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Preface

This book is intended to serve as an introduction to the field of nanocomposite
membranes as well as provide a comprehensive overview of its funda-
mental aspects and application areas. There are several books available on
membrane science and technology. However, the subject of nanocomposite
membrane technology is yet to be addressed and explored. Hence, there is
a definite need for a book of this kind for students, academia, and industry.

Chapters 1-3 cover the basics of nanocomposite membrane technology,
including introductory aspects, synthesis, and characterization. Chapters 4-6
deal with applications in the field of water treatment and gas separation as
well as biomedical applications. Challenges in processing and health, envi-
ronment, safety and societal aspects have been presented in Chapters 7-8.

Chapter 1 outlines the historical background of membranes as well as
types of membranes and membrane technologies. It covers transport mech-
anism, membrane preparation techniques, and different configurations.
It highlights the requirement of nanostructured materials and nanocompos-
ites with polymeric/inorganic matrices.

Chapter 2 deals with raw materials, processing methods, and challenges
involved. Nanostructured raw materials in the form of nanoparticles, nano-
tubes, nanofibers, and nanoplates as well as routes of their embedding in the
host matrix have been discussed in this chapter. Processing methods such as
phase inversion method, sol-gel method, and in situ/interfacial polymeriza-
tion have been covered.

Chapter 3 presents the characterization of membrane morphology using
instrumental techniques. It also deals with an evaluation of its performance.

Chapter 4 discusses the application of nanocomposite membranes to water
treatment. Nanomaterials in membranes have potential to offer next-generation
membranes, with better selectivity, higher throughput, and less fouling (more
importantly, less biofouling). This chapter outlines the potential of nano-
embedded membranes to decrease energy consumption in conventional water
treatment operations.

Chapter 5 covers the potential of nanocomposite membranes in gas sepa-
ration. The desirable characteristics of gas separation membranes are high-
lighted and different gas separation mechanisms are elaborated. Synthesis
procedures for dense membranes (such as palladium/palladium-silver com-
posites) and porous membranes (such as silica) are discussed. The role of
nanocomposites in enhancing gas separation is covered. Permeation models
for mixed matrix membranes are presented.

Nanotechnology has great potential to play a critical role in biomedical
applications, particularly in drug delivery. Nanotechnology encompasses

xi



xii Preface

better understanding and treatment of living systems, revolutionary biotech-
nology processes, synthesis of new drugs and their targeted delivery, regen-
erative medicine, neuromorphic engineering, and biocompatible materials
for sustainable environment. Chapter 6 highlights the current efforts and key
research challenges in the development of these materials for use in potential
biomedical applications, including drug delivery.

Nanocomposite materials have the potential to redefine the field of tradi-
tional composite materials in terms of both performance and applications.
Polymer nanocomposites have tremendous market potential both as replace-
ment for current composites and in the creation of new markets through
their outstanding properties. Availability of nanomaterials, integration of
nanomaterials into membrane systems, and societal implications, including
health and environment risks posed by nanomaterials, are the key chal-
lenges in the development of integrated nano-based membrane systems.
Development of the process-manufacturing technologies in terms of quan-
tity and quality for commercialization is one of the biggest challenges.
Although nanocomposites have a bright future, there are a few issues that
warrant concern, for example, the mass commercialization of nano-based
systems. Chapter 7 presents the challenges in processing of nanocomposite
membranes and materials, including scalability issues.

The text is presented with clarity for the beginner, yet it is sufficiently
comprehensive and thorough to be a valuable source of information for the
researcher and experienced nanocomposite membranologist.

This book will be the guide of choice for the scientist and engineer,
whether a student approaching the subject for the first time or a seasoned
expert exploring the challenges and opportunities in the field of nanocom-
posite membrane technology. Both industry and academia will benefit from
this book.

P.K. Tewari
Bhabha Atomic Research Centre
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1

Membrane Technology

1.1 Historical Background

Studies on membrane technology and its applications started in the eighteenth
century.! The word osmosis was introduced by Abbé Nolet in 1748 to describe
permeation of water through a diaphragm. During the nineteenth century,
membranes were used only as laboratory tools to develop physical/chemical
theories. For example, the measurements of solution osmotic pressure made
with membranes by Traube and Pfeffer were used by van’t Hoff in 1887 to
develop the limit law, which explains the behavior of ideal dilute solutions.
The work led to the van’t Hoff equation. Around the same time, the concept
of a perfectly selective semipermeable membrane was used by Maxwell
and others in developing the kinetic theory of gases. Different types of dia-
phragm such as bladders of pigs, cattle, or fish and sausage casings made of
animal gut were investigated by early membrane research workers. Later,
nitrocellulose membranes were preferred due to reproducibility. Bechhold
devised a technique in 1907 to prepare nitrocellulose membranes of graded
pore size. Other workers such as Elford,> Zsigmondy and Bachmann,® and
Ferry* improved Bechhold’s technique to prepare nitrocellulose membranes.
By the early 1930s, microporous membranes were commercially available.
During the next 20 years, this microfiltration (MF) membrane technology
was expanded to other polymers, such as cellulose acetate. Membranes
found their first significant application in the testing of drinking water dur-
ing the end of World War II when drinking water supplies in Germany and
other parts of Europe were broken down, and filters were needed to test for
water quality and safety. The research effort to develop these filters, spon-
sored by the U.S. Army, was later utilized by the Millipore Corporation
(Billerica, MA).

Up until 1960, membranes were used in only a few laboratories and
for specialized industrial applications. Membrane industry and mem-
brane applications were almost nonexistent. In general, membranes suf-
fered from four drawbacks limiting their widespread use as a separation
process: (1) reliability issues, (2) slow transport, (3) selectivity issues, and
(4) expensive. Drawbacks were overcome during the past 30-40 years.



2 Nanocomposite Membrane Technology

Membrane-based separation processes are now used widely. The single
most important work that transformed membrane separation from labora-
tory to industrial process was the development, in the early 1960s, of the
Loeb—Sourirajan process for making defect-free, high-flux, anisotropic
reverse osmosis (RO) membranes.” These membranes consist of an ultra-
thin, selective surface film on a much thicker but much more permeable
microporous support, which provides the mechanical strength. The flux of
the first Loeb-Sourirajan RO membrane was 10 times higher than that of
any membrane then available and made RO a potentially practical method
of desalting water. The work of Loeb and Sourirajan, and the financial sup-
port for research and development from the U.S. Department of Interior,
Office of Saline Water (OSW), resulted in the commercialization of RO and
was a major factor in the development of ultrafiltration (UF) and MFE. The
development of electrodialysis (ED) was also aided by OSW funding. Along
with the development of these industrial applications of membranes was the
independent development of membranes for medical separation processes,
in particular, the artificial kidney. Kolf® demonstrated the first successful
artificial kidney in the Netherlands in 1945. It took almost 20 years to refine
the technology for use on a large scale. Since 1960s, the use of membranes in
artificial organs has become a major life-saving procedure. The sales of these
devices comfortably exceed the total industrial membrane separation mar-
ket. Another important medical application of membranes is as membrane
blood oxygenator and controlled drug delivery system. The membrane tech-
niques developed by Alza, a company founded by Alex Zaffaroni, are widely
used in the pharmaceutical industry to improve the efficiency and safety of
drug delivery.

Lot of development in membrane technology took place during the period
1960-1980. Based on the Loeb-Sourirajan technique, other membrane
preparation techniques, including interfacial polymerization and multi-
layer composite casting and coating, were developed for membrane giving
high performance. Membranes with selective layers as thin as 0.1 micron
(um) or less are now being produced by several companies. Methods of
packaging large membrane area and different configurations such as spiral
wound, hollow fine fiber, capillary, and plate-and-frame modules were also
developed. Improvement and advances have been made in enhancing the
membrane stability. By 1980, MF, UF, RO, and ED were well established in
industries.

The first major development of industrial membrane gas separation pro-
cess was the Monsanto Prism membrane for hydrogen separation, intro-
duced in 1980.7 Dow started producing systems to separate nitrogen from
air. Cynara and Separex were producing systems to separate carbon diox-
ide from natural gas. The first commercial pervaporation system was intro-
duced for dehydration of alcohol by Gesselschaft Fur Trenntechnik (GFT), a
German engineering company in the 1980s. A number of ethanol and iso-
propanol pervaporation-based dehydration plants have since been installed.
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1.2 Membranes and Membrane Types

Membranes occupy an important place in industries and are used in a wide
spectrum of applications. The ability to control the permeation rate of chemical
species transporting through the membrane is utilized in a gainful manner.
The objective in the membrane-based separation process is to allow one com-
ponent of a mixture to permeate the membrane preferentially, while hinder-
ing permeation of the other component.

A semipermeable membrane separation system separates a feed stream
into two streams known as the permeate and the concentrate. The perme-
ate is the portion of the fluid that has passed through the semipermeable
membrane, whereas the concentrate contains the constituents that have been
rejected by the membrane as shown in Figure 1.1.

The membrane separation process enjoys numerous industrial applica-
tions with the following advantages:

¢ Appreciable energy savings

e Environmentally benign

¢ (Clean technology with operational ease
® Operational simplicity

¢ High-quality products

e Greater flexibility in designing the systems
However, the following problems are also experienced:

¢ Concentration polarization
* Membrane fouling

* Membrane life

* Flux

* Selectivity
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FIGURE 1.1

Schematic diagram of semipermeable membrane process.
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Schematic diagrams of the commonly used membranes. (From Baker, R.W.: Chapter 1: Overview
of membrane science and technology. Membrane Technology and Applications. 2004. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Figures 1.1 and 1.6. Reproduced with permission.)

A membrane is a discrete thin interface that controls the permeation of
chemical species in contact with it. This interface may be homogeneous, that
is, uniform in composition and structure, or it may be chemically or physi-
cally heterogeneous, that is, containing holes or pores of finite dimensions or
consisting of some form of layered structure. A conventional filter meets this
definition of a membrane, but, by convention, the term filter is usually lim-
ited to structures that separate particulate suspensions larger than 10 um.

The choice of a membrane depends on the specific application desired (i.e.,
particulate or dissolved solid removal), hardness reduction or ultra pure
water production, removal of particular gas/chemical, and so on. The end
use may also dictate selection of membranes for industries such as potable
water, effluent treatment, gas separation, fuel cell applications, or control
drug delivery. The types of membranes commonly used are shown sche-
matically in Figure 1.2.

1.2.1 Isotropic Membranes
1.2.1.1 Microporous Membranes

A microporous membrane is similar to a conventional filter in structure
and function. It has a rigid voided structure with randomly distributed
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interconnected pores. However, the pores differ from those in a conven-
tional filter by being extremely small, on the order of 0.01-10 um in diameter.
Particles larger than the largest pore are completely rejected by the mem-
brane. Particles smaller than the largest pores, but larger than the smallest
pores, are partially rejected, which is governed by the pore size distribution
of the membrane. Particles, which are smaller than the smallest pore, pass
through the membrane. Thus, separation of solutes by microporous mem-
branes is mainly a function of molecular size and pore size distribution.
In general, only molecules that differ considerably in size can be separated
effectively by microporous membranes, for example, in UF and MF.

1.2.1.2 Nonporous Membranes

Nonporous membrane consists of a dense film through which product is
transported by diffusion under the driving force of a pressure, concentra-
tion, or electrical potential gradient. The separation of various components
of a mixture depends on their relative transport rate through the membrane.
The relative transport rate is determined by their diffusivity and solubility
in the membrane material. Nonporous membrane can separate constituents
of similar size if their concentration in the membrane material (i.e., their sol-
ubility) differs. Most of the membranes for gas separation, pervaporation,
and RO use nonporous membrane.

1.2.1.3 Electrically Charged Membranes

Electrically charged membranes are normally microporous with the pore
walls carrying fixed positively or negatively charged ions. However, these
membranes can be nonporous or microporous. A membrane with fixed posi-
tively charged ions is referred as an anion-exchange membrane. Similarly,
a membrane containing fixed negatively charged ions is called a cation-
exchange membrane. Separation with charged membranes is achieved by
exclusion of ions of the same charge as the fixed ions of the membrane struc-
ture, and to a much lesser extent by the pore size. The separation is affected
by the charge and concentration of the ions in solution; for example, monova-
lent ions are excluded less effectively than bivalent ions. Selectivity decreases
in solutions of high ionic strength. Electrically charged membranes are used
for processing electrolyte solutions in ED.

1.2.2 Anisotropic Membranes

The development of membrane preparation methodology for producing
anisotropic membrane structures was one of the major breakthroughs of
membrane technology. Anisotropic membrane consists of an extremely
thin surface layer supported on a thick and porous substructure. The
transport rate of species through a membrane is inversely proportional
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to the membrane thickness. High transport rates are desirable for economic
reasons; therefore, the membrane should be as thin as possible. The surface
layer and its substructure can be made in a single operation or separately.
Conventional film fabrication technology limits the manufacture of mechan-
ically strong, defect-free films to about 20 um thickness. In composite
membranes, the layers are usually made from different polymers. The sep-
aration properties and permeation rates of the membrane are determined
exclusively by the surface layer. The substructure works as a mechanical sup-
port. The advantages of the high fluxes provided by anisotropic membranes
are so great that almost all commercial processes use such membranes.

1.2.3 Ceramic, Metal, and Liquid Membranes

In recent years, interest in membranes made from less conventional mate-
rials has increased. Ceramic membranes, a special class of microporous
membranes, are being used in UF and MF applications where solvent resis-
tance and thermal stability are desirable. Nonporous metal membranes,
particularly palladium membranes, are being considered for the separation
of hydrogen from gas mixtures, whereas supported liquid films are being
developed for carrier-facilitated transport processes.

1.3 Membrane Technologies

An overview of membrane technologies is given in Table 1.1. MF, UF, RO,
and ED are well-established technologies. The pressure-driven membrane
separation processes—RO, UF, and MF—are illustrated in Figure 1.3. The
relative size of different solutes removed by each class of membrane is
given. RO, UF, MF, and conventional filtration are similar processes dif-
fering mainly in the average pore diameter of the membrane. The mode
of separation in case of UF and MF is molecular sieving through increas-
ingly fine pores. MF membranes filter colloidal particles and bacteria from

TABLE 1.1

Industrial Membrane Technologies

S. No. Category Process
1 Membrane separation technologies well MF, UF, RO, ED

established in the industries

2 Upcoming membrane separation technologies Gas separation, pervaporation
for the industries

3 Membrane separation technologies of interest Carrier-facilitated transport membrane
for the industries contactors, piezodialysis, etc.
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FIGURE 1.3
Pressure-driven membrane separation processes.

0.1 to 10 um in diameter. UF membranes can be used to filter dissolved
macromolecules, such as proteins from solutions. RO membranes are so
dense that discrete pores do not exist. Transport occurs through the sta-
tistically distributed free volume areas. The pores of the membrane range
from 3A to 5A in diameter, which is within the range of thermal motion of
the polymer chains that form the membrane. The mechanism of transport
through the RO membrane is governed by the solution—diffusion model.
According to this model, solutes permeate the membrane by dissolving
in the membrane material and diffusing down a concentration gradient.
Separation occurs because of the difference in solubilities and mobilities of
different solutes in the membrane.

Membrane can be considered as a series of cylindrical capillary pores of
diameter d. The liquid flow rate () through a cylindrical capillary pore is
given by Poiseuille’s law as follows:

_md*Ap
1= 128w

(1.1)

where:
Ap is the pressure difference across the pore
U is the liquid viscosity
l'is the pore length

The fluxJ, or flow per unit membrane area, is the sum of all the flows through
the individual pores and thus is given by

_ N(md*ap) 12
© 128 '

where N is the number of pores per unit area of membrane.
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For membranes of equal pore area and porosity (g), the number of pores per
unit area is proportional to the inverse square of the pore diameter, that is,

4e
N=—_ 1.3
- (1.3)
It follows that the flux, given by combining Equations 1.2 and 1.3, is
Aped?
1= (14
32ul

It may be noted that the flux (J) is proportional to the square of the pore
diameter (d). This implies that flux per unit pressure difference (J/Ap) of MF
membrane is higher than that of UF membranes, which in turn is higher
than that of RO membranes. This plays an important role in selection of
membrane process for particular application.

Table 1.1 shows gas separation with polymer membranes and pervapora-
tion as upcoming membrane technologies. Gas separation with membranes
has higher potential of application. Several companies worldwide use mem-
brane based gas separation systems for a variety of applications. In gas
separation, a gas mixture at an elevated pressure is transported across the
surface of a membrane that is selectively permeable to one component of the
feed mixture. Major current applications of gas separation membranes are
the separation of hydrogen from nitrogen, argon, and methane in ammo-
nia plants; the production of nitrogen from air; and the separation of car-
bon dioxide from methane in natural gas operations. Gas separation using
a membrane process is an area of research interest with high potential of
application.

In pervaporation, a liquid mixture is fed in the membrane system and the
permeate in the form of vapor is removed. The driving force for the process
is the low vapor pressure of the liquid mixture. The separation obtained is
proportional to the rate of permeation of the particular component through
the selective membrane. Pervaporation offers the possibility of separating
closely boiling mixtures or azeotropes that are difficult to separate by dis-
tillation or other means. A schematic diagram of a simple pervaporation
process using a condenser to generate the permeate vacuum is shown in
Figure 14.

Currently, the main industrial application of pervaporation technology is
for the dehydration of organic solvents, such as the dehydration of 90%-95%
ethanol solutions, which is a difficult separation problem because of the
ethanol-water azeotrope at 95% ethanol. Pervaporation membranes that
selectively permeate water can produce more than 99.9% ethanol from these
solutions. Pervaporation processes are also being developed for the removal
of dissolved organics from water and for the separation of organic mixtures.

A number of other industrial membrane processes such as carrier-facilitated
transport are under development, which often employs liquid membranes
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containing a complexing or carrier agent. The carrier agent reacts with one
component of a mixture on the feed side of the membrane and then diffuses
across the membrane to release the permeant on the product side of the mem-
brane. The reformed carrier agent then diffuses back to the feed side of the
membrane. Thus, the carrier agent acts as a shuttle to selectively transport
one component from the feed to the product side of the membrane.

Facilitated transport membranes can be used to separate gases. In this
case, membrane transport is driven by a difference in the partial pressure
across the membrane. Metal ions can also be selectively transported across
a membrane, driven by a flow of hydrogen or hydroxyl ions in the other
direction. This process is sometimes called coupled transport. Examples of
carrier-facilitated transport processes for gas and ion transport are shown in
Figure 1.5. The gas transport example shows the transport of oxygen across a
membrane using hemoglobin as the carrier agent. The ion transport example
shows the transport of copper ions across a membrane using a liquid ion-
exchange reagent as the carrier agent.

As the carrier-facilitated transport process employs a reactive carrier
species, very high membrane selectivities can be achieved. These selectivi-
ties are often far larger than the selectivities achieved by other membrane
processes. This has maintained interest in facilitated transport for so many
years. However, commercial deployment is yet to be deployed due to chal-
lenges faced with respect to (1) the physical instability of the liquid mem-
brane and (2) the chemical instability of the carrier agent. In recent years, a
number of potential solutions to this problem have been developed, which
may yet make carrier-facilitated transport a viable process.

The membrane separation processes described earlier represent the bulk
of the industrial membrane separation industry. Another process, dialysis,
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FIGURE 1.5

Schematic examples of carrier-facilitated transport of gas and ions. HEM, hemoglobin; HR, acid
form of the reagent. (From Baker, RW.: Chapter 1: Overview of membrane science and technol-
ogy. Membrane Technology and Applications. 2004. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Figures 1.1 and 1.6. Reproduced with permission.)

is used on a large scale in the field of medical application to remove toxic
metabolites from the blood in patients suffering from kidney failure. The
first successful artificial kidney was based on cellophane (regenerated cellu-
lose) dialysis membranes and was developed in 1945. Over the past 50 years,
many advancements have been made. Currently, most artificial kidneys are
based on hollow-fiber membranes formed into modules having a membrane
area of about a square meter (1 m?). Schematic diagram of a hollow-fiber arti-
ficial kidney dialyzer used to remove urea and other toxic elements from the
blood is shown in Figure 1.6.

Blood is circulated through the center of the fiber, whereas isotonicsaline,
the dialysate, is pumped counter currently around the outside of the fibers.
Urea, creatinine, and other low-molecular-weight metabolites in the blood
diffuse across the fiber wall and are removed with the saline solution. The
process is quite slow, usually requiring several hours to remove the required
amount of the metabolite from the patient, and repeats 1 or 2 times per week.
In terms of the membrane area used and the dollar value of the membrane
produced, artificial kidneys are the single largest application of membranes.
Following the success of the artificial kidney, similar devices were developed
to remove carbon dioxide and deliver oxygen to the blood. These so-called
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Schematic diagram of a hollow-fiber artificial kidney dialyzer.
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FIGURE 1.7
Schematic of transdermal patch in which the rate of delivery of drug to the body is controlled
by a polymer membrane.

artificial lungs are used in surgical procedures during which the patient’s
lungs cannot function.

Another major medical use of membranes is in controlled drug delivery.
Controlled drug delivery can be achieved by a wide range of techniques, most
of which involve membranes. A simple example is illustrated in Figure 1.7.
Systems, which operate using this principle, are used to moderate the deliv-
ery of drugs such as nitroglycerine (for angina), nicotine (for smoking ces-
sation), and estradiol (for hormone replacement therapy) through the skin.

1.3.1 Reverse Osmosis

Conventional water filtration can remove suspended materials larger than
1 um size, whereas the RO or hyperfiltration has the capability to remove
the dissolved solids, bacteria, viruses, and other germs contained in the raw
water. RO is essentially a pressure-driven membrane process for separating
dissolved solutes. It is generally used for desalination of seawater or brackish
water for its conversion into potable water. It operates at an ambient tempera-
ture and involves no phase change. It is relatively a low energy-consuming
process compared to conventional distillation.

RO membranes are made of polymeric material such as cellulose acetate
and aromatic polyamide. They are generally of two types: (1) asymmetric
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or skinned membranes and (2) thin-film composite (TFC) membranes. The
support material is normally polysulfone based, whereas the thin film is
made from various types of polyamines.

RO membranes have the smallest pore structure, with pore diameter rang-
ing from approximately 3A-5A (0.3-0.5 nm). The small size of pores does
not allow the organic molecules and monovalent solutes to pass through the
semipermeable membrane along with the water. In practice, more than 99%
of inorganic salts and charged organics are rejected by the membrane due to
extremely small size of pores and charge repulsion at the membrane surface.

RO process finds extensive applications in the following areas:

¢ DPotable water from sea or brackish water

e Ultrapure water for food processing and electronic industries
* Pharmaceutical grade water

e Water for chemical and pulp and paper industries

e Wastewater treatment and water reuse

The technology has gained wider acceptance as a viable water treatment
option for different separation applications. Affordable cost and ability to
remove organic contaminants and more than 99% of inorganic salts with
minimal chemical requirements make RO an attractive technology for many
industrial applications.

1.3.2 Nanofiltration

Nanofiltration (NF) can operate at lower pressures compared to RO. It is good
for applications where high organic removal and moderate inorganic removal
are desired. It is capable of concentrating sugars, bivalent salts, proteins, dyes,
and other constituents that have a molecular weight greater than 1000 Da.
Membranes used for NF are made of cellulosic acetate and aromatic
polyamide having characteristics of giving salt rejection from 95% for biva-
lent salts to 40% for monovalent salts and an approximate 300 molecular-
weight cutoff (MWCO) for organics. An advantage of NF over RO is that
NF can typically operate at higher recoveries, thereby conserving the total
water usage due to a lower concentrate stream flow rate. NF is not effective
for separation of monovalent ions and small molecular-weight organics.

1.3.3 Ultrafiltration

UF membranes are capable of retaining species in the range of 300-500,000 Da
of molecular weight, with pore sizes ranging from 20 to 1000 A. These are
mostly described by their nominal MWCQO, which means the smallest
molecular-weight species for which the membranes have more than 90%
rejection. The driving force for transport across the membrane is a pressure
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differential operating at about 2-10 bar pressure. It is commonly used for
clarification and fractionation of solutes.

The permeate rate is controlled by the rate of transport through the polar-
ization layer rather than by membrane properties. Hence, UF throughput
depends on physical properties of the membrane, such as permeability,
thickness, and process and system variables such as feed consumption, feed
concentration, system pressure, velocity, and temperature.

The important characteristics for membrane materials are porosity, mor-
phology, surface properties, mechanical strength, and chemical resistance.
Polymeric materials, such as polysulfone, polypropylene, nylon-6, polytetra-
fluoroethylene (PTFE), polyvinyl chloride (PVC), and acrylic copolymer, are
used successfully for making UF membranes. Inorganic materials such as
ceramics, carbon-based membranes, and zirconia are also used for making
UF membranes.

UF has great potential for a wide range of applications as separation tech-
nology in the field of bioprocessing, pharmaceutical, oil and paints, food and
dairy industries, protein harvesting as well as several other areas such as for
concentration of biological macromolecules and macromolecular separation
from energy-saving point of view.

1.3.4 Microfiltration

This is by far the most widely used membrane process with total sales greater
than the combined sales of all other membrane processes. MF is a process of
separating material of colloidal size. The pore size of the MF membrane var-
ies from 0.1 to 10 um.

MF is based on the sieving mechanism with distinct pore sizes for retain-
ing larger size particles than the pore diameter. The MF membranes are
made from natural or synthetic polymers such as cellulose nitrate or acetate,
polyvinylidene difluoride (PVDF), polyamides, polysulfone, polycarbonate,
polypropylene, and PTFE. The inorganic materials such as metal oxides (alu-
mina), glass, and zirconia-coated carbon are also used for manufacturing the
MF membranes.

The properties of membrane materials such as mechanical strength, tem-
perature resistance, chemical compatibility, hydrophobility, hydrophilicity,
permeability, and permselectivity play an important role in the selection
process with respect to particular application.

MF has a wide array of applications in food, beverages, and chemical
industries. It has high potential to grow in the field of biotechnology, water
treatment, and several other industries.

1.3.5 Electrodialysis

ED is an electromembrane process in which the ions are transported
through a membrane from one solution to another under the influence of
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an electrical potential. It can be utilized to perform several general types of
separations such as separation and concentration of salts, the separation and
concentration of monovalent ions from multiple charged components, or the
separation of ionic compounds from uncharged molecules. ED membranes
are usually made of cross-linked polystyrene that has been sulfonated.
Anion membranes can be of cross-linked polystyrene containing quaternary
ammonia groups. Usually, ED membranes are made of flat sheets containing
about 30%-50% water by applying the cation- and anion-selective polymers
to a fabric material.

The ED system consists of cation and anion membranes, which are placed
in an electric field. The cation-selective membrane permits only the cations
and the anion-selective membrane permits only the anions. The transport of
ions across the membranes results in ion depletion in cells and ion concentra-
tion in alternate ones.

ED is widely used for producing potable water from brackish water, elec-
troplating rinse recovery, desalting cheese whey, producing ultrapure water,
and so on. The ED industry has experienced a steady growth rate. To ensure
further growth beyond desalination and salt production, new areas of appli-
cation are being explored in the areas of chemicals and pharmaceuticals,
food, industrial and municipal effluent treatment, and so on. This can be
achieved through slight modifications in the conventional process as well as
extensive R&D work in the field.

1.3.6 Gas Separation

The membrane-based gas separation technology is one of the most significant
unit operations. It competes well with technology alternatives such as adsorp-
tion and cryogenic distillation in niche application areas. The membrane-based
gas separation process enjoys certain advantages, such as compactness and
light in weight, modular design permitting easy scale-up or operation at par-
tial capacity, and low-energy requirement. Membranes made of polymers
and copolymers in flat and hollow-fiber configuration have been used for
gas separation.

Membrane-based gas separation is based on the concept that different
gases pass through the membrane at significantly different rates. The rate
of permeation is proportional to the pressure differential across the mem-
brane and inversely proportional to the membrane thickness. The rate
of permeation is also proportional to the diffusivity of gas through the
membrane.

Gas separation is affected by three key performance attributes of mem-
branes: selectivity for the gases, membrane flux or permeability, and the life
of the membrane. The membrane-based gas separation is used for hydrogen
recovery, natural gas processing, air separation, nitrogen production, helium
recovery, and so on.
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1.3.7 Pervaporation

Pervaporation is a membrane-based process for separating miscible liquids.
The process is based on the absorption of one of the components of the liquid
by the membrane, diffusion of this component across the membrane, and
evaporation as permeate vapor into the partial vacuum applied to the other
side of the membrane. Transport through the membrane takes place by
maintaining vapor pressure gradient across the membrane.

