295
due to their high surface area, 295
structural diversity, 295
Emulsion, 65, 20, 121, 143, 232, 297, 299,
332-363
Energy dispersive X-ray spectroscopy
(EDX), 41, 271, 377
Enhancing magnetic resonance
imaging, 328
Equilibrium water content (EWC), 37, 38,
113-200, 377
Ethylenediamine (EDA), 14, 35, 164,
170-186, 320, 377
EWCG, see Equilibrium water content (EWC)
Extracellular matrix (ECM), 17, 23, 294-377
Extraction, 1, 193, 232, 235, 262, 233, 234, 360

F

Feed, 10-64, 122, 144, 183, 218, 225-375

Fenton’s reaction, 226, 229, 231

FESEM, see Field emission scanning
electron microscopy (FESEM)

Fiber diameter, 10, 17-29, 46-96, 164, 312,
325, 368

Field emission scanning electron
microscopy (FESEM), 41,
60-200, 369, 377

Filtration, 1-373

383

Fluoride, 2, 4, 17-45, 144, 163, 209, 241,
242,284, 378
Flux, 11-378
Food industrial effluents, 216, 249, 282
Fouled layer, 140
Fouling, 11-375
Anti-fouling, 12, 18-39, 73, 74, 118-190
Irreversible, 39, 44, 118-160, 248, 270, 375
Reversible, 39, 44, 118-160, 248, 270,
375
Total, 39, 118-160, 375
Fouling resistant capacity, 39
Fourier transform infrared spectroscopy
(FTIR), 42, 64, 81, 82,172, 173,
196, 197, 205, 368, 370, 373, 377
Broadband, 83, 173, 196
Stretching vibrations, 172, 197
Freundlich, 20, 24, 90-95, 375
FTIR, see Fourier transform infrared
spectroscopy (FTIR)
Functionalization, 11, 12, 27, 169-304, 359
F-value, 52-55

G

GA, see Glutaraldehyde (GA)

Gas separation, 22, 121, 143, 144, 165, 168,
170

Glutaraldehyde (GA), 17, 24, 35, 50, 64,
367-370, 373, 377

Graft copolymerization, 14, 26, 33, 98,
186-188, 193, 205, 209, 210

Grafting, 14, 23, 24, 26, 27,32, 33,122,123,
167, 186-188, 190-193, 195, 196,
199, 201-205, 207, 209, 210, 245, 273

Graphite, 6

Guerout-Elford-Ferry equation, 40

H

HA, see Humic acid (HA)

Hansen solubility parameter
differences, 111, 112, 165

HCl, see Hydrochloric acid (HCI)

Heavy metals, 1, 30, 48, 76-78, 92, 97-100,
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