It offers effective separation and significant energy saving in applications
which are difficult to separate by conventional techniques such as azeotropic
mixtures or mixtures of close boiling components. It is used for separation of
ethanol-water mixture, solvent recovery, separation of heat-sensitive prod-
ucts, or enrichment of organic pollutants.

Table 1.2 gives the characteristics of membranes used in different mem-
brane separation processes.

TABLE 1.2

Characteristics of Membranes Used in Different Membrane Separation Processes

Membrane Type
Process and Pore Size = Membrane Material Diving Force Applications
MF Symmetric Cellulose nitrate or Hydrostatic Separation of
microporous, acetate, PVDF, PTFE, pressure suspended
0.1-10 pm metal oxides, etc. difference at solids, bacteria
~10-500 kPa
UF Asymmetric Polysulfone, Hydrostatic Separation of
microporous, polypropylene, pressure macromolecules;
2-100 nm Nylon 6, PTFE, PVC,  difference at virus from
acrylic copolymer ~0.1-0.5Mpa  solution
NF Asymmetric Cellulosic acetate, Hydrostatic Separation of
skin-type, aromatic polyamide  pressure bivalent ions and
0.5-2.0 nm difference at macromolecules
~0.5-2 Mpa from solution
RO Asymmetric Cellulosic acetate, Hydrostatic Separation of
skin-type, aromatic polyamide  pressure monovalent salts
0.3-0.5 nm difference at and microsolutes
~2-10 Mpa from solutions
ED Cation- and Sulfonated cross- Electrical Desalting of ionic
anion-exchange linked polystyrene potential solutions
membranes gradient
Gas separation Asymmetric Polymers and Hydrostatic Separation of gas
homogeneous copolymers pressure and  mixtures
polymer concentration
gradients
Pervaporation ~Asymmetric Polyacrylonitrile, Vapor pressure Separation of
homogenous polymers gradient azeotropic
polymer mixtures

(a nonporous
membrane)
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1.4 Other Membrane Processes
1.4.1 Dialysis

Dialysis was the first membrane process to be used on an industrial scale.?
It was also used in the laboratory in the 1950s and 1960s, mainly to purify
biological solutions or to fractionate macromolecules. A schematic diagram
of the laboratory dialyzer used by Craig is shown in Figure 1.8, which was
used for separation of low-molecular-weight impurities from biological solu-
tions>1® The feed solution was circulated through the inside of the mem-
brane tube. Solvent solution was circulated on the outside. Boundary layer
formation was overcome by rotating the outer shell with a small motor.

Until UF membranes became available in the late 1960s, this device was
the only way to separate many large-volume biological solutions. The major
application of dialysis is its use as the artificial kidney. More than 100 million
of these devices are used annually for this application. Dialysis process has
certain limitations because it is based on principle of diffusion which is slow,
to achieve a separation. UF or ED is at times due to the use of more selective
membrane giving better and faster separation.

Polyethylene
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Nylon thread
Rubber band
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reservoir

A

1 ¥ Bearing

Inside spacer tube

"\ Diffusate
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%
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FIGURE 1.8
Schematic drawing of laboratory dialyzer developed by Craig to separate low-molecular-
weight impurities from biological solutions.
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1.4.1.1 Donnan Dialysis and Diffusion Dialysis

Donnan dialysis was first described as a separation technique in 1967 by
Wallace,''12 who was interested in concentrating small amounts of radioactive
metal ions. He used cation-exchange membranes to treat a large volume of
nearly neutral feed solution containing small amount of metal salts such as
uranyl nitrate UO,(NO;),. A small volume of 2 M nitric acid was used as the
receiving solution. Because the membrane contained fixed negative charges,
negative ions from the surrounding solutions were essentially excluded
from the membrane, and only hydrogen ions (H*) and uranyl ions (UO,**)
could permeate the membrane.

Like coupled transport, Donnan dialysis can concentrate metal ions many-
fold. The process is usually driven by an appropriate pH gradient. Because the
membranes are normal cation- or anion-exchange membranes, the stability
problem that plagues the liquid membranes used in coupled transport is over-
come. However, coupled transport uses carriers selective for one particular
ion, excluding others. This property allows coupled transport membrane to
selectively transport one particular ion across the membrane, both concen-
trating and separating the target ion from similar ions in the feed solution.
Donnan dialysis membranes are essentially nonselective—all ions of the same
charge in the feed solution are transported to the product solution at about the
same rate. It can be made more selective if a complexing agent specific to one of
the ions being transported across the membrane is added to the feed solution.

A related dialysis process, diffusion dialysis, is used to recover acid from
spent metal pickling agents such as sulfuric acid, hydrochloric acid, or nitric—
hydrofluoric acid.’® These pickling chemicals remove scale from metal parts
and get contaminated with iron, chromium, copper, nickel, zinc, and other
heavy metals. Acid recovery by ED is possible, but diffusion dialysis—a
completely passive process—is often preferred because of its simplicity. The
process utilizes the difference in permeability of hydrogen ions and multiva-
lent metal ions through anion-exchange membranes.

1.4.1.2 Charge Mosaic Membranes

Donnan dialysisis a type of ion-exchange process. Ions of the same charge are
redistributed across the membrane, but no net flow of salt from one side of the
membrane to the other occurs. This is because ion-exchange membranes are
quite impermeable to salts. Although counterions to the fixed charge groups
in the membrane can easily permeate through the membrane, ions with the
same charge as the fixed charge groups do not permeate. Sollner' proposed
that, if ion-exchange membranes consisting of separated small domains of
anionic and cationic membranes could be made, they would be permeable to
anions and cations. These membranes are called charge mosaic membranes.
The concept is illustrated in Figure 1.9. Cations permeate the cationic mem-
brane domain, whereas anions permeate the anionic domain.
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Charge mosaic membranes, consisting of finely dispersed domains containing fixed nega-
tively and fixed positively charged groups. (From Baker, RW.: Chapter 13: Other membrane
processes. Membrane Technology and Applications. 2004. Copyright Wiley-VCH Verlag GmbH &
Co. Figures 13.5, 13.9, and 13.13. Reproduced with permission.)

Charge mosaic membranes can preferentially permeate salts from water.
This is because the principle of electroneutrality requires that the counter-
ion concentration inside the ion-exchange regions be at least as great as the
fixed charge density. Because the fixed charge density of ion-exchange mem-
branes is typically greater than 1 M, dilute counterions present in the feed
solution are concentrated ten- to hundredfold in the membrane phase. The
large concentration gradient that forms in the membrane leads to high ion
permeabilities. For charge mosaic membranes to work most efficiently, the
cationic and anionic domains in the membrane must be close together to
minimize charge separation effects.’>7 The first charge mosaic membranes
were made by distributing very small ion-exchange beads in an imperme-
able support matrix of silicone rubber.’¥!° A second approach, used by Platt
and Schindler,?’ was to use the mutual incompatibility of most polymers that
occurs when a solution containing a mixture of two different polymers is
evaporated.

1.4.1.3 Membrane Contactors

In membrane contactors, the membrane functions as an interface between
two phases but does not control the rate of passage of permeants across the
membrane. Membrane contactors are typically shell-and-tube devices con-
taining microporous capillary hollow-fiber membranes.?> The membrane
pores are sufficiently small that capillary forces prevent direct mixing of the
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FIGURE 1.10

Membrane contactors and their applications. VOC, volatile organic compound. (From Baker, R W.:
Chapter 13: Other membrane processes. Membrane Technology and Applications. 2004. Copyright
Wiley-VCH Verlag GmbH & Co. Figures 13.5, 13.9, and 13.13. Reproduced with permission.)

phases on either side of the membrane. The membrane contactor®% sepa-
rates a liquid and a gas phase in case of a liquid/gas contactor. Membrane
contactors can also be used to separate two immiscible liquids (liquid/liquid
contactors) or two miscible liquids (usually called membrane distillation).
Contactors can also be used to selectively absorb one component from a gas
mixture into a liquid (gas/liquid contactors). The various types of membrane
contactors that have been used are illustrated in Figure 1.10. Contactors have
a number of advantages compared to simple liquid/gas absorber/strippers
or liquid/liquid extractors, particularly high surface area per volume.
Membrane contactor provides 10 times higher contactor area than equiva-
lent-sized towers. This makes membrane contactor compact and lightweight.
It is based on the physical separation of the counter-flowing phases by the
membrane. The membrane area between the two phases is independent of
their relative flow rates, so large flow ratio differences can be used with-
out producing channeling or flooding or poor phase contact, and maximum
advantage can be taken of the ability of counterflow to separate and con-
centrate the components crossing the membrane. Small volume of high-cost
extractants can be used to treat large volumes of low-value feed. Separation
of the two phases also eliminates entrainment of one phase into the other, as
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well as foaming. Finally, unlike traditional contactors, fluids of equal density
can be used for the two phases.

The main disadvantages of contactors are related to the nature of the mem-
brane interface. The membrane acts as an additional barrier to transport
between the two phases, which introduces a resistance to the rate of separa-
tion. The membranes can foul during the operation, reducing the perme-
ation rate, or develop leaks, thus allowing direct mixing of the two phases.
The polymeric membranes are thin for reducing the resistance to flow and
enhance the permeation rate. However, this introduces limitation to with-
stand large pressure differences across the membrane or exposure to harsh
solvents and chemicals.

An important example of liquid/liquid membrane contactor is membrane
distillation, shown schematically in Figure 1.11. In this process, a warm feed
solution flows on one side of the membrane and pure distillate on the other
side. Because the solutions are at different temperatures, their vapor pres-
sures are different; as a result, water vapor flows across the hydrophobic
membrane. The water vapor flux is proportional to the vapor pressure differ-
ence between the warm feed and the cold permeate. Because of the exponen-
tial rise in vapor pressure with temperature, the flux increases dramatically
as the temperature difference across the membrane is increased.

Vapor gap

\]i?:: Cool
feed distillate
T flux
emperature —_ | ——
Vapor _\
pressure T

FIGURE 1.11

Schematic diagram of the membrane distillation process showing temperature and water
vapor pressure gradients that drive the process. (From Baker, RW.: Chapter 13: Other mem-
brane processes. Membrane Technology and Applications. 2004. Copyright Wiley-VCH Verlag GmbH
& Co. Figures 13.5, 13.9, and 13.13. Reproduced with permission.)
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Membrane distillation®® offers a number of advantages over alternative
pressure-driven membrane processes such as RO. Because the process is
driven by temperature gradient, low-grade waste heat can be used. Unlike
RO, expensive high-pressure pump is not required. Membrane distillation
can be used for concentrated feed where RO cannot be used. This is an
advantage over RO. In RO, osmotic pressure increases with concentration
which offers a practical limit on the concentration of a salt in the feed solu-
tion to be processed. However, the membrane distillation process is still the
subject of academic interest.3*> There is need to direct the research efforts
toward cost reduction strategies through technological innovations with
respect to membrane modules for membrane distillation system.

1.4.1.4 Membrane Reactors

A membrane reactor integrates both membrane-assisted reaction and sepa-
ration. It is also termed as membrane-based reactive separation. It is compact
and plays an important role in enhancement of selectivity/yield in case of
equilibrium-limited reaction. The conventional membrane reactor system is
shown in Figure 1.12. Figure 1.13 shows a schematic diagram of an integrated
membrane reactor system.

There are different configurations of membrane reactor® in order to com-
bine the membrane separation module and the reactor into a single unit
as shown in Figure 1.14. Six basic types of configurations are indicated in
Table 1.3.

Reactants Products
A Separator —

Reactants recycle

FIGURE 1.12
Conventional membrane reactor system.

Products and sweep gas
Sweep gas > s >

Reactants \ Lol Products

I . >

Products and sweep gas

FIGURE 1.13
Integrated membrane reactor system.
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FIGURE 1.14

Different membrane reactor configurations: (a) CMR, CNMR; (b) PBMR, FBMR; (c) PBCMR,
FBCMR. 1, tube side; 2, catalytic membrane; 3, inert membrane; 4, catalyst bed; 5, shell side.
(Reprinted from Fundamentals of Inorganic Membrane Science and Technology, Membrane Science
and Technology Series 4, Sanchez, J. and Tsotsis, T.T.,, Current developments and future
research in catalytic membrane reactors, Burggraaf, AJ. and Cot, L. (eds.), 529-568, Copyright
1996, Figure 11.1 and Table 11.1, with permission from Elsevier.)

TABLE 1.3

Classification of Membrane Reactors

Acronym Description

CMR Catalytic membrane reactor

CNMR Catalytic nonpermselective membrane reactor
PBMR Packed-bed membrane reactor

PBCMR Packed-bed catalytic membrane reactor
FBMR Fluidized-bed membrane reactor

FBCMR Fluidized-bed catalytic membrane reactor

Source: Reprinted from Fundamentals of Inorganic Membrane Science and
Technology, Membrane Science and Technology Series 4, Sanchez, .
and Tsotsis, T.T., Current developments and future research in
catalytic membrane reactors, Burggraaf, A.J. and Cot, L. (eds.),
529-568, Copyright 1996, Figure 11.1 and Table 11.1, with per-
mission from Elsevier.
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In packed-bed membrane reactor (PBMR) configuration, packed bed of
catalyst is kept in contact with the membrane. The membrane itself is not
catalytic. In the catalytic membrane reactor (CMR) configuration, intrin-
sically catalytic membrane or a membrane that has been made catalytic
through activation is used. If the membrane used in PBMR configuration
is catalytically active, then the configuration is termed as packed-bed CMR
(PBCMR). When the packed bed is replaced by a fluidized bed, it is called the
fluidized-bed membrane reactor (FBMR) configuration. The fluidized-bed
CMR (FBCMR) uses both a catalytic bed and a permselective membrane.
In the catalytic nonpermselective membrane reactor (CNMR) configuration,
the membrane is not typically permselective and it is only used to provide
a reactive surface.

Membrane reactors can be classified as staged membrane reactors, membrane
reactors with multiple feed ports, and multimembrane reactors.3*% Research
studies are pursued on minimizing reactant loss,**¥ the use of sweep gas
under concurrent or countercurrent operation,® and the use of a vacuum on
the permeate side.

Membrane reactors are also classified®-#! as reactive membrane extractors
when their function is to remove one or more products. Such action could
result in increasing the equilibrium yield. Membranes could also serve as a
distributor for one of the reactants. Such membrane reactors find application
for consecutive and parallel reactions for a better yield of the intermediate
products and they do have a potential to avoid the thermal runaway phenom-
ena, typically associated with highly exothermic reactions. The membrane in
a membrane reactor improves the contact between different reactive phases
where the membrane acts as a medium for providing the intimate contact
between reactants, which are fed separately in either side of the membrane.
Multiphase reactions involving a catalyst and liquid and gaseous reactants
can also be studied in reactive membrane contactors. The primary advantage
of the use of the membrane reactor is to decrease the mass transfer limita-
tions, frequently encountered with such reactions in slurry or trickle-bed
reactors.

Membrane reactors are being considered for many processes, and some
of them are already being used on an industrial scale, such as cell culture
and fermentation processes,*** light hydrocarbon gas-phase catalytic reac-
tions,*-52 and chiral drug separation.5>*

1.4.1.5 Biomimetic Membranes

Biomimetic membranes incorporate biological elements, borrow concepts,
and ideas, and get inspiration from natural biological systems. Such mem-
branes utilize the proven performance evolved by nature over billions of
years for improving transport efficiency and functioning. Biological mem-
branes rely on the host of different mechanisms to evolve efficient separa-
tions as given in Table 1.4 providing inspiration for synthetic membrane
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TABLE 1.4
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Biological Membrane Separation Paradigm

Membrane Type

Dimensions
or Mechanism

Location
(in Biological Systems)

Relevant Membrane
Applications

Surface layer

2-8 nm of pore size

External membrane

UF membrane

membranes surface
Lipid bilayers Nonporous, Enveloping the RO and forward
diffusion cell and cell osmosis membranes
compartments
Ionosphere-based ~ Nonporous, Hydrophobic region Electrode sensors,
membranes diffusion by carrier  of lipid bilayers liquid membranes
Membrane 0.3-1.5 nm of pore Transmembrane Biomimetic desalination
protein-facilitated ~ size membranes, artificial
lipid bilayers channels
Biological Surface Membrane surfaces Surface antifouling
antifouling surface  physiochemical (blood cell membrane,  coating for separations
interactions, plant and animal skin)
antifouling
chemical signals,
surface topography

Source: Reprinted from ]. Membr. Sci., 454, Shen, Y.-X., Saboe, P.O., Sines, I.T., Erbakan, M., and

Kumar, M., Biomimetic membranes: A review, 359-381, Copyright 2014, with permis-
sion from Elsevier.

design. As shown in Figure 1.15, gram-negative bacterial organisms
perform size-graded membrane filtration, which is comparable to simi-
lar strategies used in membrane filtration. Structures on the outer mem-
brane surface provide coarse filtration (surface layer proteins) and fouling
resistance. The second level of filtration is through large outer membrane
channels for macromolecular separations and specialized inner (or plasma
membrane) membrane proteins for specific transport of solutes and water
using pumps, channels, and transporters. The simple membrane bilayers
allow for passive diffusion of water, gases, and specific solutes by solu-
tion diffusion as well as by carrier-mediated diffusion of ionophores in the
hydrophobic membrane interior. These cells also employ antifouling strate-
gies to prevent unwanted protein deposition on their surface and attach-
ment by other microorganisms.%

Research and development in biomimetic membranes has reached an inter-
esting phase. Several technologies are being developed that could advance
the state of the art in membrane separation. However, there are many chal-
lenges to overcome for biomimetic membranes, such as (1) the fundamental
understanding of the interaction between functional molecules and matrix
materials, (2) the engineering approach for the synthesis of biomimetic mem-
branes, and (3) the scale-up issues.
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FIGURE 1.15

Biological membrane separation and antifouling strategies for an example of a gram-negative
bacterial organism. (Reprinted from ]. Membr. Sci., 454, Shen, Y.-X., Saboe, P.O., Sines, 1T,
Erbakan, M., and Kumar, M., Biomimetic membranes: A review, 359-381, Copyright 2014, with
permission from Elsevier.)

1.5 Membrane Transport Theories

Theories of membrane transport phenomena for both liquids and gaseous
separations have been described.

1.5.1 Membrane Transport Involving Liquid Systems

In membrane filtration, the separation process is accomplished by using a
differential driving potential across a membrane having selective perme-
ability. For example, the differential driving potential used to transport
solvent across UF membrane is the hydrostatic pressure. UF is commonly
used to separate suspended solids, colloids, and macromolecules from water.
Whenever the solvent of a mixture flows through the membrane, retained
species are locally concentrated at the membrane surface, thereby resisting
the flow. This localized concentration of solute normally results in precipita-
tion of a solute gel over the membrane. Hence, UF throughput depends on
physical properties of the membrane, such as permeability, thickness, and
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process and system variables such as feed concentration, system pressure,
velocity, and temperature. Two models with different approach are described
below.

1.5.1.1 Gel Polarization Model

The basic assumptions of this model are as follows:

1. UF membranes have skin that offers minimum resistance to flow
and the asymmetry of the pore virtually eliminates internal pore
fouling.

2. Concentration buildup at the membrane surface rises up to the point
of incipient gel precipitation forming a dynamic secondary mem-
brane on top of the primary structure.

3. The secondary membrane offers the major resistance to flow.

4. The gel layer grows in thickness until the pressure-activated convec-
tive transport of solute with solvent toward the membrane surface
just equals the concentration gradient-activated diffusive transport
away from the membrane surface.

5. Beyond a certain threshold pressure, increase in pressure does not
improve the flux because the gel layer grows thicker to offer more
resistance to the increased driving force. This is called critical flux.

Water flux (], )= TMP/(R. + R,,)

where:
TMP is the transmembrane pressure
R. is the resistance of the deposited cake
R., is the hydraulic resistance of the membrane

6. Eventually, the concentration at the membrane surface will be high
enough to form a gel.

7. In the steady state, the convective transport to the membrane must
equal the back-diffusive transport away from the membrane.

dC
J=- D[dxj (15)

where:
J is the solvent flux through the membrane
C is the concentration of solutes or colloids retained in membrane
D is the solute diffusivity
x is the distance from the membrane surface
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Upon integration,
D C C
=| = |'In| & |=kIn| % 1.6
=3 e )l E) o
where:

k is the mass transfer coefficient

d is the boundary layer thickness considering D as constant

C, and G, represent the maximum solute concentration in the
gel layer and the concentration of solutes in the bulk of feed,
respectively

8. Lower solute concentration (C,) will have higher threshold pressure
because much higher flux is required to transport enough solute to
the membrane to begin to form a gel.

1.5.1.2 Resistance Model

The mechanism of separation in UF involves not only the size exclusion but
also the adsorption and surface charge characteristics of membranes. In
the absence of a solute, the water flux through a microporous membrane is
defined by Darcy’s law, which states that pure solvent flux is directly propor-
tional to the applied pressure differential (AP) and inversely proportional to
pure solvent viscosity (u,,)-

APy (1.7)

Jw = (Rmuw)

where R, is the membrane hydraulic resistance which is a function of pore
size, tortuosity, membrane thickness, and porosity.

If the feed solution contains solutes which are retained at the membrane
interface, the water flux in UF is generally lower than pure water flux. A number
of phenomena have been suggested to account for this flux reduction, such as
resistance due to gel layer formation, resistance due to concentration polar-
ization, and resistance due to an absorption layer and pore plugging. For a
macromolecular solute of high molecular weight at low concentration, the
osmotic pressure effect can be neglected. The effect of the gel layer can be
represented as

ALy (1.8)

where R, is the resistance due to gel polarization.
The time-dependent case of Equation 1.8 can be represented as

Alapp1 (19)

Jut (t) = —uw [Rm N Rp (t)]
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After testing, if the membrane is thoroughly washed with appropriate washing
solution and the pure water flux (J,) is determined at the same AP, it may
be found to be less than ], but still greater than J,.. The difference between J,,
and ], may be accounted for by the irreversible fouling due to adsorption of
solute on the membrane and this loss in flux can be visualized as additional
resistance to the flux (R,). Hence,

_ APy 1.10
y(Rn+R,) (110

Incorporating R,, Equation 1.9 can be written as
ALppi (111)

Jurlt) = Mo [Ru + R, + Ry (1)]

It is noted that |, reaches an almost constant final flux J (F) and the time
corresponding to this ] (F) is #(F). At this stage, R,(f) becomes constant R,(F).

Jw

Alippl (112)

Ju(F)= o[ R+ R, + Ry (F)]

There also exists a concentration polarization resulting from the relative rate
of solute transport to the membrane surface by convection and the back-
diffusive solute flux. Although both concentration polarization and fouling
reduce the membrane flux, they have opposing effects on the observed per-
cent rejection. Another way to distinguish the two phenomena is through
their time dependence. Concentration polarization is dependent on oper-
ating parameters such as pressure, temperature, feed concentration, and
velocity but is not a function of time. Fouling is partially dependent on these
variables, particularly feed concentration, but is also a function of time.

The change of flux with time due to different kinds of resistances is given
in Figure 1.16 for a typical UF membrane.® It shows asymptotic behavior
after a particular duration of time.

The mass transfer coefficient, k, can be calculated from the following
equation:

PR
T+m(1-f)M,
1000

k= 1.13)

3600MBS|:

C(l—X3)|:ln(X2 _XS ):|

X1 =X

where:
PR refers to the product rate
frefers to the solute separation with reference to the chosen reference solute
M, and M refer to the molecular weights of solute and water, respectively

S refers to the membrane area
m is the solute molarity
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FIGURE 1.16
Change of flux with time for UF membrane showing asymptotic behavior after a particular
duration of time.

¢ is the molar density of feed
X;, X,, and X;refer to the mole fractions of solute at bulk, membrane—solution
interface, and membrane-permeated product, respectively

1.5.2 Membrane Transport Involving Gaseous Systems

There are two main membrane permeation mechanisms: (1) through the
bulk of the material (dense membranes) and (2) through the pores (porous
membranes). Dense membranes usually have high selectivity and low mem-
brane flux. This principle also applies to small-pore membranes. Larger
pores increase the flux but decrease the selectivity.

1.5.2.1 Dense Membrane Separation Mechanism

The solution diffusion mechanism is the commonly used physical model
to describe gas transport through dense membranes. A gas molecule is
adsorbed on one side of the membrane, dissolves in the membrane material,
diffuses through the membrane, and desorbs on the other side of the mem-
brane. If diffusion through the membrane takes place in the form of ions
and electrons (i.e., proton-exchange transport) or as atoms (e.g., for hydrogen
transport through dense metal), the molecule needs to split up after adsorp-
tion and recombine after diffusing through the membrane.

1.5.2.2 Porous Membrane Separation Mechanisms

Four types of transport mechanisms® exist with respect to separation in
porous membranes: Knudsen diffusion, surface diffusion, capillary conden-
sation, and molecular sieving. In some cases, molecules can move through the
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membrane by more than one mechanism. Knudsen diffusion gives relatively
low separation selectivity compared to surface diffusion and capillary
condensation. Shape-selective separation or molecular sieving can yield
high selectivities. The separation factor for these mechanisms depends on
pore size distribution, temperature, pressure, and interactions between
gases being separated and the membrane surfaces.

Knudsen (or free-molecule) diffusion takes place for the cases with large
Knudsen numbers. The Knudsen number K, is defined as the ratio of the
mean free path of the gas molecules (average distance between collisions)
and a representative physical length scale (e.g., the pore radius).

If the pore radius is used as representative physical length scale, the mean
free path lengths are substantially higher than pore radii at Knudsen num-
bers larger than 10. The result is that mainly the lighter molecules perme-
ate through the pores. Selectivity, however, is limited and can be calculated
with the square root of the ratio of the molar masses of the gasses involved.
The smaller the Knudsen number, the larger the pores become (relative to
the mean free path of the gas molecules), the lower selectivity becomes. For
Knudsen numbers <1, the dominant transport mechanism is viscous flow,
which is nonselective.

Surface diffusion may occur in parallel with Knudsen diffusion. Gas
molecules are adsorbed on the pore walls of the membrane and migrate
along the surface. Surface diffusion increases the permeability of the com-
ponents adsorbing strongly to the membrane pores. At the same time, the
effective pore diameter is reduced. Consequently, transport of nonadsorb-
ing components is reduced and selectivity is increased. This positive con-
tribution of surface diffusion works for certain temperature ranges and
pore diameters.

Capillary condensation occurs if a condensed phase partially fills the
membrane pores. If the pores are completely filled with condensed phase,
only the species soluble in the condensed phase can permeate through the
membrane. Fluxes and selectivities are generally high for capillary conden-
sation. The appearance of capillary condensation, however, depends on gas
composition, pore size, and uniformity of pore sizes.

If pore sizes become sufficiently small (3-5 A), the mechanism of molecu-
lar sieving is applicable in separating molecules that differ in kinetic diam-
eter. The pore size becomes so small that only the smaller gas molecules can
permeate through the membrane.

1.5.3 Transport Mechanism in ED Membrane

The transport mechanism in the ED membrane is shown in Figure 1.17
showing concentration and potential gradients in a well-stirred ED cell. In
this example, chloride ions easily permeate the anionic membranes con-
taining fixed positive groups and are stopped by the cationic membranes
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FIGURE 1.17

Schematic of the concentration and potential gradients in a well-stirred ED cell. (From Baker,
RW.: Chapter 10: Ion Exchange membrane processes-electrodialysis. Membrane Technology and
Applications. 2004. Copyright Wiley-VCH Verlag GmbH & Co. Figures 10.7 and 10.8. Reproduced
with permission.)

containing fixed negative groups. Similarly, sodium ions permeate the cat-
ionic membranes but are stopped by the anionic membranes. The overall
resultis increased salt concentration in alternating compartments, whereas
the other compartments are simultaneously depleted of salt. The voltage
potential drop caused by the electrical resistance takes place entirely
across the ion-exchange membrane. In a well-stirred cell, the flux of ions
across the membranes, and hence the productivity of the ED system can
be increased without limit by increasing the current across the stack. In
practice, however, the resistance of the membrane is often small in propor-
tion to the resistance of the water-filled compartments, particularly in the
dilute compartment where the concentration of ions carrying the current
is low. In this compartment, the formation of ion-depleted regions next to
the membrane places an additional limit on the current, and hence the flux
of ions through the membranes. Ion transport through this ion-depleted
aqueous boundary layer generally controls ED system performance.

The formation of concentration gradients caused by the flow of ions through
a cationic membrane is shown in Figure 1.18.

It shows the concentration gradient of univalent sodium ion next to a
cationic membrane. Exactly equivalent gradient of anion, such as chloride
ion, forms adjacent to the anionic membranes in the stack. The ion gradient
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FIGURE 1.18

Schematic of the concentration gradients adjacent to a single cationic membrane in an ED stack.
(From Baker, RW.: Chapter 10: Ion exchange membrane processes-electrodialysis. Membrane
Technology and Applications. 2004. Copyright Wiley-VCH Verlag GmbH & Co. Figures 10.7 and
10.8. Reproduced with permission.)

formed on the left dilute side of the membrane can be described by Fick’s
law. Thus, the rate of diffusion of cations to the surface is given by

[ At +
o Dle-a) 114
)

where:

D+ is the diffusion coefficient of the cation in water

c* is the bulk concentration of the cation in the solution

oy is the concentration of the cation in the solution adjacent to the mem-

brane surface (0)
d is film thickness

The rate at which the cations approach the membrane by electrolyte trans-
port is (ttI/F). The total flux of sodium ions to the membrane surface (J*) is
the sum of these two terms.

I = D(Cs_C())J“[tFIJ (1.15)

Transport through the membrane is also the sum of two terms (1) due to the
voltage difference and (2) due to the diffusion caused by the difference in ion
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concentrations on each side of the membrane. Thus, the ion flux through the
membrane can be written as

Je | el T (¢t —<iv) (1.16)
F 1

where P+ is the permeability of the sodium ions in a membrane of thickness 1.
The quantity p*(cf, —cf))/1 is much smaller than transport due to the volt-
age gradient, so Equations 1.15 and 1.16 can be combined and simplified to

D*(C*—C(;)) (ﬁlj_[t&)l] (1 17)
SN W /A N [ .
) F F

For a selective cationic ion-exchange membrane for which ¢ =1, Equation
1.17 can be further simplified to

I =[ FD* J(C‘C”) (118)
-+ ) b

This important equation has a limiting value when the concentration of
the ion at the membrane surface is zero (¢, = 0). At this point, the current
reaches its maximum value. The limiting current is given by the equation:

_ FD*c"
Ilim - 6(1—f+) (119)

The limiting current, I;;,,,, is the maximum current that can be employed in an
ED process. If the potential required to produce this current is exceeded, the
extra current will be carried by other processes, first by transport of anions
through the cationic membrane and, at higher potentials, by hydrogen and
hydroxyl ions formed by dissociation of water. Both of these undesirable pro-
cesses consume power without producing any separation. This decreases the
current efficiency of the process.

The limiting current density for an ED system operated at the same feed
solution flow rate is a function of the feed solution salt concentration, as
shown in Equation 1.19. As the salt concentration in the solution increases,
more ions are available to transport current in the boundary layer, so the
limiting current density also increases. For this reason, large ED systems
with several ED stacks in series will operate with different current densities
in each stack, reflecting the change in the feed water concentration as salt is
removed.
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1.6 Membrane Preparation Technique

Synthetic membranes can be classified in five basic groups: (1) microporous
media, (2) homogeneous solid films, (3) asymmetric structures, (4) electrically
charged barriers, and (5) liquid films with selective carriers. This classifica-
tion, however, is rather arbitrary and there are many structures which would
tit more than one of the abovementioned classes, for example, a membrane
may be microporous, asymmetric in structure, and carry electrical charges.

1.6.1 Neutral Microporous Membranes

The neutral microporous films represent a very simple form of a membrane,
which closely resembles the conventional fiber filter as far as the mode of
separation and the mass transport are concerned. These membranes consist
of a solid matrix with defined holes or pores. Separation of various chemical
components is achieved strictly by a sieving mechanism with the pore diam-
eters and the particle sizes being the determining parameters. Microporous
membranes can be made from various materials, such as ceramics, graphite,
metal or metal oxides, and various polymers. Their structure may be sym-
metric, that is, the pore diameters do not vary over the membrane cross sec-
tion, or they can be asymmetrically structured, that is, the pore diameters
increase from one side of the membrane to the other by a factor of 10-1000.
The properties and areas of application of various microporous filters are
summarized in Table 1.5.

1.6.1.1 Sintered Membranes

Sintered membranes are normally made from ceramic materials, glass,
graphite, and metal powders such as stainless steel and tungsten.>® The par-
ticle size of the powder is the main parameter determining the pore sizes

TABLE 1.5

Microporous Membranes, Their Preparation, and Applications

Membrane Pore Size =~ Manufacturing

Type Membrane Material (um) Process Application

Microporous Ceramic, metal, or 0.1-20  Pressing and MF

membrane  polymer powder sintering of powder
Homogeneous polymer 0.5-10  Stretching of MF, burn dressings,
sheets (PE, PTFE) extruded polymer artificial blood
sheets vessels

Homogeneous polymer 0.02-10  Track-etching MF

sheets (polycarbonate)

Polymer solution 0.01-5 Phase inversion MEF, UF, sterilization
(cellulose acetate)
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of the final membrane. The membrane can be made in the form of discs,
candles, or fine bore tubes. Sintered membranes are used for the filtration of
colloidal solutions and suspensions. This type of membrane is suitable for
gas separation. It is also used for the separation of radioactive isotopes such
as uranium.

1.6.1.2 Stretched Membranes

Another method for preparing microporous membranes is the stretch-
ing of a homogeneous polymer film of partial crystallinity. This technique
is employed with films of polyethylene (PE) or PTFE, which are extruded
from a polymer powder and then stretched perpendicular to the direction
of extrusion.®*® This leads to relatively uniform pores. These membranes,
which have a very high porosity, up to 90%, and a fairly regular pore size, are
widely used for MF of acid and caustic solutions, and organic solvents. 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. This membrane type has a high permeability for gases
and vapors due to high porosity, and, because of the hydrophobic nature of
the basic polymer, it is impermeable to aqueous solutions. This membrane
has also been used for a novel process, generally referred to as membrane
distillation for removing ethanol® from fermentation broths and for desali-
nation of saline water and in medical applications.

1.6.1.3 Capillary Pore Membranes

Microporous membranes with very uniform, nearly perfectly round cylin-
drical pores are obtained by a process generally referred to as track-
etching.%2 The membranes are made in a two-step process. During the first
step, a homogeneous thick polymer film is exposed to charged particles in
an irradiator. As the particles pass through the film, they leave sensitized
tracks where the chemical bonds in the polymer backbone are broken. In the
second step, the irradiated film is placed in an etching bath. In this bath, the
damaged material along the tracks is preferentially etched forming uniform
cylindrical pores.

The pore density of a track-etched membrane is determined by the resi-
dence time in the irradiator, whereas the pore diameter is controlled by the
residence time in the etching bath. The minimum pore diameter of these
membranes is ~0.01 um. The maximum pore size that can be achieved in
track-etched membranes is determined by the etching procedure. With
exposure time in the etching medium, the pore size increases and the thick-
ness of the film is correspondingly reduced. Capillary pore membranes are
prepared mainly from polycarbonate and polyester films. The advantage
of these polymers is that they are commercially available in very uniform
thickness (10-15 um), which is the maximum penetration depth of collimated
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particles obtained from irradiator of energy 0.8-1 MeV. Particles with higher
energy, up to 10 MeV, may be obtained in an accelerator. They are used to
irradiate thick polymer films up to 50 pm thickness or inorganic materi-
als such as mica.®® Because of their narrow pore size distribution and low
tendency to plug, capillary pore membranes made from polycarbonate and
polyester have found application on a large scale in analytical chemistry and
microbiological laboratories, and in medical diagnostic procedures.®* The
membranes are also used in standard clinical tests for red blood cell deform-
ability studies.

1.6.1.4 Phase Inversion Membranes

Most of the microporous membranes are made by phase inversion tech-
nique.® In phase inversion process, a polymer is dissolved in an appropriate
solvent and spread as film of about 20200 pm thickness. Water is added
causing separation of the homogeneous polymer solution into a solid poly-
mer phase and a liquid solvent phase. The precipitated polymer forms a
porous structure containing a network of more or less uniform pores. This
type of membrane can be made from almost any polymer which is soluble
in an appropriate solvent and can be precipitated in a nonsolvent.®® By vary-
ing the polymer, the polymer concentration, the precipitation medium, and
the precipitation temperature, microporous phase inversion membranes can
be made of different pore sizes (from less than 0.1 to more than 20 um) with
varying chemical, thermal, and mechanical properties. These membranes
were originally prepared from cellulosic polymers by precipitation at room
temperature in an atmosphere of ~100% relative humidity.” Lately, symmet-
ric microporous membranes are also prepared from Nylon 66, Nomex, poly-
sulfone, and PVDF by precipitation of a cast polymer solution in aqueous
liquid.®® The symmetric, microporous polymer membranes made by phase
inversion are widely used for separations on a laboratory and industrial
scale.®” Typical applications range from the clarification of turbid solutions
to the removal of bacteria or enzymes, the detection of pathological compo-
nents, and the detoxification of blood in an artificial kidney.

1.6.1.5 Asymmetric Microporous Membranes

An asymmetric membrane consists of a thin (0.1-1 pm) selective skin layer
on a highly porous (100-200 um thick) substructure. The thin skin represents
the membrane. Its separation characteristics are determined by the nature of
the polymer and the pore size, whereas the mass transport rate is determined
by the membrane thickness, because the mass transport rate is inversely pro-
portional to the thickness of the actual barrier layer. The porous sublayer
serves as a support for the thin skin and has little effect on separation char-
acteristics or the mass transfer rate of the membrane. It provides mechani-
cal strength. Asymmetric membranes are used primarily in pressure-driven
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membrane processes, such as RO, UF, or gas separation due to high mass
transfer rate and good mechanical stability.”? In addition to high filtration
rates, asymmetric membranes are fouling resistant. Asymmetric membranes
are surface filters and retain all rejected materials on the surface, which are
removed by the shear force applied by the feed solution moving parallel to
the membrane surface.

Two techniques are used to prepare asymmetric membranes. The first tech-
nique utilizes the phase inversion process. The second technique is based on
getting composite structure by depositing an extremely thin polymer film
on a microporous substructure.

The development of the asymmetric phase inversion membrane was a
major breakthrough in the development of UF and RO. These membranes
were made from cellulose acetate and yielded fluxes 10-100 times higher
than symmetric structures with comparable separation characteristics.
Asymmetric phase inversion membranes can be prepared from cellulose
acetate and many other polymers by the following general preparation
procedure":

* A polymer is dissolved in an appropriate solvent to form a solution
containing 10-30 wt.% polymer.

e The solution is cast into a film.

* The film is quenched in a nonsolvent typically water or an aqueous
solution.

During the quenching process, the homogeneous polymer solution separates
into two phases: a polymer-rich solid phase, which forms the membrane
structure, and a solvent-rich liquid phase, which forms the liquid-filled
membrane pores. Generally, the pores at the film surface, where precipita-
tion occurs first and most rapidly, are much smaller than those in the interior
or the bottom side of the film, which leads to the asymmetric membrane
structure. There are different variations to this general preparation proce-
dure; for example, Loeb and Sourirajan used an evaporation step to increase
the polymer concentration in the surface of the cast polymer solution and
an annealing step during which the precipitated polymer film is exposed
for a certain time period to hot water of 70°C-80°C.”? The detailed formation
mechanism of microporous symmetric or asymmetric membranes is given
in literatures.”” Both quantitative and qualitative description and correla-
tion of the various preparation parameters with membrane structures and
properties are also described in literatures.”>-8!

1.6.2 Homogeneous Membranes

The mass transport in homogeneous membranes occurs primarily by dif-
fusion; thus, permeability is rather low. Homogeneous membranes should,
therefore, be as thin as possible. The separation of various components in
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a solution is directly related to their transport rates within the membrane
phase, which is determined mainly by their diffusivity and concentration in
the membrane matrix.82-5

1.6.2.1 Homogeneous Polymer Membranes

Polymer chemistry is capable of tailoring polymers of mechanical and ther-
mal stability as well as chemical compatibility. In general, mass transfer is
greater in amorphous polymers than in highly cross-linked polymers.®” Thus,
crystallization and orientation are avoided as much as possible when high
permeability and transmembrane flux are desired. However, physical prop-
erties and, in particular, the mechanical strength of the polymer as well as
its selectivity are adversely affected, and the final product will represent
a compromise between necessary strength, selectivity, and mass transfer
rates.®® The two basic membrane configurations are flat sheets and hollow
fibers.8*0 Flat sheets can be prepared by casting from solution, by extruding
from a polymer melt, or by blow and press molding. Hollow fibers are gen-
erally made by extrusion with central gas injection.”* Because of their high
selectivity for different chemical components, homogeneous membranes are
used in various applications, which in general involve the separation of dif-
ferent low-molecular-weight components with identical or nearly identical
molecular dimensions. The important applications of homogeneous polymer
membranes are in gas separation, pervaporation, and RO.

1.6.2.2 Homogeneous Metal and Glass Membranes

The permeability of hydrogen in palladium, palladium alloys, and several other
metals such as platinum, silver, iron, and nickel is several orders of magnitude
higher than that of any other gases. The permeability of hydrogen in palladium
alloy membranes is highly temperature dependent. The separation is, therefore,
carried out at elevated temperature (400°C).”> The palladium or palladium alloy
membrane used for the separation and purification of hydrogen is produced
by electroless deposition.” Because of their high selectivity, these membranes
are used for production of high-purity hydrogen (>99.99% H,). The same is true
for the use of homogeneous silica glass membranes, which appears promising
as selective barrier especially for the separation of helium. Like metal mem-
branes, glass membranes are operated at elevated temperature.

1.6.2.3 Liquid Membranes

Liquid membranes in combination with the facilitated transport is gaining
increasing significance. It utilizes selective carriers transporting certain com-
ponents such as metal ions selectively and at a relatively high rate across the
liquid membrane interphase.®*® It is relatively easy to form a thin fluid film.
It is difficult, however, to maintain and control this film and its properties
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during the separation process. In order to avoid a breakup of the film, some
type of reinforcement is necessary to support such a weak membrane struc-
ture. Two different techniques are used today for the preparation of liquid
membranes. In the first case, the selective liquid barrier material is stabilized
as a thin film by a surfactant in an emulsion-type mixture.”?. In the second
technique for making liquid membranes, a microporous polymer structure is
filled with the liquid membrane phase.** In this configuration, the micropo-
rous structure provides the mechanical strength and the liquid-filled pores
provide the selective separation barrier. Both types of membranes are used
on a pilot plant stage for the selective removal of heavy metal ions or certain
organic solvents from industrial waste streams. They have also been used
rather effectively for the separation of oxygen and nitrogen.!®

1.6.2.4 Ion-Exchange Membranes

Ion-exchange membranes consist of highly swollen gels carrying fixed posi-
tive or negative charges. The properties and preparation procedures of ion-
exchange membranes are closely related to those of ion-exchange resins.'! As
with resins, there are many possible types with different polymer matrices
and different functional groups to confer ion-exchange properties on the
product.

There are two types of ion-exchange membranes: (1) cation-exchange mem-
brane that contains negatively charged groups fixed to the polymer matrix
and (2) anion-exchange membrane that contains positively charged groups
fixed to the polymer matrix. In a cation-exchange membrane, the fixed
anions are in electrical equilibrium with mobile cations in the interstices of
the polymer, as indicated in Figure 1.19. It shows schematically the matrix of
a cation-exchange membrane with fixed anions and mobile cations, which
are referred to as counterions. By contrast, the mobile anions, called co-ions,
are more or less completely excluded from the polymer matrix because of
their electrical charge which is identical to that of the fixed ions. Due to the
exclusion of the co-ions, a cation-exchange membrane permits transfer of
cations only. Anion-exchange membranes carry positive charges fixed on the
polymer matrix permeating anions only. The most required properties from
ion-exchange membranes are as follows:

¢ High permselectivity, that is, an ion-exchange membrane should
be highly permeable for counterions, but should be impermeable to
co-ions

* Low electrical resistance, that is, the permeability of an ion-exchange
membrane for the counterions under the driving force of an electri-
cal potential gradient should be as high as possible

® Good mechanical and form stability: the membrane should be mechan-
ically strong and should have a low degree of swelling or shrinking in
transition from dilute to concentrated ionic solutions
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== Matrix with fixed charges

@ Counterion
@ Co-ion

FIGURE 1.19
Schematic diagram of the structure of a cation-exchange membrane showing the polymer
matrix with the negative fixed charges, the positive counterions, and the negative co-ions.

¢ High chemical stability: the membranes should be stable over a wide
pH range from 1 to 14 and in the presence of oxidizing agents

It is often difficult to optimize the properties of ion-exchange membranes
because the parameters determining the different properties often act con-
trary. For instance, a high degree of cross-linking improves the mechanical
strength of the membrane but also increases its electrical resistance. A high
concentration of fixed ionic charges in the membrane matrix leads to a low
electric resistance but, in general, causes a high degree of swelling combined
with poor mechanical stability. The properties of ion-exchange membranes
are determined by two parameters, that is, the basic polymer matrix and
the type and concentration of the fixed ionic moiety. The basic polymer
matrix determines to a large extent the mechanical, chemical, and thermal
stability of the membrane. Very often the matrix of an ion-exchange mem-
brane consists of hydrophobic polymers such as polystyrene, PE, or polysul-
fone.'2 Although these basic polymers are insoluble in water and show a low
degree of swelling, they may become water soluble by the introduction of the
ionic moieties. Therefore, the polymer matrix of ion-exchange membranes
is very often cross-linked. The degree of cross-linking then determines to a
large extent the degree of swelling, and the chemical and thermal stability,
but also has a large effect on the electric resistance and the permselectivity
of the membrane 19104
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The type and the concentration of the fixed ionic charges determine the
permselectivity and the electrical resistance of the membrane, but they also
have a significant effect on the mechanical properties of the membrane. The
degree of swelling, especially, is affected by the fixed charge concentra-
tion. The following moieties are used as fixed charges in cation-exchange
membranes!'®-10%;

-503,-C00~, —PO%", ~AsO2"
In anion-exchange membranes, fixed charges may be
-NHj, > NHj, S N*, >S*

These differently charged groups have a significant effect on the ion-
exchange behavior of the membrane.

Most commercial ion-exchange membranes can be divided, according to
their structure and preparation procedure, into two major categories: homo-
geneous and heterogeneous membranes. In general, heterogeneous ion-
exchange membranes have several disadvantages, the most important of
which are relatively high electrical resistance and poor mechanical strength.

Homogeneous ion-exchange membranes have significantly better prop-
erties in this respect, because the fixed ion charges are distributed homo-
geneously over the entire matrix. The methods of making homogeneous
ion-exchange membranes can be summarized by three different basic
procedures:

1. Polymerization or polycondensation of monomers!'’

2. Introduction of anionic or cationic moieties into a preformed film by
techniques such as imbibing styrene into polymer films, polymer-
izing the imbibed monomer, and then sulfonating the styrene!!!

3. Introduction of anionic or cationic moieties into a polymer chain
such as polysulfone, followed by dissolving the polymer and casting
it into a film!?

Heterogeneous ion-exchange membranes consist of fine colloidal ion-
exchange particles embedded in an inert binder such as PE, phenolic res-
ins, or PVC.!® The membranes can be prepared by calendaring ion-exchange
particles into an inert plastic film. Another procedure is dry molding of
inert film-forming polymers and ion-exchange particles, and then milling
the mold stock. Also, ion-exchange particles can be dispersed in a solution
containing a film-forming binder, and the solvent evaporated to give an ion-
exchange membrane. Similarly, ion-exchange particles can be dispersed in a
partially polymerized binder polymer, and the polymerization subsequently
completed. Heterogeneous membranes with usefully low electrical resis-
tances contain more than 65% by weight of the cross-linked ion-exchange
particles. Because these ion-exchange particles swell when immersed in
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water, it has been difficult to achieve adequate mechanical strength com-
bined with low electrical resistance. Most heterogeneous membranes that
possess adequate mechanical strength generally show poor electrochemical
properties.

1.6.3 Composite Membranes

In processes such as RO, gas separation, and pervaporation, the actual
mass separation is achieved by a solution-diffusion mechanism in a homo-
geneous polymer layer. Because the diffusion process in a homogeneous
polymer matrix is relatively slow, these membranes should be as thin as
possible. Therefore, an asymmetric membrane structure is mandatory for
these processes. Unfortunately, many polymers with satisfactory selectiv-
ity and permeability for the various components in gas mixtures or liquid
solutions are not well suited for the preparation of asymmetric membranes
by the phase inversion process. This has led to the development of the so-called
composite membranes. A composite membrane is shown schematically
in Figure 1.20. It is composed of a 20-100 nm thin dense polymer barrier
layer formed over an ~100 um-thick microporous film. Composite mem-
branes differ from asymmetric membranes by the mode of preparation
which consists of two steps: (1) casting of the microporous support and
(2) deposition of the barrier layer on the surface of this microporous sup-
port layer. This preparation mode leads to significant advantages of the
composite membrane compared to the integral asymmetric membrane.
In an integral asymmetric membrane, the selective barrier layer and the
microporous support always consist of the same polymer. In a composite
membrane, different polymers in general are used for the microporous
support and the selective barrier layer. This means that polymers which
show the desired selectivity for a certain separation problem, but have
poor mechanical strength or poor film-forming properties, and which are
therefore not suited for preparation into integral asymmetric membranes,

Selective barrier

Porous support

FIGURE 1.20
Schematic diagram of an asymmetric composite membrane showing the microporous support
structure and the selective skin layer.
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may well be utilized as the selective barrier in composite membranes. This
enhances the choice of available materials for the preparation of semiper-
meable membranes.

1.6.3.1 Preparation Procedure

The preparation of composite membrane requires a suitable microporous
support and the barrier layer and lamination to the surface of the support
film. The performance of a composite membrane depends on the proper ties
of the selective barrier layer as well as the properties of the microporous
support film.

The preparation of composite structure involve the following!4-118:

¢ Casting of the barrier layer, for example, on the surface of a water
bath followed by lamination to the microporous support film

* Dip coating of the microporous support film in a polymer, a reactive
monomer, or prepolymer solution followed by drying or curing with
heat or radiation

* Gas-phase deposition of the barrier layer of the microporous sup-
port film

e Interfacial polymerization of reactive monomers on the surface of
the microporous support film

Casting an ultrathin film of cellulose acetate on a water surface and trans-
ferring the film on a microporous support was one of the earliest techniques
used for preparing composite RO membranes for water desalination. Dip
coating a microporous support membrane in polymer or prepolymer solu-
tion was also first developed for the preparation of RO membranes. Here,
a microporous membrane prepared from mixed cellulose esters was first
coated by a protective layer of polyacrylic acid to prevent the solvent of
the casting solution of the barrier layer, which consisted, for example, of
cellulose triacetate in chloroform, from dissolving the support membrane.
This technique was later improved by using a microporous sublayer,
which had better overall mechanical and thermal stability and which was
insoluble in the solvent of the barrier layer, such as an open polysulfone UF
membrane. Dip coating is applied mainly for the preparation of composite
membranes to be used in gas separation and pervaporation.'” Gas-phase
deposition of the barrier layer on a dry microporous support membrane
by plasma polymerization was also successfully used for the preparation
of RO membranes.'?® Large-scale industrial production utilizing plasma
polymerization for the preparation of composite membrane seems to be
difficult.

Important technique for preparing composite membranes is the interfa-
cial polymerization of reactive monomers on the surface of a microporous
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support film. The first membrane produced on a large scale with excellent
RO desalination properties was developed in the early 1970s in the North
Star Research Institute under the code name NS100™! involving two steps.
In the first step, polyethyleneimine reacts rapidly at the interphase with
the toluene diisocyanate to form a polyamide surface skin whereas amine
groups below this surface remain unreacted. In the second step known as
heat treatment step, internal cross-linking of polyethyleneimine takes place.
Thus, the final membrane has three distinct layers of increasing porosity: (1)
the dense polyamide surface skin that acts as the actual selective barrier, (2)
a thin cross-linked polyethyleneimine layer that extends into the pore of the
support film, and (3) the actual polysulfone support membrane.

1.6.3.2 Sol-Gel Route

The sol-gel route is another method for preparation of functional oxide
layers. Two sol-gel routes are usually followed!??: One is based on colloid
chemistry in aqueous media and the other has to do with the chemistry
of metal organic precursors in organic solvent, both being able to produce
porous materials. These two routes can be used to prepare supported ceramic
membranes. The porous structure is influenced by the steps involved in the
process. The general method for membrane preparation through sol-gel
route is shown in Figure 1.21.123

1.6.4 Hollow-Fiber Membranes

Hollow-fiber membranes have high membrane surface areas per unit vol-
ume. The modules are compact. The diameter of hollow fibers varies over
a wide range, from 50 to 3000 um. Fibers can be made with a uniformly
dense structure, but preferably are formed as a microporous structure hav-
ing a dense selective layer on either the outside or the inside surface. The
dense surface layer can be either integral with the fiber or a separate layer
coated onto the porous support fiber. Many fibers are packed and potted into
tube making a membrane module. Module with a surface area of even a few
square meters requires kilometers of fibers. Because a module should not
contain broken or defective fibers, hollow-fiber production requires stringent
quality control and high reproducibility.

Two methods are used to prepare hollow fibers: solution spinning and
melt spinning.!?#12> The common process is solution spinning or wet spin-
ning, in which a 20-30 wt.% polymer solution is extruded and precipitated
into a nonsolvent, generally water. Fibers made by solution spinning have
the anisotropic structure of membranes. This technique is generally used to
make relatively large, porous hemodialysis and UF fibers. In the alternative
technique of melt spinning, a hot polymer melt is extruded from an appro-
priate die and is then cooled and solidified in air prior to immersion in a
quench tank. Melt-spun fibers are usually denser and have lower fluxes than
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FIGURE 1.21

Schematic of two sol-gel routes used in inorganic membrane preparation. (Reprinted from
Fundamentals of Inorganic Membrane Science and Technology, Membrane Science and Technology
Series 4, Sanchez, ]J. and Tsotsis, T.T., Current developments and future research in catalytic
membrane reactors, Burggraaf, A.J. and Cot, L. (eds.), 227-258, Copyright 1996, Figure 7.1, with
permission from Elsevier.)

solution-spun fibers, but, because the fibers can be stretched after they leave
the die, very fine fibers can be made. Melt-spun fibers can also be produced
at high speeds. The technique is usually used to make hollow fine fibers
for high-pressure RO and gas separation applications, and is also used with
polymers such as poly(trimethylpentene), which are not soluble in conve-
nient solvents and are difficult to form by wet spinning.
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1.7 Membrane Modules

Industrial membrane plants often require large membrane surface area to
perform the separation required on a useful scale. Before a membrane sepa-
ration can be performed industrially, therefore, methods of economically and
efficiently packaging large areas of membrane are required. These packages
are called membrane modules. The membranes are cast as flat sheets, tubes,
and fine hollow fibers. For accommodating such shapes and structures,
different types of membrane modules have been developed. The develop-
ment in the field of membrane and module has overcome several challenges
making them to withstand high operating pressure and physical compac-
tion. The techno-economic factors for the selection, design, and operation of
membrane modules involve several factors to be considered such as cost of
supporting materials and enclosure (pressure vessel), energy consumption,
and ease of replacement.

The following membrane modules are widely used for industrial
applications:

Plate-and-frame module

Tubular membrane module

Spiral wound module

Hollow-fiber module

1.7.1 Plate-and-Frame Module

Plate-and-frame modules (Figure 1.221%) are one of the earliest types of mem-
brane configuration in which membrane, feed spacers, and product spacers
are layered between two end plates. The feed is sent across the surface of the
membrane. A portion of it passes through the membrane, enters the permeate
channel, and makes its way to a central permeate collection manyfold. Plate-
and-frame modules are used in ED and pervaporation systems. A modified ver-
sion of plate-and-frame module known as disc and tube module configuration
has become a popular wastewater application for highly fouling feed streams.

1.7.2 Tubular Membrane Module

Tubular modules are generally limited to MF and UF applications, for which
the benefit of resistance to membrane fouling due to good fluid hydrody-
namics outweighs their high cost. Typically, the tubes consist of a porous
paper or fiberglass support with the membrane on the inside of the tubes. In
a typical tubular membrane system, a large number of tubes are arranged in
series. The permeate stream from each tube is collected in the permeate col-
lection header. A tubular system is shown in Figure 1.23.
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Early plate-and-frame design for the separation of helium from natural gas. (From Baker, R.W.:
Chapter 3: Membranes and modules. Membrane Technology and Applications. 2004. Copyright
Wiley-VCH Verlag GmbH & Co. Figures 3.38, 3.41, and 3.46. Reproduced with permission.)
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Tubular UF system in which tubes are connected in series. (From Baker, R.W.: Chapter 3:
Membranes and modules. Membrane Technology and Applications. 2004. Copyright Wiley-VCH
Verlag GmbH & Co. Figures 3.38, 3.41, and 3.46. Reproduced with permission.)
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FIGURE 1.24
Exploded view of spiral wound module.

1.7.3 Spiral Wound Module

In the spiral wound module, the support fabric, feed spacer, and permeate
carrier encase the membrane, providing structural integrity, as shown in
Figure 1.24. Feed solution passes across the membrane surface. A portion
passes through the membrane and enters the membrane envelop where it
spirals inward to the central perforated collection pipe. The feed enters the
module. The permeate stream and concentrate (reject) stream come out of the
module. Spiral wound modules are commonly used by desalination indus-
tries for brackish and seawater desalination.

1.7.4 Hollow-Fiber Module

Hollow-fiber membrane modules can be classified into two categories based
on feed arrangement. The first is the shell-side feed design illustrated in
Figure 1.25a. In such a module, a loop or a closed bundle of fibers is contained
in a pressure vessel. The system is pressurized from the shell side and the
permeate passes through the hollow fiber. Because the fiber wall must sup-
port considerable hydrostatic pressure, the fibers usually have small diam-
eters and thick walls, typically 50 um internal diameter and 100-200 um outer
diameter.

The second type of hollow-fiber module is the bore-side feed type illus-
trated in Figure 1.25b. The fibers in this type of unit are open at both ends,
and the feed fluid is circulated through the bore of the fibers. To minimize
the pressure drop inside the fibers, the diameters are usually larger than
those of the fine fibers used in the shell-side feed system. The hollow fibers
are generally made by solution spinning. The modules are popular for UF
and pervaporation operations. They are used for low- to medium-pressure
gas applications. Feed pressures are usually limited to below 10 bar in this
type of module. Capillary fiber, which is a modified version of hollow fiber,
appears promising for several applications where concentration polarization
and fouling are faced in hollow-fiber modules.
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Two types of hollow-fiber modules: (a) Shell-side feed, and (b) bore-side feed. (From Baker, R.W.:
Chapter 3: Membranes and modules. Membrane Technology and Applications. 2004. Copyright
Wiley-VCH Verlag GmbH & Co. Figures 3.38, 3.41, and 3.46. Reproduced with permission.)

1.8 Selection of Membrane Module

The selection of membrane module depends on a number of parameters. The
principal module design parameters are summarized in Table 1.6.

Major factors determining module selection are concentration polariza-
tion control and resistance to fouling. Concentration polarization control is a
particularly important issue in liquid separation such as RO and UF. In gas
separation applications, concentration polarization is more easily controlled
but is still a problem with high-flux, highly selective membranes.

TABLE 1.6

Parameters for Membrane Module Design

Hollow Capillary Spiral Plate and

Parameter Fine Fibers Fibers Wound Frame Tubular

Manufacturing cost (US$/m?) Low Low Moderate High High

Conc?ntratlon polarization/ Poor Fair Moderate Good Very good
fouling control

Permeate-side pressure drop High Moderate Moderate Low Low

Limited to specific types of Yes Yes No No No

membrane material
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TABLE 1.7

Commonly Used Module Configurations

Application Module Type

Seawater and brackish water desalination Spiral wound and disc tube modules
Wastewater treatment as well as water Tubular, capillary, and spiral wound modules

recycle and reuse
Gas separation Hollow fibers for high-volume applications
with low-flux, low-selectivity membranes in
which concentration polarization is easily
controlled (nitrogen from air)

Spiral wound when fluxes are higher, feed
gases more contaminated and concentration
polarization a problem (natural gas
separations, vapor permeation)

Another factor is the ease with which various membrane materials can be
fabricated into a particular module design. Almost all membranes can be
formed into plate-and-frame, spiral wound, and tubular modules, but many
membrane materials cannot be fabricated into hollow fine fibers or capillary
fibers. The suitability of the module design for high-pressure operation and
the relative magnitude of pressure drops on the feed and permeate sides of
the membrane are important parameters in selection of membrane modules.
The types of modules generally used in some of the major membrane pro-
cesses are listed in Table 1.7.

1.9 Concentration Polarization and Fouling

Concentration polarization and membrane fouling are the major challenges
being faced in membrane separation processes.58!

1.9.1 Concentration Polarization

In membrane systems, a feed consisting of gas or liquid mixture passes
through the feed side of the membrane, and permeate enriched in one of the
components of the mixture is withdrawn from the other side of the mem-
brane. Because the components in feed mixture permeate at different rates,
concentration gradient is formed on both sides of the membrane. The phe-
nomenon is called concentration polarization.

The layer of solution immediately adjacent to the membrane surface becomes
depleted in the permeating solute on the feed side of the membrane and enriched
in this component on the permeate side. Equivalent concentration gradients are
also formed for the other components of the feed solution. This concentration
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polarization reduces the concentration difference across the membrane, thereby
decreasing its flux and the membrane selectivity. Concentration polarization
can significantly affect the performance of the membrane process.

Two approaches have been used to describe the effect of concentration
polarization. One approach has its origins from heat transfer analogy. In this
approach, the resistance to permeation across the membrane and the resistance
in the fluid layers adjacent to the membrane are treated as resistances in series.

The second approach to concentration polarization is to model the phenom-
enon by assuming that a thin layer of unmixed fluid, thickness, exists between
the membrane surface and the well-mixed bulk solution. The concentration
gradients, which control concentration polarization, are formed in this layer.
This boundary layer film model simplifies the fluid hydrodynamics occurring
in membrane modules and contains one adjustable parameter, the boundary
layer thickness. This simple model can explain most of the experimental data.

UF and pervaporation processes, used for the removal of organic solutes
from water, are both seriously affected by concentration polarization. In UF,
the low diffusion coefficient of macromolecules produces a concentration of
retained solutes 70 times the bulk solution volume at the membrane sur-
face. At these high concentrations, macromolecules precipitate, forming a gel
layer at the membrane surface and reducing flux. In coupled transport and
solvent dehydration by pervaporation, concentration polarization effects are
generally modest and controllable.

The cross-, co- and counterflow schemes are illustrated in Figure 1.26,
together with the concentration gradient across the membrane.
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FIGURE 1.26

(@) Cross-, (b) co-, and (c) counterflow schemes in a membrane module and the changes in
the concentration gradients that occur across a median section of the membrane. (From
Porter, M.C. and Consultant Pleasanton (Eds.. 1990. Handbook of Industrial Membrane
Technology, California Noyes Publications, Park Ridge, NJ. Figure 1.28; Baker, RW.: Chapter 4:
Concentration Polarisation. Membrane Technology and Applications. 2004. Copyright Wiley-VCH
Verlag GmbH & Co. Figure 4.17. Reproduced with permission.)
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It implies that the performance of membrane system can be improved by
operating a module in an appropriate flow mode. Generally, counterflow
appears to be promising and beneficial. However, in case of UF and RO
processes, the selective side of the membrane faces the feed solution, and
a microporous support layer faces the permeate. Concentration gradient
easily builds up in this boundary layer, outweighing the benefit of coun-
terflow. Counterflow module designs are limited to gas separation and per-
vaporation processes. In these processes, the permeate stream is a gas, and
permeate-side concentration gradients are more easily controlled because
diffusion coefficients in gases are high. The benefit obtained from counter-
flow depends on a case-to-case basis; however, it can often be substantial,
particularly in gas separation and pervaporation processes.

1.9.2 Membrane Fouling

Membrane fouling is the main cause of flux decline and loss of product
quality. The initial cause of membrane fouling is concentration polarization.
The cause and prevention of fouling depend on the feed characteristics and
appropriate control procedures. In general, sources of fouling can be divided
into four principal categories: scaling, silting, bacteria, and organic material.
More than one type of fouling may occur in a membrane system. Pretreatment
of the feed water may be carried out to prevent fouling. Regular cleaning may
also be required to handle any reversible fouling that still occurs. Fouling by
particulates (silt), bacteria, and organics such as oil is generally controlled by
a suitable pretreatment procedure. This type of fouling greatly affects the
first few modules in the plant. Whereas the last few modules in the plant are
greatly affected by scaling due to the increasing concentration of the feed
stream because these modules are exposed to the more concentrated feed
stream.

Fouling due to scaling and salting are caused by precipitation of dis-
solved salts in the feed water on the membrane surface. As salt-free water
is removed in the permeate, the concentration of ions in the feed increases
until at some point the solubility limit is exceeded. The salt then precipitates
on the membrane surface. The salts that most commonly form scale are cal-
cium carbonate, calcium sulfate, silica complexes, barium sulfate, strontium
sulfate, and calcium fluoride.

Typical sources of fouling are silt due to organic colloids, corrosion prod-
ucts, algae, and fine particulate matter. The silt density index (SDI) of the
feed water gives fair idea of probability of fouling due to silt. The SDI, an
empirical measurement, is the time required to filter a fixed volume of water
through a standard 0.45 pm pore size MF membrane.'”” Suspended material
in the feed water that plugs the microfilter increases the sample filtration
time, giving a higher SDL

Biological fouling takes place due to deposition of biological matter on the
membrane surface. The susceptibility of membranes to biological fouling is a
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strong function of the membrane composition. Cellulose acetate membranes
are an ideal nutrient for bacteria and can be completely destroyed by a few
weeks of uncontrolled bacterial attack. Polyamide-based hollow fibers are
also somewhat susceptible to bacterial attack, but TFC membranes are gener-
ally quite resistant. Periodic treatment of such membranes with a bactericide
usually controls biological fouling.

Organic fouling is the attachment of materials such as oil or grease onto
the membrane surface. Such type of fouling is common in membrane pro-
cesses used in industries, particularly effluent streams.

1.10 Materials for Different Membrane Processes
1.10.1 Filtration Membranes
1.10.1.1 UF Membranes

A number of materials®®8! are used for making UF membrane, such as poly-
acrylonitrile, PVC—polyacrylonitrile copolymers, polysulfone, polyether sul-
fone, polyvinylidene fluoride, aromatic polyamides, and cellulose acetate. In
general, hydrophilic membranes are more fouling resistant than hydropho-
bic materials. For this reason, water-soluble polymers such as polyvinyl pyr-
rolidone or polyvinyl methyl ether are often added to the membrane casting
solutions used for hydrophobic polymers such as polysulfone or polyvinyli-
dene fluoride. During the membrane precipitation step, most of the water-
soluble polymer is leached from the membrane, but enough remains to make
the membrane surface hydrophilic. The charge on the membrane surface
is important. Many colloidal materials have a slight negative charge from
carboxyl, sulfonic, or other acid groups. If the membrane surface also has a
slight negative charge, adhesion of the colloidal gel layer to the membrane
is reduced, which helps to maintain a high flux and inhibit membrane foul-
ing. The effect of a slight positive charge on the membrane is the opposite.
Charge and hydrophilic character can be the result of the chemical structure
of the membrane material or can be applied to a preformed membrane sur-
face by chemical grafting or surface treatment. The appropriate treatment
depends on the application and the feed characteristics.

1.10.1.2 RO Membranes
RO membranes can be grouped into three main categories:
¢ Seawater and brackish water desalination membranes operated with

0.5-5 wt.% (5,000-50,000 ppm) concentration salt solution at a pres-
sure of 15-90 bar
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* Low-pressure NF membranes operated with 200-5000 ppm concen-
tration salt solution at a pressure of 7-15 bar

e Hyperfiltration membranes used to separate solutes from organic
solvent solutions

Cellulose acetate is the material discovered first for high-performance RO
membrane. The flux and salt rejection of cellulose acetate membrane has
now been taken over by interfacial composite membranes.!?-131 However,
cellulose acetate membrane still maintains a market because of resistance to
degradation by chlorine and other oxidants, which is a problem with inter-
facial composite membranes. Cellulose acetate membrane can tolerate up to
1 ppm chlorine content. This means that chlorination can be used to sterilize
the feed water, which is a major advantage with feed streams having signifi-
cant bacterial loading. The water and salt permeability of cellulose acetate
membranes is extremely sensitive to the degree of acetylation of the polymer
used to make the membrane 132134

Subsequently, polyamide membranes have been developed by several
groups. Aromatic polyamide membranes giving high salt rejection and flux
have been successfully developed by Toray,'> Chemstrad (Monsanto),*
and Permasep (Du Pont)'¥” in hollow-fiber configuration. Aliphatic polyam-
ide membranes give low salt rejection and flux. Cadotte and his coworkers
observed that high-flux, high-rejection RO membranes can be made by inter-
facial polymerization.!¥-140 Interfacial composite membranes have signifi-
cantly higher salt rejection and flux than cellulose acetate membranes. The
first membranes made by Cadotte had salt rejection greater than 99% and
flux of 18 gal/ft> day (gfd) at a pressure of 1500 psi for 3.5% concentration of
sodium chloride solution (synthetic seawater). Current interfacial compos-
ite membranes are significantly better. Typical membranes, tested with 3.5%
concentration sodium chloride solution, have a salt rejection of 99.5% and a
water flux of 30 gfd at 800 psi, which is a significant improvement over cel-
lulose acetate membranes.

1.10.1.3 NF Membranes

Typically, NF membranes have sodium chloride rejections between 20% and
80% and MWCOs of 200-1000 Da for dissolved organic solutes. These prop-
erties are intermediate between RO membranes with a salt rejection of more
than 90% and MWCO of less than 50 and UF membranes with a salt rejection
of less than 5%. Although some NF membranes are based on cellulose ace-
tate, most of them are based on interfacial composite membranes. The prepa-
ration procedure used to make these membranes can result in acid groups
attached to the polymeric backbone. The rejection of salts by NF membranes
depends on molecular size and Donnan exclusion effects caused by the acid
groups attached to the polymer backbone.
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The neutral NF membrane rejects the salts in proportion to molecular size,
so the extent of rejection is in this order: Na,SO, > CaCl, > NaCl. The anionic
NF membrane!*!*¥? has positive groups attached to the polymer backbone.
These positive charges repel positive cations, particularly divalent cations
such as Ca?!, while attracting negative anions, particularly divalent anions
such as SO,*;, that is, salt rejection for CaCl, > NaCl > Na,SO,. The cationic
NF membrane!*3!#* has negative groups attached to the polymer backbone.
These negative charges repel negative anions, such as SO,*-, while attract-
ing positive cations, particularly divalent cations such as Ca?* implying the
extent of salt rejection for Na,5O, > NaCl > CaCl,.

1.10.2 Gas Separation Membranes

Hydrogen permeates through metallic membranes such as tantalum, nio-
bium, vanadium, nickel, iron, copper, cobalt, and platinum.*> The metal
membrane is operated at high temperatures (>300°C) to obtain useful
permeation rates and prevent embrittlement and cracking of the metal by
sorbed hydrogen. A breakthrough in metal permeation studies occurred in
the 1960s, noting that palladium/silver alloy membranes show no hydro-
gen embrittlement even when used to permeate hydrogen at room tem-
perature.*® Attempts have been made to reduce the cost of palladium metal
membranes by preparing composite membranes. In these membranes, a thin
selective palladium layer is deposited onto a microporous ceramic, polymer,
or base metal layer.!*”48 The palladium layer is applied by electrolysis coat-
ing, vacuum sputtering, or chemical vapor deposition.

Early gas separation membranes® were adapted from the cellulose acetate
membranes produced for RO by the Loeb—Sourirajan phase separation process.
These membranes are produced by precipitation in water; the water must
be removed before the membranes can be used to separate gases. However,
the capillary forces generated as the liquid evaporates cause collapse of the
finely microporous substrate of the cellulose acetate membrane, destroying
its usefulness. This problem has been overcome by a solvent exchange pro-
cess in which the water is first exchanged for an alcohol, then for hexane. The
surface tension forces generated as liquid hexane is evaporated are much
reduced, and a dry membrane is produced. From 1978 to 1980, Henis and
Tripodi!'®® then at Monsanto, devised an ingenious solution to the mem-
brane defect problem; the Monsanto group made Loeb—Sourirajan hollow-
fiber membranes (principally from polysulfone), then coated the membranes
with a thin layer of silicone rubber. The coating plugged membrane defects
in the polysulfone membrane and eliminated convective flow through
these defects. The silicone rubber layer also protected the membrane during
handling.

Ube Industries, Ltd., (Tokyo, Japan) introduced a polyimide membrane. These
polyimide materials are good candidates for gas separation membranes
owing to their high selectivities, high insolubilities, and high strengths and
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glass transition temperatures.>1 Signal’s UOP Fluid Systems Division
Spiragas (a trademark of Signal Co.) membrane is prepared from an ultrathin
silicone material on a porous polysulfone flat sheet. A spiral wound module
is prepared from this membrane. Silicones, typically, have very high perme-
abilities and low selectivities.!>

During the past 1520 years, ceramic- and zeolite-based membranes have
begun to be used for a few commercial separations. These membranes are all
multilayer composite structures formed by coating a thin selective ceramic
or zeolite layer onto a microporous ceramic support. Ceramic membranes
are prepared by the sol-gel technique. Zeolite membranes are prepared by
direct crystallization, in which the thin zeolite layer is crystallized at high
pressure and temperature directly onto the microporous support.!>

1.10.3 Pervaporation Membranes

Most pervaporation membranes are composites formed by solution-coating
the selective layer onto a microporous support. Microporous polyacryloni-
trile coated with a 5-20 um layer of cross-linked polyvinyl alcohol is the
most commonly used commercial material.’ Chitosan'™ and polyelectro-
lyte membranes such as Nafion!'*®'* have equivalent properties. Membranes
comprising silicone rubber coated onto polyimides, polyacrylonitriles, or
other microporous support membranes are widely used.!®%!¢! Polyvinyl alco-
hol and cellulose acetate!®> have been used to separate alcohol from ether.
Polyurethane—polyimide copolymers have been used for aromatic/aliphatic
separations.!> Chemically cross-linked polyvinyl alcohol, formed as a com-
posite membrane by solution casting onto a polyacrylonitrile microporous
support, was developed and has been used for a long time. This membrane
has a water/alcohol selectivity of more than 200'** and can achieve good sep-
aration of water from ethanol or isopropanol solutions. However, the mem-
brane gets swollen and even dissolved by hot acid or base solutions such as
hot acetic acid or hot aniline. Membranes stable to such feed solutions can
be prepared by plasma polymerization.'> Silicone rubber is easy to fabri-
cate, is mechanically and chemically strong, and has good separation factors
for many common organic compounds. Polyamide—polyether block copoly-
mers have been used successfully with polar organics such as phenol and
aniline.!%¢-18 The separation factors obtained with these organics are greater
than 100, far higher than the separation factors obtained with silicone rubber.

1.10.4 lon-Exchange Membranes

Ion-exchange membranes fall into two broad categories: homogeneous and
heterogeneous. In homogeneous membranes, the charged groups are uni-
formly distributed through the membrane matrix. These membranes swell
relatively uniformly when exposed to water, the extent of swelling being
controlled by their cross-linking density. In heterogeneous membranes, the
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ion-exchange groups are contained in small domains distributed throughout
an inert support matrix, which provides mechanical strength. Heterogeneous
membranes can be made, for example, by dispersing finely ground ion-
exchange particles in a polymer support matrix.

A number of early homogeneous membranes were made by simple con-
densation reactions of suitable monomers, such as phenol-formaldehyde
condensation reaction:

OH OH OH

SO,H SO3H SO3H

The mechanical stability and ion-exchange capacity of these condensation
resins were modest. Another approach is followed to prepare a suitable
cross-linked base membrane, which can then be converted to a charged form
in a subsequent reaction. In a typical preparation procedure, a 60:40 mix-
ture of styrene and divinyl benzene is cast onto a fabric web, sandwiched
between two plates, and heated in an oven to form the membrane matrix.
The membrane is then sulfonated with 98% sulfuric acid or a concentrated
sulfur trioxide solution. The degree of swelling in the final membrane is con-
trolled by varying the divinyl benzene concentration in the initial mix to
control cross-linking density. The degree of sulfonation can also be varied.

Anion-exchange membranes can be made from the same cross-linked
polystyrene membrane base by posttreatment with monochloromethyl ether
and aluminum chloride to introduce chloromethyl groups into the benzene
ring, followed by formation of quaternary amines with trimethyl amine.

The perfluorocarbon-typel®!” jon-exchange polymer is made by DuPont
under the trade name Nafion. The base polymer is made by polymerization
of a sulfinol fluoride vinyl ether with tetrafluoroethylene. The copolymer
formed is extruded as a film of about 120 um thick, after which the sulfinol
fluoride groups are hydrolyzed to form sulfonic acid groups:

— (CF,CF,), — CF,CF, —
|
(OCF,CF—),,, OCF,CF,SOsH
|
CF; m=1-3

Asahi Chemical (Tokyo, Japan)”! and Tokuyama Soda (Tokyo, Japan)!”? have
developed similar chemistries in which the —CF,SO,F groups are replaced
by carboxylic acid groups. In these perfluoropolymers, the backbone is
extremely hydrophobic, whereas the charged acid groups are strongly polar.
Because the polymers are not cross-linked, some phase separation into dif-
ferent domains takes place. The hydrophobic perfluoropolymer domains
provide a nonswelling matrix, ensuring the integrity of the membrane.
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These perfluorocarbon membranes are inert to concentrated sodium hydroxide
solutions and have been widely used in membrane electrochemical cells in the
chloralkali industry.

The simplest form of heterogeneous membrane has finely powdered cation-
or anion-exchange particles uniformly dispersed in polypropylene. A film of
the material is then extruded to form the membrane. The mechanical proper-
ties of these membranes are often poor because of swelling of the relatively
ion-exchange particles’ large diameter (1020 um). A much finer heteroge-
neous dispersion of ion-exchange particles, and consequently a more stable
membrane, can be made with a PVC plastisol. A plastisol of approximately
equal parts of PVC, styrene monomer, and cross-linking agent in a dioc-
tyl phthalate plasticizing solvent is prepared. The mixture is then cast and
polymerized as a film. The PVC and polystyrene polymers form an intercon-
nected domain structure. The styrene groups are then sulfonated by treat-
ment with concentrated sulfuric acid or sulfur trioxide to form a very finely
dispersed but heterogeneous structure of sulfonated polystyrene in a PVC
matrix, which provides toughness and strength.

1.10.5 Biological Membranes

An important area of ongoing research is the development of functional syn-
theticmembranesthatmimicthefunction of thebiologicalmembrane.1”* Because
of the heterogeneity of cell membranes, their specific functions are difficult to
study directly. However, from lipids it is possible to construct model systems
that can mimic biological membranes. Biocatalytic membranes, energy, and
information-transducing membranes have already been produced on a labora-
tory scale'™ and are used as biosensors. Basic research in membrane technol-
ogy combined with progress in molecular engineering should help to improve
the properties of functional synthetic membranes.

1.11 Need for Nanocomposite Membranes

The majority of membranes used commercially are made of polymeric mate-
rial. However, interest in membranes made from less conventional material
is increasing. Ceramic membranes, a special class of microporous mem-
branes, are used in UF and MF applications where solvent resistance and
thermal stability are required. Dense metal membranes, particularly palla-
dium membranes, appear promising for the separation of hydrogen from gas
mixtures. Supported liquid membranes are developed for carrier-facilitated
transport processes. The heart of a membrane process is the membrane itself.
To fully utilize the growing opportunities in the field of liquid/gas separa-
tion as well as applications in the field of energy and medicine, strong interest
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exists in the identification of new membrane materials which can comply with
current requirements and future potential. Durability, mechanical integrity,
operating conditions, membrane flux, and separation efficiency are impor-
tant parameters that are considered while selecting membrane material for a
given separation process. Selectivity, permeation rate, concentration polariza-
tion, compaction, and antibiofouling characteristics are important properties
of the membrane during its use in operation. For pure polymeric/inorganic
materials, a general trade-off exists between permeability and selectivity
with an upper limit. When materials with separation properties near this
limit are modified based on the traditional structure—property relation, the
resultant polymer has permeability and selectivity tracking along this line
instead of exceeding it. However, the inorganic materials have properties
lying far beyond the upper bound limit for the organic polymers. Though
tremendous improvements have been achieved in tailoring polymer struc-
ture to enhance separation properties during the past two decades, further
progress exceeding the trade-off line seems to present a severe challenge
in the near future. Similarly, the immediate application of inorganic mem-
branes is still hindered due to the technological challenges to make defect-
free membranes and the high cost for the membrane production. A new
approach is needed to provide an alternate and cost-effective membrane
with separation properties well above the upper bound limit between per-
meability and selectivity. The answer comes from mixed matrix membranes.
The mixed matrix membrane essentially calls for the adoption and usage
of composite materials for achieving desirable separation. While consider-
ing the development of composite system, an unprecedented opportunity is
being provided by nanostructured materials with the fact that the building
blocks in this dimension make it possible to design and create unique mate-
rials and devices with significant improvements in the physical/chemical/
physicochemical properties and flexibility.

Nanocomposites are a solid structure with nanometer-scale distances
between the different phases that constitute the structure and typically
consist of inorganic matrix embedded in organic phase or organic matrix
embedded in inorganic phase. Nancomposite materials have the ability to
demonstrate unique mechanical, chemical, electrical, optical, and catalytic
properties. Though the idea of causing improvement and enhancing the
properties of a material by making multiphase composites is not recent, the
application of nanocomposite system to membrane science and technology
is relatively new and evolving. The idea of utilizing the benefits of a nano-
composite as a membrane material is targeted to develop an ideal membrane
with improved flux, reasonable selectivity, and other desirable characteris-
tics, which varies on a case-to-case basis. The nanocomposite membranes
offer preferential permeation for selective transport while acting as a barrier
for undesired transport. The interfacial quality between the nanoparticles
and the organic polymer plays an important role which can be improved
by chemical modifications of the host polymer matrix and the inorganic
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nanofillers. Both glass- and rubber-based polymers have been utilized as
the organic matrix in nanocomposites. Also, a wide variety of nanopar-
ticles have been tested as inorganic nanofillers such as metal oxides (e.g.,
TiO,, ALO;, S5i0,, MgO, AgO, Fe;0,), pure metals (e.g., nanosilver), zeolites
(e.g., ZSM-5, silicalate-1, zeolite 4A), nanosized macromer polyhedral oligo-
meric silsesquioxanes (POSSs), carbon nanoparticles (e.g., carbon nanotubes,
C60 fullerenes), and mineral clays. These nanoscale fillers are typically pre-
pared ex situ and then introduced to the casting mixture, but also in some
cases it is possible to generate them in situ from precursors. Nanocomposite
membranes have great potential in most of the membrane processes, includ-
ing some novel membrane-based applications.

Nanocomposite can provide numerous advantages over conventional
membranes, which are mentioned as follows:

¢ Increase in permeability over native polymer membranes
® Reduced pressure requirements

¢ Compact system

¢ Lower energy requirement

* Reduced membrane surface area

® Smaller footprint for industrial applications

* Enhanced mechanical stability

e Enhanced thermal stability

The importance of nanostructured materials and in turn the nanocompos-
ites is evident from their potential benefits in liquid separation, gas separa-
tion, energy sector (fuel cell applications), and biomedical field.
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2

Synthesis of Nanocomposite Membranes

2.1 Introduction

Nanocomposites are composites in which at least one of the phases shows
dimensions in the nanometer range. These are high-performance materi-
als and exhibit unusual property combinations and unique design possi-
bilities. Nanocomposite membranes have emerged as suitable alternatives to
overcome limitations of conventional membranes. However, there are chal-
lenges with respect to the control of elemental composition and stoichiom-
etry in the nanocluster phase while making the nanocomposite materials.
Nanocomposites are emerging as the promising material due to their supe-
rior properties compared to conventional composites.

Changes in properties occur when the particle size is less than a particular
level, called the critical size. As dimensions reach the nanometer level, interac-
tions at phase interfaces become largely improved, and this is important to
enhance materials properties. The surface area-to-volume ratio of reinforce-
ment materials employed in the preparation of nanocomposites is crucial
to the understanding of their structure—property relationships. Common
particle geometries and their respective surface area-to-volume ratios! are
shown in Figure 2.1. For the fiber and layered material, the surface area-to-
volume ratio is dominated, especially for nanomaterials, by the first term
in the equation. The second term (2/] and 4/I) has a small influence (and is
often omitted) compared to the first term. Therefore, a change in particle
diameter, layer thickness, or fibrous material diameter from the micrometer
to nanometer range will affect the surface area-to-volume ratio by 3 orders
of magnitude.

Carbon nanotubes (CNTs) and their use to make composites exhibiting
some of the unique CNT-related mechanical, thermal, and electrical proper-
ties have added a new and interesting dimension in this area. The possibility
of spinning CNTs into composite products has provided further inroads for
the processing and applications of CNT-containing nanomaterials.

As in the case of microcomposites, nanocomposite materials can be classi-
fied, as per their matrix materials, in different categories? such as (1) ceramic
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FIGURE 2.1

Common particle geometries and their respective surface area-to-volume ratios. (Reprinted
from J. Compos. Sci. Technol., 61, Thostenson, E. et al., Review nanocomposites in context,
491-516, Figure 3, Copyright 2005, with permission from Elsevier.)

matrix nanocomposites (CMNCs), (2) metal matrix nanocomposites
(MMNCs), and (3) polymer matrix nanocomposites (PMNCs).

Nanocomposite systems, reinforced with CNTs, have been studied since
1990s. There has been a steady and continuous increase in the number of
publications on the subject, including reviews from time to time.3-1¢

In CMNCs, the incorporation of high-strength nanofibers into ceramic
matrices leads to preparation of advanced nanocomposites with high tough-
ness and superior characteristics compared to the ceramic materials.””-?

MMNCs refer to materials consisting of a ductile metal or alloy matrix in
which nanosized reinforcement material is implanted. These materials com-
bine the properties of metals and ceramics, that is, ductility and toughness
with high strength and modulus. Thus, MMNCs are suitable for production
of materials with high strength in shear/compression processes and high
service temperature capabilities. They show immense potential for applica-
tion in areas such as aerospace and automotive industries.?

PMNCs have been developed to improve the separation properties of poly-
mer membranes because they possess the properties of both organic and
inorganic membranes such as good hydrophilicity, selectivity, permeability,
mechanical strength, and thermal and chemical stability.

The nanostructure, the degree of organization, and the properties that can
be obtained with nanocomposite materials certainly depend on the chemi-
cal nature of their components, but they also rely on the synergy between
them. As a consequence, the nature of the interface or the nature of the
links and interactions exchanged by the organic and inorganic components
has been used to categorize these hybrids.?! The preparations and struc-
tures of polymer—inorganic nanocomposite membranes, their applicability
to gas separation, and the separation mechanisms have been reviewed by
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dividing the polymeric membranes in two types according to their struc-
ture: type I, polymer and inorganic phases bonded by van der Waals force
or hydrogen bonds and type II, polymer and inorganic phases bonded by
covalent bonds.?2%

Type I membrane corresponds to all the systems where no covalent or
ionic—covalent bonds are present between the organic and inorganic com-
ponents. In such materials, the various components only undergo weak
interactions such as hydrogen bonding, van der Waals contacts, n—r inter-
actions, or electrostatic forces. In type II membrane, at least a fraction of
the organic and inorganic components are linked through strong chemical
bonds, such as ionic—covalent bonds. Thus, a key point for the design of new
hybrids is the tuning of the nature, the extent and the accessibility of the
inner interfaces.? Because of the differences between the polymer and inor-
ganic phase properties and the strong aggregation tendency of the nanofill-
ers, fabricating an ideal nanocomposite mixed matrix membrane (Figure 2.2)
is difficult.® Due to the weak polymer—particle adhesion, nanocomposite
membranes frequently show defects at the polymer—particle interface. There
are three major categories of interfacial defects: (1) interfacial voids or sieves-
in-a-cage (Figure 2.3a), (2) rigidified polymer layer around the particles
(Figure 2.3b), and (3) particle pore blockage.?6?

Rigidified polymer layer formation and interfacial void formation are due
to stresses which arise during membrane formation, a result of solvent evap-
oration or removal. Rigidified polymer layer formation near the particle is

Mixed matrix membrane

Inorganic
particles

Ideal morphology
(A mixed matrix with no defects in the polymer—particle interface)

FIGURE 2.2

Schematic diagram of an ideal mixed matrix membrane. (Reprinted from Sep. Purif. Technol.,
75, Aroon, M.A. et al., Performance studies of mixed matrix membranes for gas separation:
A review, 229-242, Figures 4 and 5, Copyright 2010, with permission from Elsevier.)
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Interface void around the particles
4

(a)

Inorganic Polymer matrix

filler

(b) Rigidified polymer layer around the particles

FIGURE 2.3

Interfacial void (a) and rigidified polymer layer (b) in the polymer—particle interface. (Reprinted
from Sep. Purif. Technol., 75, Aroon, M.A. et al., Performance studies of mixed matrix mem-
branes for gas separation: A review, 229-242, Figures 4 and 5, Copyright 2010, with permission
from Elsevier.)

related to uniform stress around the particles. In this case, polymer chain
mobility in the vicinity of the particle surface is less than in the polymer
bulk. If the stress directions are not uniform around the inorganic particles,
interfacial voids will be formed at the particle-polymer interface. The inter-
facial defects are hypothesized to form as a result of nucleation of nonsolvent
and/or a polymer lean phase around the inorganic phase during the phase
separation process. It appears to be necessary that nucleation of solvents
and nonsolvents at the zeolite surface be restricted. One such approach is
by increasing the hydrophobicity of the zeolite surface by capping surface
hydroxyls with hydrophobic organic molecules.?® Aggregation/dispersion
behavior control, which is the first process for the preparation of new func-
tional materials incorporating nanoparticles, is very difficult for nanopar-
ticles less than 100 nm in diameter due to surface interactions.? Examples
of surface interactions between particles in the liquid phase® are given in
Table 2.1.

The surface interaction can take place when the nanoparticles in poly-
meric solution fulfil the conditions as stated. Though the mechanism is
known, the factors that enhance or induce the agglomeration remain
unclear. This causes difficulty in dispersing the nanoparticles during mem-
brane preparation. However, an increment in concentration of nanoparti-
cles, ionic strength, and pH of the solution may also induce agglomeration
between nanoparticles.3%
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TABLE 2.1

Surface Interaction between Particles in the Liquid Phase

Surface Interaction Generation Mechanism

van der Waals interaction Short-range electromagnetic force between molecules and/

or atoms

Overlap of electrical double Electrical interaction from the overlap of electrical double
layer layers around particles in solution

Steric interaction of adsorbed Short-range interaction due to the overlap of adsorbed
polymer polymer layer on particles

Bridge force Formation of a bridge of polymer binder and/or surfactant

between particles

Hydration force Overlap of hydrogen-bonded water molecules on a
hydrophilic surface of the particles

Depletion Negative adsorption of solute and polymer with less
affinity for the surface than the solvent

2.2 Raw Materials

The nanostructured raw materials can be in the form of nanoparticles, nano-
tubes, nanofibers, and nanoplates. Depending upon the application area and
requirement of a specific nano candidate, the raw material is synthesized by
suitable methods.

2.2.1 Nanoparticles

There are two general approaches for the synthesis of nanomaterials and the
fabrication of nanostructures: a top-down (comminution and dispersion)
approach or bottom-up (nucleation and growth) approach. The decision to
adopt a particular method depends on several factors, including desirable
properties.

The top-down approach by attrition/milling uses macroscopic initial
structures that can be externally controlled in the processing of nano-
structures. Typical examples are etching through the mask, ball milling,
and plastic deformation. It begins with a pattern on a larger size and then
reduced to nanosize. Crushing and grinding have typically been treated as
low-technology operations. Even soft organic matter can be ground by first
freezing it in liquid nitrogen. The main disadvantages are polydispersity of
the final particles and the introduction of defects. The product may get con-
taminated by the material used to make the grinding machinery. The proba-
bility of contamination increases as the particle size decreases. Crushing and
grinding are common industrial processes, but the advent of nanotechnology
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has given rise to novel, well-controlled methods of achieving monodisperse
nanoparticle generation by comminution and dispersion. One such process
is electroerosion dispersion (EED); in which granulated metal is ground into
a fine powder by electrical discharges—typically a few hundred volts are
discharged in a microsecond. The plasma temperature in the discharge fila-
ment is 4,000-10,000 K, sufficient to melt any metal.

The bottom-up approach via vapor-phase synthesis such as spray pyroly-
sis,®® inert gas condensation,* and liquid-phase fabrication such as solvother-
mal reaction,® sol-gel fabrication, and micellar structured media®* includes
the miniaturization of material components up to atomic level with further
self-assembly process leading to the formation of nanostructures. During
self-assembly, the physical forces operating at nanoscale are used to combine
basic units into larger stable structures. Typical examples are quantum dot
formation during epitaxial growth and formation of nanoparticles from col-
loidal dispersion. It begins with atoms or molecules and builds up to nano-
structures. Nucleation and growth imply the first-order phase transition from
an atomically dispersed phase to a solid condensed phase. During the first
stage of the transition, fluctuations in the homogeneous, metastable parent
phase result in the appearance of small quantities of the new phase. In order
to synthesize nanoparticles by nucleation and growth method, first the atoms
are dispersed or dissolved in a medium under conditions such that the dis-
persion is stable. Then, one or more of the external parameters is changed
such that the bulk phase of the material now dispersed is stable. This could
be accomplished by cooling the vapor of the material. The formation of the
new bulk phase is a first-order phase transition involving nucleation. Two
key challenges in this process are (1) to obtain particles that are as uniform
(monodisperse) as possible, and (2) to be able to control the mean size. In the
case of synthesis by chemical reaction, the key parameter is the rate of mixing.
Two extreme situations yield the desired monodispersity: ultrarapid mixing
of very concentrated solutions and ultraslow mixing of very dilute solutions.

2.2.2 Nanofibers

Nanofiber is the generic term describing nano-objects with two external dimen-
sions in the nanoscale. A nanorod is a rigid nanofiber. A nanotube is a hollow
nanofiber. A nanowire is an electrically conducting nanofiber. The nucle-
ation method can be used to generate nuclei, followed by a growth stage to
elongate them. Heterogeneous nucleation can be induced at the solid/gas
interface by predepositing small catalytic clusters.” Upon addition of vapor,
condensation on the clusters and growth perpendicular to the solid substra-
tum takes place. This is used as an efficient way of synthesizing CNTs. A
drawback of the method is that the preparation is almost inevitably contami-
nated with the catalyst. If uniform nanopores can be formed in a membrane
by laser drilling or self-assembly, they can be used as templates for nanofiber
formation. The material for the fiber should be deposited as a shell on the
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inner surface of the pores (if the goal is to make nanotubes), or should com-
pletely fill the pores (for nanorods). Nanofibers, especially nanorods, formed
by either of the two previous methods can also be used as templates for mak-
ing nanotubes of a different material.

2.2.3 Nanoplates

For along time, thin coatings on a substrate have not been considered as nano-
objects, but simply as thin films, because typically they have been more than
100 nm thick. Exceptions are Langmuir films, transferred to solid substrata
using the Langmuir-Blodgett and Langmuir-Schaefer techniques; these
films are a few nanometers thick. Laterally cohesive Langmuir films can be
manipulated as free-standing objects. Nevertheless, the trend is to develop
thinner functional surfaces® by coating or modifying bulk materials.

In Langmuir films and the Langmuir-Blodgett and Langmuir-Schaefer tech-
niques, the precursors are molecules of general formula XP, where X is typically
an apolar chain (e.g., an alkyl chain), called the tail, and P is a polar head group
such as oligoethylene oxide. When spread on water, they mostly remain at the
water/air interface, where they can be compressed to form two-dimensional
(2D) liquid-like and solid-like arrays. The Langmuir-Blodgett technique refers
to the transfer of the floating monomolecular films to solid substrata by verti-
cally dipping them into and out of the bath. In the Langmuir-Schaefer tech-
nique, the substratum is pushed horizontally through the floating monolayer.
Very stable multilayer films* can be assembled by making P a chelator for mul-
tivalent metal ions, which bridge lateral neighbors and/or successive layers
(assembled head-head and tail-tail). Lateral stability can be increased by UV
irradiation of films with an unsaturated alkyl chain (photopolymerization).

2.2.4 Graphene

Different methods have been reported for synthesis of graphene.** The gra-
phene lamellae stacked to make bulk graphite are known to be weakly bound
to each other. Individual sheets of graphene can actually be peeled them off
graphite using an adhesive tape. Alternatively, a crystal of silicon carbide can
be heated under vacuum to 1300°C; the silicon evaporates and the remaining
carbon slowly reorganizes to form some graphene.

2.2.5 Carbon Nanotubes

The CNTis a seamless tube made by rolling up graphene. It is known that car-
bon filaments are formed by passing hydrocarbons over hot metal surfaces,
especially iron and nickel. The actual nature of CNTs has been, however,
established by lijima in 1991. Multiwalled CNT consists of several concentric
tubes of graphene nested inside each other. The three methods for produc-
ing CNTs* are the laser furnace, the carbon arc, that is, vaporizing graphitic
electrodes, and plasma-enhanced chemical vapor deposition (CVD). CNTs
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are often closed at one or both ends by a hemisphere of fullerene. They tend
to be aggravated into bundles. Normally, CNT of 20 nm diameter and 20 um
length is fabricated, which is not useful for several applications. The major
challenges in CNTs are dispersing them in a liquid, reducing their length,
and manipulating them into a desired position.

2.3 Processing Methods

Despite their nano dimensions, most of the processing techniques of the
nanocomposites remain almost the same as in microcomposites.

Nanocomposites can be prepared by in situ synthesis of inorganic particles
or by dispersion of fillers in a polymeric matrix.*? Selection of the preparation
technique is critical to obtain nanomaterials with suitable properties.*3> The
synthesis of polymer nanocomposites usually applies bottom-up or top-
down methodologies (Figure 2.4). In the bottom-up approach, precursors
are used to construct and grow, from the nanometric level to well-organized
structures. The building block approach is used, where nano-objects are com-
bined to get the desirable material. It has an advantage compared to in situ
nanoparticle formation, because at least one structural unit is well defined
and usually does not have significant structural changes during the matrix
formation. Chemical processes, such as sol-gel, CVD, template synthesis, or
spray pyrolysis, are normally employed as bottom-up methodologies.** In the
top-down approach, bulk material is broken down into smaller pieces using
physical methods, as the dispersion layered silicates in polymer matrices.

The procedure of the mixed matrix membrane making is similar to that of
the ordinary polymer membrane making. The first step is preparing a homo-
geneous solution of polymer and particles. For this purpose, the following
methods for mixed matrix dope preparation are used:
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(a) silicate nanocomposite
® o v v
°c s v T e A -
® oo /¥ }o
¢ ,\/’(%\?,\\/L ¢ /\/%(f\\}
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(b) silicate monomer nanocomposite

FIGURE 2.4
Schematic representation of (a) top-down and (b) bottom-up approaches.
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1. Particles are dispersed into the solvent and stirred for a predeter-

mined period of time and then the polymer is added (Figure 2.5a).

2. The polymer is dissolved in the solvent and stirred; a predetermined
mass of inorganic particles is then added to the polymer solution

(Figure 2.5b).

3. Particles are dispersed into the solvent and stirred for a predeter-
mined period of time and the polymer is dissolved in a solvent
separately. The particle suspension is then added to the polymeric

solution (Figure 2.5¢).

(b)
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inorganic fillers
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FIGURE 2.5
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Different methods for mixed matrix dope preparation. (a) Particles are dispersed in solvent
and stirred, subsequently polymer is added and mixed. (b) Polymer is dissolved in solvent and
stirred, subsequently inorganic particle is added. (c) Particles are dispersed into solvent and
stirred. Polymer is dissolved in a solvent separately. Subsequently, the particle suspension is
added to the polymeric solution.
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Some of the important methods for the preparation of polymer nanocompos-
ites, including layered materials and those containing CNTs, are (1) interca-
lation of the polymer or pre-polymer from solution, (2) in situ intercalative
polymerization, (3) melt intercalation, (4) direct mixture of polymer and par-
ticulates, (5) template synthesis, (6) in situ polymerization, and (7) sol-gel
process. Table 2.2 gives the processing methods for polymer-based nano-
composite systems. Their advantages and limitations are listed in Table 2.3.
Processing of CNT-reinforced polymer nanocomposites is carried out by dif-
ferent methods such as direct mixing, solution mixing, melt mixing, and in
situ polymerization (Table 2.4).

TABLE 2.2

Processing Methods for Polymer-Based Nanocomposite Systems

Process System Procedure
Intercalation/ Clay with Employed for layered reinforcing material in which
prepolymer high-density the polymer may intercalate; mostly for layered
from solution polyethylene, silicates, with intercalation of the polymer or
etc. pre-polymer from solution; use of a solvent in which
the polymer or pre-polymer is soluble and the
silicate layers are swellable
In situ Montmorillonate  Encasing of the layered silicate within the liquid
intercalative with epoxy, etc. monomer or a monomer solution leading to formation
polymerization of polymer between the intercalated sheets;
polymerization by heat or radiation, by diffusion of a
suitable initiator, or by a catalyst fixed through cation
exchange inside the interlayer, before the swelling step
Melt Montmorillonate ~ Annealing of a mixture of the polymer and the
intercalation with PS/ layered host above the softening point of the
polypropylene, polymer, statically or under shear; diffusion of
etc. polymer chains from the bulk polymer melt into the
galleries between the host layers during annealing
Template Hectorite with In situ formation of the layered structure of the inorganic
synthesis poly-acrylo- material in an aqueous solution containing the
nitrile, etc. polymer; the water-soluble polymer acts as a template
for the formation of layers; widely used for the
synthesis of layered double hydroxide nano-
composites, but less developed for layered silicates
Mixing and Epoxy vinyl Mixing of either polymer or monomer with
in situ ester/Fe;O,, reinforcing materials; dispersion of inorganic
polymerization epoxy vinyl particles into a precursor of the polymeric matrix
ester/y-Fe,O,, (monomer); polymerization of the mixture by
polyacrylic addition of an appropriate catalyst; processing of
acid/Ag, this material by conventional molding technologies
polyacrylic Use of ultrasonics for dispersion in epoxy systems;

acid/Ni, etc.

exposition of accelerator based gamma induced
systems to 60 Co y-ray to promote simultaneous
polymerization and metal nanoparticle formation

(Continued)
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TABLE 2.2 (Continued)
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Processing Methods for Polymer-Based Nanocomposite Systems

Process

System

Procedure

Sol-gel process

Polyimide/SiO,,

2-hydroxyethyl
acrylate/SiO,;
polycarbonate/
Si0O,,
poly(amide-
imide)/TiO,

networks.

Embedding of organic molecules and monomers on
sol—-gel matrices; introduction of organic groups by
formation of chemical bonds leading to in situ
formation of sol-gel matrix within the polymer and/
or simultaneous generation of inorganic/organic

TABLE 2.3

Advantages and Limitations of Polymer-Based Nanocomposite Processing Methods

Process

Advantages

Limitations

Intercalation/
prepolymer from
solution

In situ intercalative
polymerization

Melt intercalation

Template synthesis

Sol-gel process

Synthesis of intercalated
nanocomposites based on polymers
with low or even no polarity.
Preparation of homogeneous
dispersions of the filler

Easy procedure, based on the
dispersion of the filler in the polymer
precursors

Environmentally benign; use of
polymers not suited for other
processes; compatible with industrial
polymer processes

Large-scale production; easy
procedure

Simple, low processing temperature;
versatile; high chemical
homogeneity; rigorous stoichiometry
control; high-purity products;
formation of 3D polymers containing
metal-oxygen bonds; single or
multiple matrices; applicable
specifically for the production of
composite materials with liquids or
with viscous fluids that are derived
from alkoxides

Large amount of solvents

Difficult control of
intragallery polymerization/
limited applications

Limited applications to
polyolefins

Limited applications mainly
in water-soluble polymers/
contaminated by side
products

Greater shrinkage and lower
amount of voids, compared
to the mixing method

Membranes utilizing nanoporous one-dimensional (1D) and 2D materi-
als are emerging as attractive means for applications in molecular sepa-
rations and related areas. Such nanotubular and nanolayered materials
include CNTs, metal oxide nanotubes, layered zeolites, porous layered
oxides, layered aluminophosphates, and porous graphenes. By virtue of
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TABLE 2.4

Processing Methods for Polymer—-CNT Nanocomposite Systems

Nanocomposite Membrane Technology

Process

System

Procedure

Remarks

Direct mixing

Thermoset resins

Dispersion of CNTs; curing

Solution mixing Thermoplastic Dispersion of 0.2%-1% Modification of
resins (PS/ CNTs, (100 nm diameter, polymer behavior;
epoxy) 10 um long); removal of synergistic effect;

solvent or precipitation

shape memory

of polymer; curing nanocomposites
Melt mixing Polymers, N6 Mechanical mixing of Use of 0.2%-2.0%
CNTs with prepolymer multiwalled CNT,
melt followed by twin screw mixer
extrusion, injection, or
compression molding
In situ Polyaniline-CNT, Use of ultrasonics for Preparation of the
polymerization epoxy-CNT, dispersion in monomer/ polymer with
poly(ether ester) matrix; curing CNT; good
chemical bonding
Others PP-CNT, etc. Solid-state 0-10 wt.% CNTs

mechanochemical
pulverization; blending
+ sonication; melt
blending

their unique shape, size, and structure, these materials possess transport
properties, which are advantageous for membrane and thin-film applica-
tions. These materials also have a different chemistry compared to con-
ventional porous 3D materials, due to large, chemically active, external
surface area. This feature also necessitates the development of innovative
strategies to process these materials into membranes and thin films with
high performance. Porous 1D nanotubular®®*-* and 2D layered*-° materi-
als have been suggested as leading to membranes with unique transport
properties that could overcome the limitations of isotropic inorganic fill-
ers in nanocomposite membranes. Figure 2.6% illustrates the schematic
diagram of composite membranes containing 1D and 2D materials. In
Figure 2.6a, the nanotube materials are shown as vertically aligned and
completely spanning the thickness of the membrane. By realizing such
an ideal structure through an appropriate membrane-making process,
favorable properties of nanotubes such as fast molecular transport can
be efficiently achieved and utilized. The potentially tunable functional-
ity of the nanotube mouths, as well as inner and outer surfaces, can be
used to explore the range of separation applications and compatibility
with various types of matrix materials. Figure 2.6b shows a schematic dia-
gram of a membrane incorporating high-aspect ratio layered (2D) materi-
als. In comparison with isotropic fillers, the high aspect ratio of the layers
or flakes requires longer and tortuous paths for the larger molecule that
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FIGURE 2.6

Schematic diagrams of composite membranes incorporating (a) 1D nanotubular materials and
(b) 2D nanoplatelets. (Reprinted from J. Membr. Sci., 441, Kim, W.-G. et al., Nanoporous lay-
ered silicate AMH3/cellulose acetate nanocomposite membranes for gas separations, 129-136,
Figure 1, Copyright 2013, with permission from Elsevier.)

cannot easily pass through the pores, and therefore effectively decrease
the permeability of the larger molecule.>? At the same time, the nanoscopic
thickness of the flakes allows fast permeation of the smaller molecule.
Membranes containing nanoscopically thin flakes can allow high separa-
tion performance with a much lower loading of the flakes than required
for isotropic fillers. From the viewpoint of membrane fabrication and
scale-up, the nanoscopically thin layered flakes appear favorable because
they can be incorporated in ultrathin membranes such as the skin layers
of hollow-fiber membranes.>

Organic—inorganic interfacial defects can affect the overall membrane
properties. The polymer—inorganic nanocomposite membranes can be pre-
pared by the sol-gel process, phase inversion method, which is also called
the in situ blending method, and the in situ or interfacial polymerization.

2.3.1 Phase Inversion Method

The phase inversion process is one of the most common methods for the
preparation of polymeric membranes. The casting solution is cast as a thin
film and immersed into a nonsolvent coagulation bath. Due to the sol-
vent and nonsolvent exchange, phase separation of the casting solution is
induced to form a polymer-rich phase and polymer-lean phase, and the
membrane is therefore obtained.> Studies on composite ultrafiltration
membranes based on poly(vinylidene fluoride) (PVDF) and alumina (Al,O;)
materials by the phase inversion method and characteristics such as the
membrane hydrophilicity porosity, protein retention, and surface mor-
phologies have been reported.>® The enhancement in permeation flux of
the membrane was attributed to a surface hydrophilicity due to the added
hydrophilic inorganic nanosized Al,O; particles. Studies have been car-
ried out on nanocomposite membranes containing polyethersulfone (PES)
and organically modified montmorillonite (OMMT).>* The membranes
were prepared by a combination of solution dispersion and wet-phase
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inversion methods. The effect of OMMT addition on the properties and
performance of fabricated nanofiltration membranes was investigated.
It was observed that the addition of OMMT improved the mechanical
properties and thermal stability of the membranes. The pure water flux,
permeation, and rejection of nitrophenols were significantly improved.
Hybrid composite membranes were prepared” by incorporating nano-
TiO, into regenerated cellulose (RC). The membranes were tested for their
ability to separate caprolactam— water mixtures by pervaporation. Among
all the prepared membranes, an RC-TiO, inorganic—polymer hybrid mem-
brane containing 5 wt.% TiO, exhibited good pervaporation performance
with a flux of 1787.3 g m=2 h™! and a separation factor of 55091.7 at 328 K for
50 wt.% caprolactam. Addition of nano-silica in polysulfone (PS) resulting
into PS/silica (SiO,) nanocomposite membrane prepared by phase inver-
sion method provides thermal stability and enhancement of the gas per-
meability of PS.%

2.3.2 Sol-Gel Method

The sol-gel technique is used for the preparation of polymer—inorganic
nanocomposite membranes with highly homogeneous and controlled mor-
phology. In this method, organic monomers, oligomers, or polymers and
inorganic nanoparticle precursors are mixed together in the solution. The
inorganic precursors then hydrolyze and condense into well-dispersed
nanoparticles in the polymer matrix. The concentrations of organic and
inorganic components are easy to control in the solution; the reaction con-
ditions are moderate—usually room temperature and ambient pressure—
which allows the formation of inorganic frameworks under mild conditions
and the incorporation of minerals into polymers, resulting in an increased
chemical, mechanical, and thermal stability.® A hybrid ultrafiltration
membrane of PS with titanium dioxide (TiO,) as the inorganic phase
shows an improvement in porosity and thermal stability.®® Inorganic—
organic polymer (hybrid PEO-[Si(OCH,);],) was synthesized®! by coupling
N-(3-[trimethoxysilyl]propyl)ethylenediamine (A-1120) to end-capped PEO-
400. Based on this hybrid, a series of positively charged membranes were
prepared by the sol-gel process. From the coating time control and the
concentration of sol, a desired hybrid membrane for nanofiltration can be
obtained. The effect of silica particles prepared by the sol-gel technique
on the gas transport properties of a nanocomposite polyimide film shows
higher permeability (N,, O,, CO,, H,, and CH,) coefficients and hydrogen
permselectivities than the polyimide.®> Nanocomposite membranes for gas
separations are traditionally composed of zeolites dispersed in a polymer
matrix in order to improve permeability and selectivity. A limited number
of possible zeolite structures limit the potential of zeolites for use in nano-
composites. Metal organic frameworks (MOFs), a new class of microporous
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materials, are an attractive alternative to the use of zeolites in nanocom-
posite membranes. The advantage of MOFs over well-known nanoporous
materials is the ability to tune their physical and chemical properties dur-
ing synthesis by changing the combination of metals and organic linkers.
Rational combination of different metal ions and organic linkers in the
synthesis of MOFs results in materials with various pore sizes and con-
nectivities, offering theoretically an infinite number of possible structures.
An MOF of copper and terephthalic acid (CuTPA) can be synthesized,
characterized, and used to make nanocomposite membranes.®® The parti-
cles are dispersed in poly(vinyl acetate) giving defect-free zeolite—polymer
nanocomposite membranes.® Significant increase in permeability and the
desired penetrant selectivity enhancement are achieved for pure helium,
carbon dioxide, oxygen, nitrogen, and methane permeation experiments.
Polymer-inorganic nanocomposite membranes prepared by cross-linking
polyvinyl alcohol (PVA), maleic acid (MA), and silica by aqueous sol-gel
route reveal that silica nanoparticles (<10 nm) significantly reduce the
swelling of the membrane.®® Pervaporation under various operating con-
ditions has been carried out to evaluate the separation performance of
aqueous salt solutions through the hybrid PVA/MA /silica membrane. It
is seen that salt rejection remains high (up to 99.9%) under all operating
conditions, indicating that the salt rejection performance of the hybrid PVA/
MA /silica membrane is independent of the operating conditions due to the
nonvolatile nature of sodium chloride. It is possible to prepare negatively
charged inorganic—organic hybrid membranes® by the sol-gel and oxidation
processes of 3-(mercaptopropyl)trimethoxysilane (MPTS). Due to the forma-
tion of an inorganic Si-O-Si network during the sol-gel process, the mem-
branes can withstand as high as 250°C temperature displaying extraordinary
thermal stability compared to polymeric membrane.

2.3.3 In Situ/Interfacial Polymerization

In this method, the nanoparticles are well mixed with organic monomers
and the monomers are polymerized. There are often some functional
groups such as hydroxyl or carboxyl on the surface of the inorganic par-
ticles, which can generate radicals, cations, or anions under high-energy
radiation, plasma, or other circumstances to initiate the polymerization of
the monomers on their surface. The interfacial polymerization of polyamide
is a common method of preparing thin-film composite (TFC) membrane.
In case of interfacial polymerization of thin-film nanocomposite (TFN)
membranes,”” nanoparticles are embedded throughout the polyamide thin-
film layer of an interfacial composite membrane (Figure 2.7). Synthesized
zeolite nanoparticles, characterized by a superhydrophilic and negatively
charged three-dimensional (3D) molecular sieve pore network, are used as
the dispersed nanophase. Super-hydrophilic, negatively charged, molecular
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FIGURE 2.7

Conceptual illustration of (a) TFC and (b) TFN membrane structures. (Reprinted from J.
Membr. Sci., 294, Jeong, B.-H. et al,, Interfacial polymerization of thin film nanocomposites:
A new concept for reverse osmosis membranes, 1-7, Figure 1, Copyright 2007, with permission
from Elsevier.)

sieve zeolite nanoparticles provide preferential flow paths for water perme-
ation while maintaining high solute rejection through combination of steric
and Donnan exclusion.

2.4 Challenges

Polymeric membranes modified by adding nanoparticles possess supe-
rior properties of both organic and inorganic membranes such as good
hydrophilicity, selectivity, permeability, mechanical strength, and thermal
and chemical stability. The challenges are proper dispersion of the fillers,
because of the difference between the polymer and inorganic phase prop-
erties. Without proper dispersion and distribution of the fillers, the high
surface area is compromised. There is a need to develop better polymer—
inorganic nanocomposite hybrid membranes for different applications in
separation processes.
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Characterization of Nanocomposite
Membranes

3.1 Introduction

Any membrane developed under a standard set of conditions, such as tem-
perature and relative humidity needs to be characterized. Any small change
in the conditions of membrane preparation may lead to a significant change
in membrane structure and membrane morphology, which in turn may affect
the membrane performance. The ultimate goal is to get membrane morphol-
ogy to achieve desired performance. Membrane characterization is carried
out to evaluate the structural membrane properties, such as pore size and
pore size distribution, and the separation properties.

The methods of characterization for conventional membranes remain
equally applicable for the nanocomposite membranes. The micrographic and
spectroscopic methods become more important in terms of characterizing
the nanomaterials embedded in the host matrix (polymer/ceramic).

The characterization methods can be classified! into the following
categories:

e Physical methods to determine pore size and pore size distribution
* Micrographic methods to have photographical images

® Spectroscopic methods to know the membrane structure in its
molecular level

* Drop shape analysis (contact angle measurements) to ensure hydro-
philicity/hydrophobicity of membrane surface

® Zeta potential measurement to ensure surface charge on membrane
surface

* Methods to obtain bulk properties of membranes such as thermal
and mechanical properties

89
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3.2 Methods for Measurement of Pore Size
and Pore Size Distribution

The following methods are used for the measurement of pore size and pore
size distribution:

* Bubble gas transport method
¢ Mercury intrusion porosimetry

® Adsorption-desorption method (Barrett-Joyner-Halenda [BJH]
method)

e Liquid-solid equilibrium method (thermoporometry)
¢ Gas-liquid equilibrium method (permporometry)

® Permeability method

® Solute rejection method

3.2.1 Bubble Gas Transport Method

The bubble gas transport method is based on the measurement of the pres-
sure to blow air through a water-filled porous membrane. The method so
developed has been used to characterize membranes and is called the bubble
point method. The principle of the bubble point method is shown schemati-
cally in Figure 3.1. It can be seen from Figure 3.1 that the liquid on the top of
the membrane wets the membrane surface. The bottom of the membrane is
in contact with air and the air pressure is gradually increased until bubbles
of air penetrate through the membrane.

An air bubble penetrates through a pore of radius r, when the transmem-
brane pressure difference AP=P,-P, given by the following Laplace equa-
tion is reached:

Porous
membrane

FIGURE 3.1
Principle of the bubble point method.
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2ycosO
r, = YAC;’JS 3.1)

where:
vis the surface tension at the liquid/air interface
0 is the contact angle

Penetration will first occur through the largest pores, and because the pres-
sure difference is known, the pore radius can be calculated from Equation 3.1.
It is also possible to obtain pore size distribution by performing this tech-
nique by a stepwise increase of pressure. The method has been improved
for both liquid—gas interfaces and liquid-liquid ones allowing the evaluation
of pore sizes for a range of porous materials. This method is an easy, fast,
and inexpensive method to determine the maximum pore size and pore size
distribution of membranes.? Though only active pores are measured, the dis-
advantage is that different results are obtained with different liquids. Liquid
displacement is similar to gas bubble transport method, where a liquid is
pressurized to displace the liquid in the pores. The disadvantage is that swell-
ing is probable because of stagnant liquid in the pores, which can affect the
pore size.

3.2.2 Mercury Intrusion Porosimetry

Mercury intrusion porosimetry is used extensively for the characterization
of various aspects of porous media, including porous membranes and pow-
ders. It is applicable to pores ranging from 30 to 900°A in diameter. It involves
placing the sample in a special sample cup (penetrometer), surrounding the
sample with mercury. Mercury is a nonwetting liquid to most materials and
resists entering voids, doing so only when pressure is applied. The pressure
at which mercury enters a pore is inversely proportional to the size of the
opening to the void. As mercury is forced to enter pores within the sam-
ple material, it is depleted from a capillary stem reservoir connected to the
sample cup. The incremental volume depleted after each pressure change
is determined by measuring the change in capacitance of the stem. This
intrusion volume is recorded with the corresponding pressure or pore size.
By this technique, both pore size and pore size distribution can be deter-
mined. The relationship of pressure and pore size is given by the Laplace
equation (3.1). As mercury does not wet the membrane (because its contact
angle is greater than 90° and cos 6 will have a negative value), Equation 3.1
is modified as follows:

o

_ [ 2ycos6
= (P ) (3.2
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The contact angle of mercury with polymeric material is often 141.3° and the
surface tension at the Hg/air interface is 0.48 N/m. Hence, Equation 3.2 can

be written as
L _ 7492

P p (3.3)
where:

r, is expressed in nanometer (nm)

P is expressed in bar

The volume of mercury can be determined very accurately, which can
result in the precise estimation of pore size distribution. In the above equa-
tion, it is assumed that the membranes have capillary pores. As in gen-
eral, it is not always the case and morphology constant must be introduced.
Also, very high pressure should be avoided as it may damage the porous
structure and lead to an erroneous pore size distribution. Some of the dis-
advantages of this technique are as follows: (1) It needs high pressure that
could damage the surface and (2) it measures all the pores present in the
structure, including dead-end pores. The technique is not widely used due
to the limitations.

3.2.3 Adsorption—-Desorption Method

Gas adsorption is a popular and commonly used method for characteriza-
tion of surface and structural properties of porous materials allowing the
determination of their surface area, pore volume, pore size distribution, and
adsorption energy distribution. Nitrogen is often used for the adsorbent gas,
but other adsorbents such as argon and benzene are also used. According to
this method, adsorption isotherm (the amount of adsorbed gas vs. the relative
pressure) is drawn and the data are analyzed by assuming capillary condensa-
tion. The relative pressure is defined as the ratio of the adsorbent pressure to
saturation vapor pressure of the adsorbent. The vapor pressure, p, of the adsor-
bent liquid in the pore of radius r, is given by the following Kelvin equation:

In| 2 |=_| 2YVcos® (34)
Po r,RT
where:

pois the saturation vapor pressure

vis the surface tension of the adsorbent liquid
V is the molar volume of the adsorbent liquid
Ris the universal gas constant

T is the absolute temperature

0 is the contact angle
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Assuming 6 = 0°, the above equation becomes for the liquid nitrogen

__41 (3.5)

" In(pipy)

Assuming further all the pores whose radii are smaller than r, are filled at
a given relative pressure p/p,, the cumulative pore volume curve versus
can be drawn. Often, the thickness of adsorbed layer ¢ is added to r, to calcu-
late more precise pore radius. Ceramic membranes often give better results
because of their uniform structure and the membrane is less susceptible to
capillary forces. Dead-end pores that do not contribute toward transport are

also measured with this technique.

3.2.4 Liquid-Solid Equilibrium Method (Thermoporometry)

Thermoporometry is based on the calorimetric measurement of a solid—
liquid transition in a porous material and can be applied to determine the
pore size in porous membranes.?>> The temperature at which the liquid in
the pore freezes depends on the pore size. As the pore size decreases, the
freezing point decreases. Each pore gets its own specific freezing point. For
cylindrical pores containing water,

(3.6)

h =O.68—(32'33)

AT

where:
7, is the pore radius
AT is the extent of undercooling

As the pore radius decreases, the extent of undercooling increases. The heat
effect of the liquid—solid transition is measured by means of a differential
scanning calorimeter (DSC). All pores are measured with this technique
including the dead-end ones.

3.2.5 Gas-Liquid Equilibrium Method (Permporometry)

Permporometry, unlike thermoporometry, characterizes only the active
pores.®” It is based on the blockage of the pores by means of a condensable
gas, linked with the simultaneous measurement of gas flux through the
membrane. This blockage is based on the same principle of capillary con-
densation as adsorption—desorption hysteresis. It is important that the vapor
should be inert and should not swell the membrane; otherwise, the pore
size will be affected. It is important to note that permporometry measures
the active pores, whereas adsorption-desorption and thermoporometry
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measure active, dead-end and even smaller pores in the sublayer. In case the
membrane is asymmetric in nature, where the transport is governed by the
thin top layer, this technique can give the information on pore size and pore
size distribution of the top layer.

3.2.6 Permeability Method

Assuming the pores to be capillary in nature, the pore size can be deter-
mined by measuring the flux through a membrane at a constant pressure
using Hagen-Poiseuille equation:

_ [ er’AP
J= 8MTAX 3.7)

where:
J is the flux through the membrane at a driving force of AP/Ax, with AP
being the pressure difference
Ax is the membrane thickness

Other parameters are the pore radius (), the liquid viscosity (1), the surface
porosity of the membrane (€), and the tortuosity factor (t). The pore size dis-
tribution can be obtained by varying the pressure, that is, by a combination
of bubble point and permeability methods. It is not necessary that the liquid
should wet the membrane.

The Hagen-Poiseuille equation assumes the pores to be cylindrical, which
may not be the case. In that case, Kozeny—Carman equation can be used. It is
assumed in this relation that the pores are interstices between close-packed
spheres. The flux is given by

j- e’AP
= [KnSz(l _8)2 Ax} (3.8)

where:
Kis the membrane constant, called the Kozeny—-Carman constant, which is
dependent on the pore shape and tortuosity
¢ is the porosity
S is the specific surface area

The permeability method is widely used for both microfiltration and ultra-
filtration membranes. This method is entirely based upon the assumptions
taken toward the pore geometry which is largely unknown, and hence, the
experimental results are difficult to interpret.
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3.2.7 Solute Rejection Method

This is the method frequently used for industrial assessment of membranes.
Usually, membrane manufacturers use the concept of cutoff to characterize
the ulrafiltration membranes. Cutoff is defined as the molecular weight that
is 90% rejected by the membrane. The membrane has a cutoff value of 40,000,
which implies that all solutes with a molecular weight greater than 40,000 are
rejected by the membrane by more than 90%. However, it is not possible to
define the separation characteristics of a membrane by this single parameter,
that is, molecular weight of solute, because the parameters such as shape,
flexibility of macromolecular solute, and its interaction with the membrane
material are all important to be taken into account. However, concentration
polarization and membrane fouling can affect the separation performance
of the membrane. Cutoff values are often expressed in different ways under
different test conditions (pressure, geometry of test cell, type and concentra-
tion of solute, cross-flow velocity, and more importantly molecular-weight
distribution of solute), which makes it difficult to hold a comparison of the
results obtained.

3.3 Micrographic Methods

Micrographic methods are more pronounced where the structure of nano-
composites usually consists of the matrix material containing the nanosized
reinforcement components in the form of particles, whiskers, fibers, nano-
tubes, and so on. These characterization techniques help to understand the
correlation between structure and performance of a particular nanocompos-
ite membrane.

¢ Scanning electron microscopy (SEM)
e Transmission electron microscopy (TEM)
* Atomic force microscopy (AFM)

3.3.1 Scanning Electron Microscopy

A scanning electron microscope (SEM) is a type of electron microscope that
images a sample by scanning it with a high-energy beam of electrons. The
electrons interact with the atoms that make up the sample-producing signals
that contain information about the sample’s surface topography, composi-
tion, and other properties such as electrical conductivity.

The types of signals produced by a SEM include secondary electrons,
back-scattered electrons (BSE), characteristic X-rays, light (cathodolumines-
cence), and specimen current and transmitted electrons. Secondary electron
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detectors are common in all SEMs. The signals result from interactions of
the electron beam with atoms at or near the surface of the sample. In the
most common or standard detection mode, secondary electron imaging, the
SEM can produce very high-resolution images of a sample surface, reveal-
ing details of about 5-20 nm in size. Due to the very narrow electron beam,
SEM micrographs have a large depth of field yielding a characteristic three-
dimensional (3D) appearance useful for understanding the surface structure
of a sample. A wide range of magnification is possible, from about 10 times
(about equivalent to that of a powerful hand lens) to more than 500,000 times,
about 250 times the magnification limit of the best light microscopes. BSEs
are beam electrons that are reflected from the sample by elastic scattering.
They are often used in analytical SEM along with the spectra made from
the characteristic X-rays. Because the intensity of the BSE signal is strongly
related to the atomic number (Z) of the specimen, BSE images can provide
information about the distribution of different elements in the sample.

In a typical SEM, an electron beam is thermionically emitted from an elec-
tron gun fitted with a tungsten filament cathode. Tungsten is normally used
in thermionic electron guns because it has the highest melting point and
lowest vapor pressure of all metals, thereby allowing it to be heated for elec-
tron emission. Other types of electron emitters include lanthanum hexabo-
ride (LaBg) cathodes, which can be used in a standard tungsten filament SEM
if the vacuum system is upgraded, and field emission guns, which may be of
the cold cathode type using tungsten single crystal emitters or the thermally
assisted Schottky type, using emitters of zirconium oxide.

The electron beam, which typically has an energy ranging from 0.5 to
40 keV, is focused by one or two condenser lenses to a spot about 0.4-5nm in
diameter. The beam passes through pairs of scanning coils or pairs of deflec-
tor plates in the electron column, typically in the final lens, which deflect the
beam in the x and y axes so that it scans in a raster fashion over a rectangular
area of the sample surface. The raster scanning of the CRT display is syn-
chronized with that of the beam on the specimen in the microscope, and the
resulting image is therefore a distribution map of the intensity of the signal
being emitted from the scanned area of the specimen. The image can be cap-
tured from a high-resolution cathode ray tube. It can be digitally captured
and displayed on a computer monitor and saved to a computer’s hard disk.
Depending on the instrument, the resolution can fall somewhere between
less than 1 and 20 nm. SEM gives information about topography, that is, sur-
face features, and its textures as well as morphology, that is, shape and size
of the particles. It also furnishes information about the elements and com-
pounds that the object is composed of. In other words, SEM furnishes direct
relationship between features and material properties, structure and mate-
rial properties as well as composition and material properties.

The method that is suitable for the direct estimation of surface porosity is
electron microscopy. A major drawback of electron microscopy is that micro-
scopic analysis is very local and that the resolution is insufficient to study
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fine porous structures.® Also, the method becomes very laborious when a
reasonable level of precision has to be reached because it is necessary to count
and measure a large number of pores. The processing of the data is time con-
suming, although computer-aided image analysis can be used. Top layer thick-
ness is one of the parameters frequently estimated from electron microscopic
pictures. Asymmetry in composite membranes can also be readily observed.
SEM has been used to study polysulfone/sulfonated polyether ether ketone
(SPEEK) membranes.? Changes in pore structure resulting from different cast-
ing conditions and composition are shown in Figure 3.2. Obtaining cross-
sectional samples usually involves razor blades and can result in compression
and tearing.!” The direct freeze fracture method, where a membrane is made
brittle in liquid nitrogen and is then broken, can be used. The preparation of
a thin film, as is required in transmission electron microscope (TEM), is not
required for SEM. The disadvantage is that the membrane pore structure can
be affected by drying and coating, so SEM-observed porosity may not exactly
correspond to in situ membrane porosity.

3.3.2 Transmission Electron Microscopy

In TEM, an image is produced by passing electrons under high vacuum
through a sample. The electron beam typically has an energy ranging from
100 to 300 keV. The image is formed from the interaction of the electrons
transmitted through the specimen, which is magnified and focused onto an
imaging device, such as a fluorescent screen, or on a layer of photographic
film, or to be detected by a sensor. Near-atomic resolution is attainable
using TEM; however, this technique is limited to thin samples which are at
most several tens of nanometers in thickness. Therefore, TEM is restricted
to imaging thin-film samples rather than fully constructed membranes.
As an example, a TEM image of a graft copolymer is shown in Figure 3.3.1
It may be concluded that the differences in electron densities between the
two components of this amphiphilic graft copolymer were sufficient to be
observed as image contrast. Dark regions represent the hydrophobic crys-
talline regions of the main chains, whereas lighter regions represent the
hydrophilic side chains.

In terms of sample preparation, the vacuum environment requires dry
samples. Also, coating may be necessary to prevent sample destruction by
the electron beam.

3.3.3 Atomic Force Microscopy

Surface roughness of the membranes can be measured with atomic-level
resolution using AFM. AFM is a nonoptical surface imaging technique that
approaches atomic resolution. The atomic force microscope (AFM) consists of
a cantilever with a sharp tip (probe) at its end that is used to scan the speci-
men surface.’? The cantilever is typically silicon or silicon nitride with a tip
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FIGURE 3.2

Scanning electron microscope images (200x) of cross sections of polymer blend membranes.
(Reprinted from . Membr. Sci., 324, Li, X,, De Feyter, S., and Vankelecom, LE]., Poly(sulfone)/
sulfonated poly(ether ether ketone) blend membranes: Morphology study and application in
the filtration of alcohol based feeds, 67-75, Copyright 2008, Figure 1, with permission from
Elsevier.)

radius of curvature on the order of nanometers. When the tip is brought into
proximity of a sample surface, forces between the tip and the sample lead to a
deflection of the cantilever according to Hooke’s law. Depending on the situ-
ation, forces that are measured in AFM include mechanical contact force, van
der Waals forces, capillary forces, chemical bonding, electrostatic forces, mag-
netic forces, and solvation forces. Along with force, additional parameters may
simultaneously be measured through the use of specialized types of probe
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FIGURE 3.3

Transmission electron microscope image of a graft copolymer film. (Reprinted from J. Membr.
Sci., 325, Kim, Y., Park, J.T., Koh, J.H., Roh, DK, and Kim, J.H., Anhydrous proton conduct-
ing membranes based on crosslinked graft copolymer electrolytes, 319-325, Copyright 2008,
Figure 3, with permission from Elsevier.)

(scanning thermal microscopy, scanning Joule expansion microscopy, pho-
tothermal microspectroscopy, etc.). The deflection is measured using a laser
spot reflected from the top surface of the cantilever into an array of photodi-
odes. Other methods that are used include optical interferometry, capacitive
sensing, or piezoresistive AFM cantilevers. These cantilevers are fabricated
with piezoresistive elements that act as a strain gauge. Using a Wheatstone
bridge, strain in the AFM cantilever due to deflection can be measured, but
this method is not as sensitive as laser deflection or interferometry.

If the tip was scanned at a constant height, a risk would exist that the tip
collides with the surface, causing damage. Hence, in most cases, a feedback
mechanism is employed to adjust the tip-to-sample distance to maintain a
constant force between the tip and the sample. Traditionally, the sample is
mounted on a piezoelectric tube that can move the sample in the z direction
for maintaining a constant force, and the x and y directions for scanning the
sample. Alternatively, a tripod configuration of three piezo crystals may be
employed, with each responsible for scanning in the x, y, and z directions.
This eliminates some of the distortion effects seen with a tube scanner. In
newer designs, the tip is mounted on a vertical piezo scanner, whereas the
sample is being scanned in X and Y using another piezo block. The resulting
map of the area z = f(x, y) represents the topography of the sample.

The AFM can be operated in a number of modes, depending on the appli-
cation. In general, possible imaging modes are divided into static (also called
contact) modes and a variety of dynamic (or noncontact) modes where the
cantilever is vibrated. The membrane surface can be scanned in vacuum, air,
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FIGURE 3.4

Schematic illustration of the operating principles associated with the atomic force microscope.
(Reprinted from J. Membr. Sci., 315, Wyart, Y., Georges, G., Demie, C., Amra, C., and Moulin, P,
Membrane characterization by microscopic methods: Multiscale structure, 82-92, Copyright
2008, Figure 2, with permission from Elsevier.)

or water, and no sample preparation is necessary. An example illustration
of an AFM experimental setup is given in Figure 3.4. Based on the sample
profile, h(x, y), it is possible to calculate mean and root mean square (RMS)
roughness (Ra and Rrms, respectively) and 10-point mean roughness (Rz)
parameters. There is relationship between Ra and the water flux and sepa-
ration performance of hollow-fiber UF membranes.!*> As Ra decreases, flux
decreases and rejection increases.

3.4 Spectroscopic Methods

Under this category, the following techniques are widely used:

¢ Infrared (IR) and Fourier transform IR (FTIR) spectroscopy
* X-ray photoelectron spectroscopy (XPS)

* Energy-dispersive X-ray spectroscopy (EDS or EDX)

* Positronium annihilation lifetime spectroscopy (PALS)

3.4.1 Attenuated Total Reflection FTIR Spectroscopy

The principle of attenuated total reflection FTIR (ATR-FTIR) is based on the
total internal reflection phenomenon. A block of material with greater opti-
cal density than the sample is put into close contact with the sample surface.
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FIGURE 3.5
Principle of ATR-FTIR.

The incident radiation angle must be greater than the critical angle value.
The evanescent field decays exponentially into the sample. The principle
of ATR-FTIR is shown in Figure 3.5.1* ATR-FTIR spectroscopy allows for IR
analysis of surfaces. The IR spectrum can provide determination of vibra-
tional frequencies and transition intensities of most molecules (with the
exception of diatomics such as N, and O,), including characteristic func-
tional group frequencies. Knowledge of vibrational frequencies of functional
groups (or reference spectra) allows for chemical identification of at least a
class of compounds (e.g., aromatic amides). IR radiation typically penetrates
1 pm into the surface, which is a disadvantage because this is deeper than
the active layer thickness of most composite membranes, so the top layer is
not necessarily isolated. The penetration depth can be decreased by careful
selection of crystal and incident angle. Alternatively, it is possible to perform
ATR-FTIR measurements of both sides of an asymmetric membrane and
then to essentially subtract out the support layer spectral regions.

Vibrational frequencies cannot be easily converted into complete chemical
structure of the material, but can provide more molecular structure informa-
tion than XPS.

3.4.2 X-Ray Photoelectron Spectroscopy

In XPS, the sample surface is subjected to X-ray radiation capable of remov-
ing electrons from the inner shells of the atoms (except H and He). The
amount of emitted electrons is recorded as a function of binding energy.
Surface depths of 0.5-10 nm can be probed, depending on the incident beam
angle. The inner shell energies are characteristic for a given element, but sen-
sitive to the external chemical environment. For carbon, this chemical shift
can amount to a few electronvolts. For the carbonyl group (C=0), the binding
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energy is 285 eV, and for the methylene group (CH,), the binding energy is
287.8 eV. Routine detection limits are 0.1%. From the emitted electron intensi-
ties, surface atomic concentrations can be found out through empirical for-
mulae. XPS results for a variety of membranes are reported in Table 3.1.1° The
advantage of XPS is the requirement of shallow probing depth (i.e, it obtains
information about the near membrane surface rather than the membrane
interior). It has the ability to characterize the elemental composition of the
membrane surface. However, chemical identity of the polymer (or additives)
cannot be deduced based on elemental composition alone.

3.4.3 Energy-Dispersive X-Ray

EDS or EDX is an analytical technique used for the elemental analysis or
chemical characterization of a sample. It is one of the variants of X-ray fluo-
rescence spectroscopy which relies on the investigation of a sample through
interactions between electromagnetic radiation and matter, analyzing X-rays
emitted by the matter in response to being hit with charged particles. It
is based on the principle that each element has a unique atomic structure
allowing X-rays that are characteristic of an element’s atomic structure to be
identified uniquely from one another.

To stimulate the emission of characteristic X-rays from a specimen, a high-
energy beam of charged particles such as electrons or protons, or a beam of
Xrays, is focused into the sample. At rest, an atom within the sample contains
ground-state (or unexcited) electrons in discrete energy levels or electron
shells bound to the nucleus. The incident beam may excite an electron in an
inner shell, ejecting it from the shell while creating an electron hole. An elec-
tron from an outer, higher energy shell then fills the hole, and the difference
in energy between the higher energy shell and the lower energy shell may be
released in the form of an X-ray. The number and energy of the X-rays emitted
from a specimen can be measured by an energy-dispersive spectrometer. As
the energy of the X-rays is characteristic of the difference in energy between

TABLE 3.1

Measured Atomic Concentration Percentages (%) of C,, Oy, N;; and S,, Obtained by
XPS for Commercially Available and Experimental Membranes

NF270 Desal51HL Desal5DL  NTR7450 N30F NFPES10 D71 N13

C, 72.0 75.9 72.4 72.1 79.9 77.3 770 797
o, 17.0 12.6 17.6 19.2 14.4 16.8 163 144
N, 10.9 10.7 95 5.2 1.8 24 26 23
S 0.1 08 05 35 39 35 41 36

2p

Source: Boussu, K., Baerdemaeker, J.D., Dauwe, C., Weber, M., Lynn, K.G., Depla, D., Aldea, S.,
Vankelecom, L.LE]., Vandecasteele, C., and Bruggen, B.V.: Physico-chemical characteriza-
tion of nanofiltration membranes. Chem. Phys. Chem. 2007. 8. 370-379. Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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the two shells, and of the atomic structure of the element from which they
were emitted, this allows the elemental composition of the specimen to be
measured. There are four primary components of the EDX setup: the beam
source, the X-ray detector, the pulse processor, and the analyzer. A number of
free-standing EDX systems exist. However, EDX systems are most commonly
found on scanning electron microscopes (SEM-EDX) and electron micro-
probes. SEMs are equipped with a cathode and magnetic lenses to create and
focus a beam of electrons, and since the 1960s, they have been equipped with
elemental analysis capabilities. A detector is used to convert X-ray energy into
voltage signals; this information is sent to a pulse processor, which measures
the signals and passes them onto an analyzer for data display and analysis.
Typical EDX analyses of polysulfone and silver—polysulfone nanocomposite
membrane are shown in Figure 3.6a and b, respectively.!®

. »
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FIGURE 3.6

(a) EDX spectra of polysulfone membrane surface. (b) EDX spectra of polysulfone—silver mem-
brane surface. (Data from Kar, S. et al.,, Desalination Water Treat., 27, 224-230, Copyright 2011,
Figures 5 and 6, Taylor & Francis Group.)
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3.4.4 Positronium Annihilation Lifetime Spectroscopy

PALS measures positronium (Ps) annihilation lifetimes and intensities,
which can be related to the size and amount of defect structures, such as
voids or pores in the range of several angstroms to tens of nanometers. It has
tremendous potential”'® as a powerful tool for quantifying the types and
densities of defects in solids. Following the injection of positrons into a solid
material, the positrons pair-annihilate at a rate depending on the density
of electrons near the injection site. If there are lattice vacancy or dislocation
defects (voids) near the injection site, the positrons are attracted to these areas,
which have lower electron densities and thus give rise to longer positron life-
times. This is suitable for insulating materials while not good in the bulk of
metals because Ps cannot be formed in the latter. A beam of monoenergetic
low-energy positrons (several kiloelectronvolts) is used for thin-film study.
Thickness of the film can vary from several nanometers to a few microns.
The energy of the implanted positrons is tunable, which enables PALS to
depth profile thin films. By comparison, positrons typically used for bulk
PALS have an implantation depth of 0.2-0.3 mm and as such are unsuitable
for probing thin films.

PALS is a unique and valuable technique that characterizes the free-vol-
ume hole properties in solid polymeric systems*?! based on the detection of
y-radiation.?? When positrons from a ?Na radioisotope source are injected
into a polymer, they lose their kinetic energy. After thermalization occurs
in the sample, the positrons either (1) diffuse into the media and become
annihilated as a free positron with an electron in about 0.4 ns (free posi-
tron annihilation) or (2) capture an electron from the material and form a
bound-state Ps of two spin states, that is, para-Ps (p-Ps) or ortho-Ps (0-Ps). In
polymers, the o0-Ps lifetime is shortened to a few nanoseconds through the
trapping in molecular free volumes and the annihilation with an electron
from the inner wall of the free volume (annihilation of 0-Ps). The lifetime of
0-Ps has been proven to be highly correlated with the average size and dis-
tribution of hole spaces present in the solid polymers; the longer the lifetime
of 0-Ps, the larger the R, and vice versa.?>* The spectral intensity associated
with this lifetime component is related to the number of free volume hole
sites if no Ps-quenching functional groups exist in the molecular structure
of polymers, which is expected to provide a better understanding of the flux
enhancement and eventually could aid in design of new TFC membranes
that display outstanding performance.

3.4.5 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique based on inelastic scatter-
ing of monochromatic light, usually from a laser source. Inelastic scattering
means that the frequency of photons in monochromatic light changes upon
interaction with a sample. Photons of the laser light are absorbed by the
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sample and then reemitted. Frequency of the reemitted photons is shifted
up or down in comparison with original monochromatic frequency, which
is called the Raman effect. This shift provides information about vibrational,
rotational, and other low-frequency transitions in molecules. Raman spec-
troscopy can be used to study solid, liquid, and gaseous samples. This is a
complementary method to IR spectroscopy. It is an alternative technique for
molecular identification. In particular, Raman spectroscopy provides infor-
mation about functional groups (—C—5—, —C—C—, —C—H— etc.), which are
important in membrane technology. Raman spectroscopy has been used to
examine changes in polymer structure in the membrane and to character-
ize membrane morphology. Raman techniques require no special sample
preparation and produce cleaner, narrower spectra than IR, making band
interpretation more robust. However, because of the inherently weak signals
and interference from fluorescence, the technique has not gained significant
attention for identification of organic compounds. Surface-enhanced Raman
spectroscopy is an extension of Raman spectroscopy that allows both an
enhanced Raman signal and substantial quenching of fluorescence through
the use of coinage metal nanostructures (silver, gold, etc.), thus offering
highly specific molecular-level identification of extremely small samples and
samples capable of fluorescence.?>? It allows nondestructive characterization
of organics. Nafion membranes have been studied earlier by IR and Raman
spectroscopy.?’?8

3.4.6 Small-Angle Neutron Scattering

Small-angle neutron scattering (SANS) is a neutron scattering technique that
enables the study of materials on the nanometer to micrometer length scales.
The experiment consists of a well-collimated beam of neutrons being passed
through a sample and detectors to count the number of neutrons scattered
as a function of angle and neutron wavelength. This data is used to extract
information about the shape, size, arrangement, and interactions of the com-
ponents of the sample.

SANS technique finds particular use in the study of soft matter (e.g., col-
loids and polymers), biophysics (e.g., lipids and lipid—protein complexes),
biology (e.g., solution structures of proteins), and hard condensed matter
(e.g., superconductors and magnetic materials). SANS has been sued to char-
acterize a phospholipid/alkoxysilane hybrid bilayer membrane at the inter-
face of porous aluminum oxide films.?

3.4.7 Small-Angle X-Ray Scattering

The small-angle X-ray scattering (SAXS) technique is based on the detec-
tion of the elastic scattering of X-rays by samples with inhomogeneities of
the electron density in the nanometer range. X-ray scattering in the small-
angle range contains information about the shape and size of nano-objects in
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dilute solution such as macromolecules, characteristic distances of partially
ordered nanostructured materials, nanopore sizes, and other low-resolution
structure features. SAXS provides structural parameters of macromolecules
with sizes between 5 and 25 nm.

In small-angle scattering technique, a sample is irradiated with a well-
collimated beam of radiation such as X-rays, neutrons, or light; the resulting
intensity is measured as a function of angle between the incoming beam and
the scattered beam; and then the structure that caused the observed pattern
is determined. Scattering patterns are caused by the interference of second-
ary waves that are emitted from various structures when irradiated, that is,
electrons for X-rays and light, or nuclei for neutrons. Scattering of X-rays is
caused by differences in electron density. Scattering of neutrons is caused
by differences in scattering power of different nuclei. Scattering of light is
caused by differences in refractive index. The larger the diffraction angle, the
smaller the length scale probed; wide-angle X-ray scattering is used to deter-
mine crystal structure on the atomic length scale, whereas SAXS or SANS is
used to explore the microstructure on the colloidal length scale. Unlike an
electron micrograph, SAXS patterns do not give morphological information
directly. The result of a SAXS experiment is essentially the intensity of the
Fourier transform of the electron density and must be interpreted in order
to determine morphology. One fundamental problem with any scattering
experiment is that two different morphologies can, in theory, give identical
scattering patterns. Generally, one cannot reconstruct the exact microstruc-
ture uniquely from a SAXS pattern because in a scattering experiment only
the scattered radiation intensity can be measured and all phase information
is lost. Therefore, one cannot be absolutely sure that a scattering pattern is
due to a particular morphology. Nanopores are characterized in track-etched
polymer membranes using SAXS.* Improved performance of phosphonated
carbon nanotube—polybenzimidazole composite membranes in proton-
exchange membrane fuel cells is supported by the SAXS studies.’!

3.4.8 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy is a powerful and theo-
retically complex analytical tool. It is based on the fact that when a popula-
tion of magnetic nuclei is placed in an external magnetic field, the nuclei
become aligned in a predictable and finite number of orientations. For 'H
there are two orientations: In one orientation, the protons are aligned with
the external magnetic field (north pole of the nucleus aligned with the south
pole of the magnet and south pole of the nucleus with the north pole of the
magnet) and in the other orientation, the nuclei are aligned against the field
(north with north and south with south). The alignment with the field is also
called the alpha orientation and the alignment against the field is called the
beta orientation. The NMR spectroscopy experiment involves using energy
in the form of electromagnetic radiation to pump the excess alpha-oriented
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nuclei into the beta state. When the energy is removed, the energized nuclei
relax back to the alpha state. The fluctuation of the magnetic field associ-
ated with this relaxation process is called resonance, and this resonance
can be detected and converted into the peaks, which is seen in an NMR
spectrum. Membrane proteins are important targets for structure determi-
nation. Protein structure determination® has played a key role in biomed-
ical research for more than 60 years NMR spectroscopy is particularly well
suited for determining the 3D structures of proteins and for describing their
local and global motions in lipid environments, where they maintain their
native conformation.

3.4.9 Electron Spin Resonance

Electron spin resonance (ESR) is also known as the electron paramagnetic
resonance (EPR). Paramagnetic molecules have unpaired electrons, and
while changing the magnetic field, these will absorb energy at particular
values of the field. This absorption is due to a change in direction of the mag-
netic moment resulting from the electron’s spin. The absorption spectra that
are produced can give information about the structure of free radicals and
complex ions. ESR works on the same principle as NMR, except that micro-
wave (rather than radiowave) frequencies are employed and spin transitions
of unpaired electrons rather than nuclei are recorded. Unlike NMR spec-
tra, where absorption is recorded directly, ESR spectrometers plot the first
derivative of the absorption curve. ESR permits observation of any substance
having unpaired electrons. It is sensitive to local environment. Polymers
themselves contain paramagnetic free radicals. The free radicals do take part
in the transportation of gases through the membrane.343%

3.5 Contact Angle Goniometer

Contact angle goniometer is used to measure the static contact angle, advanc-
ing and receding contact angles, and surface tension. The first contact angle
goniometer was designed by William Zisman. The original manual contact
angle goniometer used an eyepiece with microscope. The current generations
of contact angle instruments use cameras and software to capture and analyze
the drop shape suitable for dynamic and advanced studies. A gonioreflectom-
eter is used to measure the reflectivity of a surface at a variety of angles.

The contact angle, 6, is the angle formed by a liquid at the three-phase
boundary where the liquid, gas, and solid intersect. The contact angle
depends on the interfacial tensions between the gas and liquid, liquid
and solid, and gas and solid. Young’s relation expresses the contact angle
analytically.
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Ysc = Ys. + V1cCos0 (39

where:
Ysc is the interfacial tension between the solid and the gas
Y is the interfacial tension between the solid and the liquid
Y. is the interfacial tension between the liquid and the gas

Contact angle goniometer measures a droplet’s contact angle by assuming
that the droplet fits the geometry of a sphere, an ellipsoid, or the Young-
Laplace equation.

Contact angle is the ratio of cohesion force to adhesion force. Cohesion is the
force between the liquid molecules that hold the liquid together. Adhesion is
the force between the liquid molecules and the solid molecules. If the contact
angle is near zero, meaning that the liquid droplet spreads completely on
the solid surface, adhesive forces are dominating. If the contact angle is very
high, meaning that the liquid droplet beads up on the solid surface as water
does on a freshly waxed car, cohesive forces are dominating.

Although static contact angle gives static information about the interfacial
tensions between the solid, the liquid, and the gas; advancing and receding
contact angles give some information about the dynamic interaction of the
liquid, solid, and gas. An advancing contact angle is determined by push-
ing a droplet out of a pipette onto a solid. When the liquid initially comes
into contact with the solid, it forms some contact angle. As the pipette injects
more liquid through the pipette, the droplet increases in volume and the con-
tact angle increases, but its three-phase boundary remains stationary until
it suddenly jumps outward. The contact angle the droplet has immediately
before jumping outward is termed the advancing contact angle. The droplet
will decrease in volume and the contact angle decreases, but its three-phase
boundary remains stationary until it suddenly jumps inward. The contact
angle the droplet has immediately before jumping inward is termed the
receding contact angle. The receding contact angle is measured by sucking
the liquid back out of the droplet. The difference between advancing and
receding contact angles is termed as contact angle hysteresis, which can be
used to characterize surface heterogeneity, roughness, and mobility.

The contact angle (0) that is formed at the three-phase interface between
solid, liquid, and gas/vapor phases is used to elicit information regard-
ing membrane surface energy properties. The information that is gathered
from contact angle analysis may be used to calculate specific surface energy
properties (van der Waals, Lewis acid-base) for a detailed interfacial analy-
sis, as well as for qualitatively assessment of the wettability, or hydropho-
bicity/hydrophilicity, of membrane surface. The greatest challenge with
goniometric contact angle measurements is contact angle hysteresis, which
is the difference in the measured contact angle depending on whether it is
an advancing or receding measurement. The important issue for contact
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angle measurement reproducibility is the effect of drop and bubble size on
the contact angle. The advancing angle should be more reproducible, as it
depends on the bubble/drop size to a lesser degree, on both smooth and
imperfect surfaces.’*¥” However, information on surface quality that can
be gained from receding angle/bubble size relationship will be lost if only
advancing angle is measured. Multiple linear regression has been used to
study the influence of surface hydrophobicity, surface roughness, surface
charge, molecular-weight cutoff, permeability, and porosity of the top layer
on nanofiltration membrane performance.®® Contact angle, volume fraction
of small pores, and membrane charge are the significant variables in pre-
dicting relative flux. Contact angle measurements are useful in membrane
integrity testing.

3.6 Zeta Potential Measurements

Zeta potential () is the potential difference between the bulk of solution and
the sheer (slipping) plane of the interfacial double layer. It is a function of
surface and solution chemistry (pH, ionic composition, and ionic strength)
at the solid-liquid interface and is an important membrane characteristic
for assessing membrane fouling potential and developing chemical cleaning
protocols. Membrane zeta potential is typically determined from streaming
potential measurements. A streaming potential is generated when an elec-
trolyte solution flows through a thin channel or porous media (e.g., a sand
column) and is related to zeta potential by the Helmholtz—Smoluchowski
equation:

E_eed (3.10)
P Am
where:
E is the streaming potential due to electrolyte flow through a capillary
channel

P is the applied pressure driving the flow

{ is the zeta potential

A is the electrolyte conductivity

M is the viscosity of the electrolyte solution

€ is the relative permittivity of the solution (dimensionless)
€,is the vacuum permittivity (fundamental constant)

The values of E, P, and A are measured by the streaming potential analyzer,
whereas € and n are calculated based on temperature measurement.
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In experimental investigations of membrane charge, streaming potential
measurements are used to calculate zeta potential. Streaming potential is
the potential induced when an electrolyte solution is pumped across a sta-
tionary charged surface. It can be used to calculate zeta potential using the
Helmbholtz-Smoluchowski equation, which relates the pressure dependence
of streaming potential to the properties of the solution, that is, conductiv-
ity and viscosity. Unlike earlier streaming potential investigations, now the
streaming potential is measured over a range of solution pH.3*-*! Surface
charge as a function of pH is crucial for understanding the acid-base prop-
erties of membrane surface functional groups.

Although streaming potential measurements are the most frequently used
method for evaluating charge properties, there are concerns with respect
to the effect of membrane roughness on the measurement, the relationship
between the measured zeta potential and the double layer structure, the
inherent assumptions of the Helmholtz-Smoluchowski equation (i.e., lam-
inar flow), and the lack of a calibration standard. However, zeta potential
from streaming potential measurement is one of the few techniques capable
of describing the charge properties of membranes.

3.7 Differential Scanning Calorimetry

The DSC is used for thermal analysis of nanomaterials and polymers. The
information is used to understand amorphous and crystalline behavior,
polymorph and eutectic transitions, curing and degree of cure, and many
other material properties used to design, manufacture, and test products.
A sample of known mass is heated or cooled and the change in its heat
capacity is monitored. The DSC measures the amount of energy absorbed
or released by a sample when it is heated or cooled, providing quantitative
and qualitative data on endothermic (heat absorption) and exothermic (heat
evolution) processes. It is used to determine the melting behavior of com-
plex organic materials; both temperatures and enthalpies of melting can be
used to determine purity of a material. It is also widely used to measure
material glass transition temperatures or softening temperatures of plastic or
glassy materials, which change depending upon the temperature history of
the polymer or the amount and type of fill material, among other effects. It
can determine the crystalline-to-amorphous transition temperatures in poly-
mers and the energy associated with the transition. The biggest advantage
of DSC is the ease and speed with which it can be used to see transitions in
materials. A schematic DSC curve for a semicrystalline polymer is shown in
Figure 3.7 illustrating the possible heat effects. Such DSC curves allow the
glass transition temperature and the degree of crystallinity to be obtained.
Both first-order and second-order transitions are observed in Figure 3.7.
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FIGURE 3.7
Schematic DSC curve for a semicrystalline polymer.

The former transitions, referred to as crystallization and melting, give narrow
peaks (the peak area being proportional to the amount of crystalline material
present). The glass transition temperature corresponds to second-order tran-
sition. Studies have been carried out to see the effects of nanoparticles on the
glass transition temperature of the prepared nanocomposite membranes by
DSC, where the glass transition temperature of nanocomposite membranes
was found to increase with nanoparticle incorporation.#-4

3.8 Tensile Strength Measurements

Tensile strength measurements are done by universal testing machine. By
pulling the material, it is determined that how the material will react to
forces being applied in tension. By continuing to pull on the material until
it breaks, a good, complete tensile profile of the material can be obtained. A
curve will result, showing how it reacted to the forces being applied. The
point of failure is of much interest and is typically called its ultimate strength.
For most tensile testing of materials, in the initial part of the test, when a
material deforms elastically, the amount of deformation depends on the size
of the material, but the strain for a given stress is always the same and the
two are related by Hooke’s law (stress is directly proportional to strain):

£ [0) (311)
€

where:
o is the stress
E is the modulus of elasticity
€ is the strain
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E is the slope of the line in this region where stress (o) is proportional to
strain (g) and is called the modulus of elasticity or Young’s modulus. The modu-
lus of elasticity is a measure of the stiffness of the material. If a specimen is
loaded within this linear region, the material will return to its exact same
condition if the load is removed. At the point that the curve is no longer
linear and deviates from the straight-line relationship, Hooke’s law no lon-
ger applies and some permanent deformation occurs in the specimen. This
point is called the elastic or proportional limit. From this point on in the tensile
test, the material reacts plastically to any further increase in load or stress. It
does not return to its original, unstressed condition if the load is removed. A
parameter called yield strength of a material is defined as the stress applied to
the material at which plastic deformation starts to occur although the mate-
rial is loaded. The amount of stretch or elongation the specimen undergoes
during tensile testing can also be found out. This can be expressed as an
absolute measurement in the change in length or as a relative measurement
called strain. Strain can be expressed as the ratio of the change in length to
the original length:

e AL _(hi=k) (3.12)

where:
Al is the change of the length
[, is the length after elongation
Iy is the original (initial) length

The ultimate tensile strength of a material is the maximum load the specimen
sustains during the test. It may or may not equate to the strength at break.
This depends on the type of material under testing.

As membranes vary in chemical and material composition, test meth-
ods are prescribed in various standards, which specify different specimen
shapes, sizes, grip lengths, and loading speeds. Some of these standard test
methods, frequently referred to in testing of roofing membranes or similar
materials, are presented in Table 3.2.% It is seen that the temperature, speed
of loading, gauge length, and strain variation within a specimen affect the
tensile tests of a membrane sample.

Nanoparticles have great potential in improving the mechanical properties
of the membrane. In particular, PVDF flat sheet membrane with 0.54 wt.% of
SBA-15 (a mesoporous silica material with a highly ordered two-dimensional
hexagonal mesostructure and thick uniform silica walls) increases tensile
strength from 0.151 to 0.183 MPa, whereas thatloaded with 0.36 wt.% increased
elongation at break from 22.6% to 49.4%.* Likewise, PVDF nanocomposite
membranes incorporated with ZnO nanoparticles exhibits increased ten-
sile strength and elongation at break.*” PVDEF/TiO, hollow-fiber membranes
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prepared by either TiO, sol-gel or blending method shows 30% increase in
tensile strength.*® However, elongation at break decreases from 162% to 120%
likely due to the rigidity of the inorganic particles. The improvement in ten-
sile strength is attributed to the reduced macro-void formation observed in
the nanocomposite membranes. The decreased ductility could be owing to
the increased cross-linking arising from the nanoparticle inclusion rather
than the brittleness of the particles.

3.9 Methods to Characterize Proton-Exchange Membranes

In addition to the above-mentioned different characterization techniques,
specific methods are adopted for characterization and testing of proton-
exchange membranes.

3.9.1 Water Uptake Measurement

In case of proton-exchange membranes, the ion-exchange capacity is linked
with the water uptake capacity of the membrane, due to migration methods
presented in proton-exchange membranes, which are mainly Grotthuss and
vehicular mechanisms. In the Grotthuss mechanism, protons jump from an
H* donor site to any receiving water molecule in the vicinity, forming an
H,O* complex, whereas in the vehicular mechanism, protons are transferred
through hydronium ions. The presence of water is necessary for proton con-
duction in both mechanisms.** For the water uptake measurement, a sample of
the dry membrane prepared is weighed® and immersed in distilled water for
24 h, then excess water is removed with absorbent paper and the wet sample is
weighed. The water uptake is calculated according to the following equation:

%water uptake = Dw =4 5100 (3.13)
Wq

where:
w,, is the weight of wet sample
wy is the weight of dry sample

3.9.2 lon-Exchange Capacity Measurement

The ion-exchange capacity is measured by a classic titration method. Initially,
the membranes is converted to its proton form by soaking them in 1 M HCl
solution for 24 h.5! Subsequently, the membranes are washed with distilled
water and immersed in a 1 M solution of NaCl for 24 h, to perform the
exchange of H* protons for Na* ions. Then the solution with H* protons is
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titrated with a 0.01 M NaOH solution using phenolphthalein indicator. The
ion-exchange capacity was calculated according to the following equation:

IEC(meq/gdrysample) = (Z/]\\]/I) (3.14)

where:
IEC is the ion-exchange capacity
V is the volume of the titrant solution when equilibrium point is reached
M is the concentration of titrant solution
W is the weight of the dry sample

3.9.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful diagnostic tool
that can be used to improve the performance of the fuel cells. It is frequently
used for the determination of proton and ionic conductivity of proton-exchange
membranes. There are three fundamental sources of voltage loss in fuel cells:
(1) charge transfer activation or kinetic losses, (2) ion and electron transport or
ohmic losses, and (3) concentration or mass transfer losses. The EIS technique
is used to measure the frequency dependence of the impedance of a fuel cell
by applying a small sinusoidal AC potential (or current) as a perturbation
signal to the fuel cell and measuring the current (or potential) response. The
application of EIS in proton-exchange membrane fuel cell studies involve the
following: (1) to provide microscopic information about the fuel cell system,
which can help in fuel cell structure optimization and the selection of the
most appropriate operating conditions; (2) to allow modeling of the system
with an appropriate equivalent circuit and consequently to obtain the elec-
trochemical parameters of the system; (3) to differentiate the individual con-
tributions of each component, such as the membrane and the gas diffusion
electrode, to fuel cell performance, which can assist in identifying problems
within the fuel cell components; and (4) to identify individual contributions
to the total impedance of a PEM fuel cell from different electrode processes
such as interfacial charge transfer and mass transport in both the catalyst
layer and the backing diffusion layer.5>-54
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Nanocomposite Membranes
in Water Treatment

4.1 Introduction

Water resources are becoming increasingly scarce worldwide. Global water
consumption is increasing at more than double the rate of the world’s popula-
tion growth. Population growth, pollution, and climate change, which are all
accelerating, are likely to combine to produce a drastic decline in per capita
water availability in the coming decades. Water pollution is a bigger envi-
ronmental threat than climate change. Water bodies in many countries are
seriously polluted. This does not mean that climate change is less important
an issue. Adverse impact of climate change will make the water issues more
alarming in time to come. History reveals that water has been used, misused,
and abused throughout. We are yet to accept that water is a limited resource.
Agriculture accounts for 70% of all global water use. It is worthwhile to men-
tion that countries in general refrain to charge farmers full operation and
maintenance (O&M) costs for irrigation water, let alone investment costs.!
Even for domestic water, people in very few cities in the world pay the real
cost. Water issues are complex. There is a requirement for the availability of
sufficient quantity of appropriate quality of water for different end uses. There
is need for technological innovations to make the water technologies afford-
able, acceptable, and accessible for the masses. Technological interventions
in water management will play an important role in dealing with the crisis.
There is need to make the effluent treatment as an industry-driven process
through technological innovations. There are challenges and opportunities.
More than a billion people lack access to safe drinking water.2 One-third of
the world’s population live in water-stressed countries, and this is expected
to rise to two-thirds by 2025. Lack of clean drinking water and sanitation kills
thousands of children every day. Many children are missing school because
neither their homes nor their schools have adequate drinking water facili-
ties. Therefore, sustainable water management, including water treatment, is
a critical aspect of addressing the challenges of poverty, equity, and related
issues. The UN Millennium Development Goal of ensuring environmental
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sustainability commits governments to reduce by half the proportion of people
without sustainable access to safe drinking water by 2020,> a goal closely linked
with the separate goal of access to sanitation and basic hygiene education.
Nanocomposite membrane-based water treatment is expected to play an
increasingly important role in areas such as drinking water treatment, brack-
ish and seawater desalination, and wastewater treatment and reuse. Existing
membranes for water treatment, typically polymeric in nature, are still
restricted by several challenges, including the trade-off relationship between
permeability and selectivity and low resistance to fouling. Nanocomposite
membranes, a new class of membranes made by combining polymeric materi-
als with nanomaterials, are emerging as a promising solution to these chal-
lenges. The advanced nanocomposite membranes could be designed to meet
specific water treatment applications by tuning their structure and physico-
chemical properties (e.g., hydrophilicity, porosity, charge density, and thermal
and mechanical stability) and introducing unique functionalities (e.g., antibac-
terial, photocatalytic or adsorptive capabilities).

Nanocomposite membranes can be classified® into four categories: (1) conven-
tional nanocomposite, (2) thin-film nanocomposite (TEN), (3) thin-film compos-
ite (TFC) with nanocomposite substrate, and (4) surface-located nanocomposite.
The typical structures of these membranes are illustrated in Figure 4.1.

L EDEDE

Conventional nanocomposite

T

Surface-located nanocomposite

FIGURE 4.1

Classification of nanocomposite membranes. (Reprinted from J. Membr. Sci., 479, Yin, J. and
Deng, B., Polymer matrix nanocomposite membranes for water treatment, 256275, Copyright
2015, Figures 1, 2, 4, and 5, with permission from Elsevier.)
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4.2 Conventional Nanocomposites

Mixed matrix membranes have the advantage of ease of fabrication of organic
polymeric membranes as well as the mechanical strength and functional
properties of inorganic materials. The concept of making nanocomposite
membranes has been originally developed to overcome the Robeson upper
boundary in the field of gas separation in the 1990s,%° where highly selective
zeolites were incorporated into polymers to improve both permeability and
selectivity.®” Mixed matrix membranes present an opportunity for tunable
water treatment membranes as well, through increased selectivity, targeted
functionalities, and improved thermal, chemical, and mechanical stability.
The interplay between enhanced properties and defect formation (beyond
a certain loading of nanofiller) must be balanced to derive positive benefits
without compromising the integrity of the membrane.

Preparation of nanocomposite membranes is mostly based on phase inver-
sion (PI) method in which nanofillers are dispersed in polymer solution
prior to the PI process and can be prepared in either flat sheet or hollow-fiber
configurations (Figure 4.2). This type of membrane is mainly used in micro-
filtration (MF) or ultrafiltration (UF) processes due to its typical porous
structure.

4.2.1 Carbon Nanotube Reinforcement

The potential of application of carbon nanotube (CNT)-embedded mem-
branes is tremendous in the area of water purification technology. A sub-
stantial amount of work has been carried out with impregnation of CNTs in
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polymer host matrix as one of the reinforcement for incorporation of better
properties such as anti-biofouling and better strength.8-2

Multiwalled CNT (MWCNT)/cellulose acetate (CA) nanocomposite mem-
branes are prepared by PI**?> method. CNTs are functionalized by oxidation
purification in a strong acidic medium to enhance their dispersion within
the polymer matrix. They are randomly oriented and uniformly dispersed
within the membranes. A decrease in the number of macrovoids with an
increase in CNT content is observed. The pore sizes decrease with the
increase in CNT content. Nanocomposite membrane permeation rates and
salt retention rates have been investigated using a 1000 ppm NaCl solution.
Permeation rates are found to improve by 54% with a minimal decrease in
salt retention (-6%) for the membranes with the lowest CNT content. Further
addition of CNTs causes a reduction in permeation rates, which is attributed
to the decreased porosity and surface area. Membrane systems have been
evaluated® for the removal of the extractable organic fraction from oil sands
process-affected water (OSPW). Experiments have been performed using
in situ integrated membrane units consisting of low pressure-driven mem-
brane (LPM) and high pressure-driven membrane (HPM) modules. LPM has
been prepared with a polysulfone (PS) PI casting process. HPM is made by
polyamide (PA) TFC interfacial polymerization (IP). To change membrane
physicochemical properties, each membrane has been developed with and
without multiwalled CNTs (MWCNTs). The MWCNTs have been modified
with strong acid to enhance dispersion in an organic solvent. The results
show that acid-modified MWCNTs developed surface functional groups
which increased their hydrophilicity, thus increasing the rejection of hydro-
phobic pollutants, increasing OSPW permeate flux, and significantly reduc-
ing membrane fouling.

The incorporation of CNTs disrupts the polymer packing in the mem-
brane and creates nanoscale cavities in the coating layer to enhance the
water flow.”” Another significant merit of CNT incorporation in membrane
is for improving the mechanical stability of the membrane. Incorporation of
MWCNTs into an electrospun polyvinyl alcohol leads to improved mechani-
cal strength and durability?® as well as enhanced water flux due to friction-
less nanotube channels. A novel functionalized MWCNT-immobilized
polyethyleneimine—polyamide-imide (PEI-PAI) hollow-fiber membrane was
designed and fabricated using an easily scalable method.? PAIl hollow fiber is
spun by PI, followed by functionalized MWCNT immobilization by vacuum
filtration before a chemical posttreatment using PEI to obtain a positively
charged selective layer. The resulting membranes give 44% enhancement in
water permeability without significant compromise on the salt permeability
compared to membranes without MWCNTs in forward osmosis (FO).

PS membrane blended with carboxylated MWCNTs by PI process®
increases the pure water flux by increasing MWCNTs content up to 1.5 wt.%.
The pure water flux decreases with further loading of MWCNTs. The flux
increases due to hydrophilic surface and large surface pores resulting from
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the addition of MWCNTs. PEG6000 and MWCNTs used for the preparation
of chitosan porous membranes® with 10 wt.% MWCNT loading gives 4.6
times higher water flux than pure chitosan membranes. The higher water
flux is observed due to the formation of MWCNT nanochannels in chito-
san pores. Moreover, the tensile strength of the membranes increases with
MWCNT addition.

Hydroxyl-functionalized MWCNTs blended with polyacrylonitrile (PAN)
to prepare UF membranes® by a PI process leads to increase in water flux
of the membranes by 63% at 0.5 wt.% loading of MWCNTs compared to neat
PAN membranes. The water flux decreases with further increasing the con-
centration of MWCNTs, but at 2 wt.% loading it was still higher compared
to pure PAN membranes. The surface hydrophilicity of the membranes is
enhanced by the addition of MWCNTs, as observed by contact angle mea-
surements. The increased hydrophilicity leads to improved water flux. The
tensile strength of the membrane at 2 wt.% MWCNT loading increases com-
pared to neat membrane.

4.2.2 Metal Oxide Reinforcement

The incorporation of metal oxide nanomaterials (such as TiO,,33-% SiO,,%8-7
Al, 057781 Fe;0,,87% MnQO,,% and ZnO®) into polymers not only tunes the
structure and physicochemical properties, such as hydrophilicity, porosity,
charge density, and chemical, thermal, and mechanical stability, of mem-
branes, but also introduces the unique functionalities such as antifouling
and photocatalytic characteristics into the membranes.

Fouling is a major limitation in membrane filtration process. One of the
practical strategies to overcome this limitation is the use of advanced anti-
biofouling membrane material. Nanocomposite membranes made of meso-
porous silica (MS) particles® in polyethersulfone (PES) by PI method offer
antifouling properties. The nanocomposite membrane with 2% MS exhibits
an excellent hydrophilicity, water permeability, and good antifouling per-
formance. In addition, the introduction of the MS particles improves the
thermal stability of the nanocomposite membranes. The protein adsorption
on the membrane surface decreases significantly from 45.8 to 21.4 mg/cm?
when the MS content increases from 0% to 2%. The UF experiments reveal
that the incorporation of MS particles reduces membrane fouling, especially
irreversible fouling. Higher MS content (4%) results in particle agglomera-
tion. The incorporation of spray-dried nanostructured silica granules into
PS nanocomposite membranes® gives significant enhancement of water
permeability without sacrificing the separation performance. The mechani-
cal and chemical modifications of TiO, nanoparticles give improvements
in reducing the nanoparticle agglomeration and fouling in flat sheet mem-
branes. The migration of nanoparticles toward the outer layer occurs in case
of mechanical modifications of particle, whereas the migration and size
of agglomeration reduces significantly with mechanically and chemically
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modified titania (TiO,) particles.”! Higher thermal resistance, stiffness, and
lower elasticity can be observed in fibers made with chemically and mechan-
ically modified particles. Enhancement in initial pure water flux due to
lower intrinsic membrane resistance and bigger pore size is also observed,
although the rejection is not compromised. Polyvinylidene fluoride (PVDF)/
sulfonated PES (SPES) blend membrane was modified using TiO, nanopar-
ticles.”? Sulfonation of PES is carried out, then PVDF/SPES blend mem-
branes are prepared with TiO, nanoparticles in the casting solution using PI
induced by immersion precipitation technique. Polyvinylpyrrolidone (PVP)
(4 wt.% concentration) was added in the casting solution as a pore former. It
is observed that the average size of membrane pores in the surface and sub-
layer is reduced with addition of TiO, nanoparticles in the casting solution.
It is observed through contact angle measurement that the hydrophilicity
of modified membrane is enhanced by addition of TiO, in the casting solu-
tion. The experimental results imply that the initial flux of TiO,-entrapped
PVDE/SPES membranes is lower than the initial flux of neat PVDF/SPES
membrane. The antifouling properties of membranes are improved by
changing the membrane surface from hydrophobic to hydrophilic after
TiO, addition in the casting solution. The type and size of TiO, nanopar-
ticles have impact on the morphology, performance, and fouling control
aspects of mixed matrix PES nanofiltration (NF) membranes.®® Surface
hydrophilicity of the TiO, blended membranes improves due to water affin-
ity improvement of the membrane surface. The NF membranes made from
the nanosized TiO, particles enhanced the pure water flux and antifouling
properties when tested for whey solution. The low concentration of TiO,
nanoparticles leads to more biofouling reduction because the aggregation
of the nanoparticles does not take place at low amount. Poly(phthalazine
ether sulfone ketone) (PPESK)/TiO, organic-inorganic composite UF mem-
branes prepared by PI method give enhanced performance for treatment of
high-temperature condensed water.? It is observed that the fingerlike struc-
ture in the membrane sublayer is suppressed, and the sponge-like structure
begins to be developed. The mechanical strength and thermal stability of
composite membrane are improved due to the existence of hydrogen bond
between TiO, and polymer. The permeate flux is also enhanced due to the
improved hydrophilicity and porosity. Compared with neat PPESK mem-
brane, the composite membrane presents improved antifouling properties,
showing lower filtration resistance and better flux recovery property during
treatment of high-temperature condensed water.

4.2.3 Nanoclay Reinforcement

A common polymer material used for membranes is PVDF, which has gained
popularity in water treatment for its chemical robustness. Nanoclay rein-
forcement in PVDF improves the mechanical properties of PVDF-nanoclay
flat sheet membranes.”>* The wear property of polymeric and nanocomposite
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materials, including clay nanocomposites,””~** has been widely studied, but
this has not been extended to the membrane field. Improvement in abrasion
resistance is observed by incorporating nanoclay into nanocomposite mate-
rials and PVDF hollow-fiber membranes.'® Novel PVDF/nanoclay hollow-
fiber membranes fabricated by non-solvent-induced phase separation show
significant improvement of membrane physical endurance. The incorpora-
tion of nanoclay shifts the PVDF crystalline phase from a-phase to f-phase
and improves the membrane structure as well as the mechanical proper-
ties in terms of stiffness and flexibility. Tensile strength increases from 3.8
to 4.3 MPa with 5.08 wt.% Cloisite-30B loading, whereas break extension
increases from 175% to 229% with 5.08 wt.% nanomer. Nanoclay gives rein-
forcement to nanocomposite membranes.!?!-1%

4.2.4 Organic Material Reinforcement

There are several organic materials such as cyclodextrin,'®112 polyani-
line,'3-188 polypyrrole,"” chitosan,'?’ polyhedral oligomeric silsesquioxane,'?!
and semi-interpenetrating network polymeric nanoparticles'> which are
used to make nanocomsposite membranes using conventional polymers
such as PS, PES, PAN, CA, and ethylene vinyl alcohol for increase in hydro-
philicity, improvement in adsorptive properties, and anticompaction as well
as antifouling behavior of resultant membranes.

4.2.5 Dendrimer Reinforcement

Dendrimers and their derivatives are substances with diverse analyti-
cal, biomedical, and environmental applications'?'?” due to their unique
molecular structure, easy functionalization, and manipulation of their ter-
minal groups.!?-13 Dendritic polymers basically consist of a multifunc-
tional core, high degree of repeated branching units, and high density of
surface functional groups.!* A commercial polyamidoamine (PAMAM)
dendrimer can be used in separation systems for recovery of heavy met-
als from aqueous solution by means of chelating agents in pollution reme-
diation processes. Particularly, aqueous heavy metal solution treated with
PAMAM before passing them through an UF membrane has been proposed
for water and soil remediation.®13 Raw PAMAM, aromatic PAMAM, and
PAMAM coated with polyethylene glycol can be used in the modification
of polymeric reverse osmosis (RO) membranes for remediation of copper,
nickel, and chromium ions from waste water and for CO, separation.!40-14¢
Diaminobutane-based poly(propyleneimine) dendrimer functionalized with
16 thiol groups, DAB-3-(SH)16, successfully embedded in a swollen cellulosic
support!* in order to achieve an easily handle engineered membrane, shows
that dendrimer inclusion improves the membrane elastic behavior. Young’s
modulus increases by about 20%. A significant reduction in the permeation
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of toxic heavy metals (Cd?*, Hg?*, and Pb?*) is noted, indicating the possible
application of dendrimer-modified membrane in electrochemical devices for
water remediation.

4.2.6 Zeolite Reinforcement

Zeolites are microporous, aluminosilicate minerals commonly used as
commercial adsorbents and catalysts. They belong to the members of the
family of microporous solids known as molecular sieves. The term molecular
sieve refers to a particular property of these materials, that is, the ability to
selectively sieve molecules based on a size-exclusion process. This is due
to the pore structure of molecular dimensions. The maximum size of the
molecular or ionic species that can enter the pores of a zeolite is controlled
by the dimensions of the channels. Zeolites are used as reinforcement mate-
rials in polymeric host matrix!#¥-1° to increase hydrophilicity and improve
cross-linking property and molecular sieving. Zeolite/PVDF nanocompos-
ite membranes possess enhanced mechanical stability in terms of tensile
strength and break elongation'> due to the good interaction between zeolite
and PVDF matrix, where zeolite nanoparticles could act as a cross-linking
agent for the polymeric chains and increase membrane rigidity. The cross-
linking phenomenon is attributed to the hydrogen bonds between polymer
chains and hydroxyl groups T-OH (T = Si, Al, P) on zeolite surface.!

4.2.7 Silver Reinforcement

As biofouling causes deterioration in membrane performance such as flux
decline, increase in O&M costs, and membrane degradation, efforts are
directed to develop antifouling strategies. To reduce biofouling, functional
membranes containing biocides or antibacterial materials have attracted tre-
mendous interest. Silver is one of the most widely studied biocides because of
its excellent biocidal properties.’®3-1% Silver nanoparticles (AgNPs) have been
successfully introduced into various membrane materials such as PS,!56-158
PES!-161, PVDC,162163 PA 164165 and chitosan.'® The addition of AgNPs into
the polymer membranes improves the membrane performance in terms of
their flux and fouling resistance, attributing to an increase of hydrophilic-
ity or change in membrane morphology. However, the chemically produced
AgNPs often have problems with particle stability. The beneficial effects of
added particles are often limited by aggregation and poor compatibility with
the polymeric matrix. In addition, the improved durability of silver-containing
membrane and the simultaneously reduced potential risks of released sil-
ver ions at high load to the environment and filtration process are still chal-
lenges for excellent membrane performance.

AgNPs can prevent the bacteria permanently attaching to the membrane
surface. However, this mechanism depends on the location of AgNP into mem-
brane matrix. The location of AgNP can change depending on the polymer



Nanocomposite Membranes in Water Treatment 127

type and PI parameters. PS, PES, and CA polymers are used for preparation
of flat sheet bare and nanocomposite membranes. It is found that AgNPs
mostly accumulate onto the top and skin layers of PES and PS nanocompos-
ite membranes. The interaction between AgNPs and bacteria depends on
the release of ionic silver from AgNPs embedded in membrane. The nano-
composite membranes that store AgNPs at surface have the best antibacte-
rial properties. Antibacterial PS UF membranes are made'” using different
AgNPs in the casting solution. UF mixed matrix membranes are prepared
using AgNDPs in the PS casting solution. The crystallinity of the membrane
matrix decreases by decreasing the AgNP size. More hydrophilic surface is
produced for membranes in the presence of AgNPs. AgNP-containing mem-
branes showed high antibacteriality especially with smaller AgNPs. High-
concentration and high-stable biogenic AgNPs with the averaged diameter
of only 6 nm was first extracted from the supernatant of Lactobacillus fermen-
tum.1%8 The biogenic nanocomposite PES membranes are prepared by add-
ing different amounts of biogenic silver nanoparticles into the dope solution.
The nanocomposite membranes are tested for physical properties with pure
water permeability. The results demonstrate that the nanoparticles are well
dispersed into PES matrix without aggregation. They slightly increase the
hydrophilicity of the PES membranes and improve the water permeability.
The protein adsorption on the membrane surface decreases significantly due
to the increased hydrophilicity and the improved smoothness of membrane
surfaces. To obtain both organic antifouling and antibacterial properties,
acrylamide is grafted!®® onto a PES hollow-fiber membrane, and AgNPs were
then formed within the acrylamide layer. The hydrophilicity of the mem-
brane surface is improved by acrylamide grafting, leading to a reduction in
membrane fouling. Bare PES membranes have no antibacterial activity and
bacteria grow on the membrane surface, whereas PES membranes contain-
ing AgNPs indicate high antibacterial activity. Thus, polymer membranes
containing AgNPs within the acrylamide gel layer have high potential for
applications with organic antifouling and antibacterial properties.

Mixed matrix porous polymeric membrane with antifouling proper-
ties is prepared by the PI method!'® from a quaternary system of PS/N,N-
dimethylformamide/PVP/nanosilver (nAg). The effect of casting mixture
composition on the membrane morphology, performance, and antifouling
(including anti-biofouling) properties is evaluated by microscopic, spectro-
scopic, and surface characterization techniques. Composition of casting mix-
ture affects the morphology and selectivity of membranes. The incorporation
of nAg into a casting mixture containing 5 wt.% PVP introduces morphological
changes in the membrane structure, including increase in pore sizes, suppres-
sion of macrovoids, and thinning of the skin layer. These changes enhance
the separation and antifouling properties of membranes. Nanoparticles of
silver, copper, and silver-copper mixture have been impregnated to the
PS170-172 host matrix and the biofouling resistance behavior of each mem-
brane surface has been examined. The performance of the membranes has
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been evaluated in terms of pure water permeability and solute rejection
studies. The silver-impregnated membranes possess the best biofouling-
resistant behavior. Other nanomaterials such as copper'”?-7> and selenium!7®
have also been explored for their potential applications to make antimicro-
bial membranes.

4.2.8 Graphene Oxide Reinforcement

Graphene oxide (GO) is gaining interest in the field of material research due to
its high surface area, outstanding electron transport, and mechanical proper-
ties. The atomically thin carbon sheets when incorporated appropriately into
polymer matrix can significantly improve the physical properties of the host
polymer at extremely low dope concentration. The objective behind choosing
GO as an additive lies in its hydrophilic and pH-sensitive behavior. It is also
demonstrated that GO exhibits the property of negative surface charge through-
out the entire pH range.!” Due to the different types of hydrophilic functional
groups present on the surface of GO, it can take up water very easily. The water
uptake increases as the degree of oxidation increases.'”” GO-dispersed PS mixed
matrix membranes prepared by wet PI method'”® exhibit improved salt rejec-
tion. Membrane with 2000 ppm GO loading gives 72% Na,SO, rejection at 4 bar
applied pressure. The salt rejection shows an increasing trend with an increase
in the pH. PVDF/GO UF membranes prepared!”” by immersion precipita-
tion PI process show a large amount of —OH groups due to the introduction
of GO nanosheets, which improve the surface hydrophilicity of the modified
membrane. In permeation experiment, the water flux is improved after blend-
ing GO. The flux recovery ratio (FRR) and the fouling resistance suggest that
PVDFE/GO UF membranes have better antifouling properties than pure PVDF
due to the changes in surface hydrophilicity and membrane morphologies. GO
nanosheets are employed'® as nanofillers to improve hydrophilicity and anti-
fouling performance of a polymer-based membrane (PES), resulting in high-
performance UF membranes with substantially improved flux.

Using the immersion PI process, PVDF and GO dissolved in N,N-
dimethylacetamide combined to prepare organic-inorganic blended UF
membrane!®182 shows that the properties and structure of the blended mem-
brane are improved when the content of GO added in the casting solution
was 0.20 wt.%. The permeability of the blended membrane increases by 96.4%
with a slight change of retention; the tensile strength increases by 123%. The
contact angle decreases from 79.2° to 60.7°, which implies that the antifouling
ability of the membrane is improved.

Membrane bioreactor (MBR) is quite effective and advantageous compared
with conventional wastewater treatment process,'®* in terms of space require-
ment. However, the high cost due to membrane material/replacement and
maintenance due to membrane fouling restricts the application of MBRs.!8*
The bio-cake layer accumulated on the membrane surface is the main cause
of membrane fouling in the MBR process.®5%” Blending modification



Nanocomposite Membranes in Water Treatment 129

with GO nanosheets and its application in long-term MBRs have not been
extensively studied or reported. A composite MF membrane, prepared by
blending PVDF and hydrophilic GO nanosheets, can be successfully used!8
in a submerged MBR system. The PVDF/GO composite membrane demon-
strates sustained permeability, lower cleaning frequency, and filtration time
which is 3 times longer than that of the PVDF membrane. In terms of anti-
extracellular polymeric substance accumulation, the PVDE/GO composite
membrane shows lower membrane resistance, particularly lower pore plug-
ging resistance, than the PVDF membrane.

4.2.9 Hybrid Material Reinforcement

Titania (TiO,)-coated multiwalled nanotubes (MWNTs) into the PES matrix
membrane show!® enhanced hydrophilicity and pure water flux. The result-
ing membrane exhibits improved fouling resistance due to the lower sur-
face roughness and synergistic photocatalytic activity. The existence of
CNTs is believed to reduce the electron/hole recombination and improve
the photon efficiency. A multifunctional membrane designed by incorpo-
rating gold nanoparticles (AuNPs)/exfoliated graphite nano-platelets into
PS membrane!®® shows enhanced compaction resistance and permeability
as well as superior catalytic property on the reduction of 4-nitrophenol to
4-aminophenol by NaBH,, where AuNPs serve as the catalyst. The structure
and catalytic activity of such membranes can be controlled separately by
changing the relative contents of corresponding components in the nanofiller
hierarchy. Nanocomposite membranes containing silica (5iO,)/GO hybrid
materials’®19! exhibit much better permeability, protein rejection, and foul-
ing resistance than SiO,/PS and GO/PS membranes. The synergistic effect
of 5i0,/GO is due to its high hydrophilicity as well as its special sandwiched
structure that facilitated its dispersion in the PS matrix.

Hybrid Nafion membranes are prepared!® using various fillers, such as
anatase-type TiO, nanoparticles, GO, and organo-modified GO (abbrevi-
ated as GOSULF) for water purification applications. The photocatalytic
properties of the hybrid membranes are evaluated using the azo dye methyl
orange (MO) in aqueous solutions. The two main effects contributing to the
decolorization of the dye, adsorption in the membrane and degradation in
solution, are investigated in detail. Among the Nafion membranes under
investigation, Nafion-GOSULE, for the first time used for water purification
purposes, shows the promising results in MO adsorption and photocatalytic
degradation.

A partially reduced GO (rGO)/TiO, nanocomposite with five different
molar ratios (rGO/TiO,: 3/97, 30/70, 50/50, 70/30, and 90/10) can be syn-
thesized'”® and characterized using X-ray diffraction and scanning electron
microscopy (SEM) techniques. The PVDF mixed matrix membranes contain-
ing 0.05 wt.% of the rGO/TiO, nanocomposite prepared by the PI method
show enhanced hydrophilicity, higher pure water flux, and higher FRR
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compared to the bare PVDF. A comparison of pure water flux of TiO,- and
rGO/TiO,-containing membranes shows that dispersion of inorganic TiO,
nanoparticles on the GO surface decreases the aggregation of the nanopar-
ticles and improves the characteristics of the mixed matrix membrane. The
blended PVDF membrane containing 0.05 wt.% rGO/TiO, nanocomposite
with a GO-to-TiO, ratio of 70/30 show improved permeability and anti-
fouling performance property of PVDF membranes makes them prone to
fouling, so hydrophilic additives are frequently used to improve their hydro-
philicity and antifouling performance. AgNPs prepared by using PAMAM
dendrimers as templates'** to form silver-PAMAM dendrimer nanocompos-
ites (Ag-DENPs) have good hydrophilicity and antibacterial performance.
Ag-DENPs increase the surface roughness and decrease the pore size of
PVDF membranes. They provide significant improvement in PVDF mem-
brane surface hydrophilicity. Membrane permeation and antibacterial tests
carried out to characterize the antifouling performance of PVDF membranes
show that FRR increases about 40% in the presence of Ag-DENPs on the
PVDF membrane surface. The anti-organic fouling performance of PVDF
membranes is elevated.

4.3 Thin-Film Nanocomposites

TFC membrane consists of an ultra-thin barrier layer (commonly made of
PA) atop a more porous supporting layer. It is interfacially synthesized RO
or NF membrane and widely used to desalinate seawater/brackish water or
remove heavy metals, hardness, organic micropollutants such as pesticides,
and disinfection by-products. The development of FO/pressure-retarded
osmosis (PRO) processes has stimulated the development of TFC membrane,
as there is a potential for further energy saving or even energy generation
during the seawater/brackish water desalination.

Efforts have been directed to improve water flux, solute rejection, and
antifouling properties of TFC membranes such as (1) to select or modify
the supporting layer so the adhesion between the barrier layer and the
supporting layer could be enhanced, and (2) to optimize the barrier layer
by varying the IP conditions, that is, changing monomers, applying physi-
cal coating, or chemical modification. With the advent of technologies to
make nanocomposite materials, a new concept has been proposed based on
dispersing nanomaterials into the ultra-thin barrier to improve membrane
performance for water filtration.”® Nanomaterials used in the past for con-
ventional nanocomposite membrane preparation have also been explored
to prepare TFN membranes, including zeolites, CNTs, silica, Ag, and TiO,.
The common method is through the in situ IP process between aqueous
m-phenylenediamine (MPD) and trimesoyl chloride organic solution as
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Schematic of fabrication of TEN membrane by IP.

presented in Figure 4.3. The nanofillers can be dispersed either in aqueous
or in organic phase.

4.3.1 Improvement of Chlorine-Resistant Properties

The amide linkage in PA-TFC membranes is susceptible to attack by chlo-
rine, leading to the undesired degradation which adversely affects the life
of the membrane. Therefore, much attention has been paid to prevent the
membrane from being exposed to strong oxidants, particularly chlorine.””
Solutions proposed include coating the PA surface with chlorine-resistant
materials'® and introducing specific functional groups to the amide
structure.!?

Introducing nanomaterials into the PA structure provides a new dimen-
sion to design chlorine-resistant membranes. When MWNTs are incorpo-
rated into PA thin-film layer, the membrane shows a much improved chlorine
resistance.?02%! It is believed that the interactions between the carboxylic
group of modified MWNTs and the amide bond make the membrane more
stable against chlorine. Similarly, the MWNT-embedded TFIN membranes
have a better chlorine resistance due to the protection of amide linkage by
electron-rich MWNTs.

Amide bonds are the main target of chlorine attack. Introduction of addi-
tional amide bonds or amino groups to the membrane appears to be a reason-
able strategy to protect the PA cross-linking structure. Aminated zeolite
or hyperbranched PA-modified silica nanoparticles®® into the PA thin-film
layers show an enhanced chlorine resistance due to (1) the intermolecu-
lar hydrogen bonding between aminated nanoparticles and PA structure,
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which mitigated the replacement of hydrogen by chlorine and (2) the addi-
tional amide bonds or amino groups introduced by aminated nanoparticles
that render the membrane more resistant to the chlorine attack.

4.3.2 Improvement in Thermal Stability

It is noted that the thermal stability of the TEN membrane improves by incor-
porating silica nanoparticles into the PA thin-film layer?*2%> due to the stron-
ger electrostatic and steric interactions between silica and PA in the modified
polymer network structure. The incorporation of zeolite (NaX)** inside the
PA structure also leads to a TFN membrane with a higher thermal stability
and an enhanced filtration performance. However, no significant change in
the thermal decomposition temperature is observed, suggesting that there is
no strong interaction between the nanofillers and polymer backbone chains.
To improve the interaction between nanofiller and PA structure for further
improvement of thermal stability, TiO, has been aminosilanized prior to IP
process,?” resulting in a membrane that indeed has a better thermal stability,
in addition to improved permeability and selectivity.

4.3.3 Effects on Antifouling Properties

The introduction of hydrophilic nanofillers into the PA structure increases the
surface hydrophilicity and helps to mitigate surface fouling. After incorporat-
ing hydrophilized ordered mesoporous carbons (H-OMCs) into the PA thin-
film layer, membranes show an enhanced surface hydrophilicity.?** Surface
contact angle decreases from 79° to 46°. With an increasing H-OMC loading, the
adsorption of bovine serum albumin (BSA) is clearly decreased, indicating that
the antifouling capability to organic protein materials is enhanced by H-OMCs.
It is also noted that the TFN membrane surface exhibits significantly improved
hydrophilicity after incorporating in situ hydrophilic surface-modifying mac-
romolecules.?® Their long-term (200 h) fouling tests with sodium humate, silica
particles, and chloroform show that the TEN membranes have a much lower
flux reduction compared to the conventional TFC membranes. The reduced flux
reduction is also observed when using TFN membrane prepared by MWNTs to
treat feed solution containing foulants Ca(HCO), or BSA.

4.3.4 Effects on Antibacterial Properties

Use of nanosize antimicrobial and biocidal materials can introduce anti-
biofouling capability in nanocomposite membranes. By incorporating
AgNPs into the PA structure during the IP process and homogenously dis-
persing in the organic phase, the nanocomposite membrane can demonstrate
appreciable anti-biofouling capability.?”” By incorporating silver salts (such
as silver citrate hydrate, silver lactate, and silver nitrate) into the PA structure,
the antimicrobial capability can be introduced in the membrane. Membranes
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prepared by dispersing AgNPs in MPD aqueous solution?'® show antibacte-
rial properties. However, there is need to carry out long-term studies with
feed stream containing bacteria.

Considering the dense structure and good ion rejection property of PA
barrier, most of the embedded AgNPs (released as silver ions) inside the
PA matrix are unlikely to be delivered to the interface between the mem-
brane and the feed stream containing bacteria to act as the biocidal material.
Although this kind of membrane may show a relatively slow leaching rate, it
cannot guarantee a long-term antimicrobial activity. Accordingly, an attempt
is made to prepare an anti-biofouling membrane by incorporating zeolite
nanocrystals in the silver form.?'%?12 Due to the significant biocidal activity
of nanocrystals in silver form, it is expected that the antimicrobial property
of TFN membrane would be improved. The TEN membrane exhibits higher
water permeability and comparable salt rejection, but it does not show the
strong biocidal activity as expected.

4.3.5 Permeability and Selectivity

In the TFC membrane, the PA thin-film layer largely controls the membrane
performance in terms of permeability, selectivity, and fouling resistance. The
incorporation of nanomaterials into the PA layer modifies the physicochem:i-
cal properties of the membrane such as hydrophilicity, charge density, poros-
ity, and cross-linking, and provides special water channels having potential
to overcome the permeability/selectivity trade-off relationship.

Based on the solution—diffusion theory widely used to describe the mass
transport in the PA-TFC membrane®® an increase in hydrophilicity of
membranes could facilitate water solubilization and diffusion through the
membrane, thus improving water permeability.?'* Most of the studies using
hydrophilic nanofillers result in a TFN membrane with decreased contact
angle, indicating an enhanced surface hydrophilicity. For example, the con-
tact angle of zeolite-PA TFN membranes decreases from around 70° to 40°
with increasing zeolite loading from 0% to 0.4% (w/v) in the organic phase.
The contact angle for the oxidized MWNTs-PA TFN membranes decreases
from around 70° to 25° with increasing MWNT loading from 0% to 0.2% (w/v)
in the aqueous phase.?* For the MS-PA TFEN membranes, the contact angle
decreases from around 57° to 28° with increasing silica loading from 0% to
0.1% (w/w) in the organic phase.?’®> These studies exhibited an enhanced
water permeability with increasing nanofiller loading.

The decrease of contact angle in the presence of embedded nanoparticles is
caused by hydration and hydrophilicity. The nanoparticles may hydrate and
release heat when contacting with the MPD aqueous solution. This process
may affect the IP reaction between MPD and TMC, and subsequently the
chemical structure of the PA thin film. If a large number of the acyl chloride
groups in TMC remain on the surface without reacting with amine groups,
the hydrolysis of acyl chloride may generate carboxylic acid functional
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groups; thus, surface hydrophilicity increases.?’® The embedded hydrophilic
nanomaterials can be exposed on the membrane surface, providing more
hydrophilic functional groups to membrane surface. This mechanism is sim-
ilar to the one in the conventional nanocomposite membrane that improved
surface hydrophilicity.

Besides the hydrophilicity, the cross-linking condition and the thickness of
thin-film layer are also important factors controlling the water permeability
and salt rejection.?’® In general, lower degree of cross-linking and thinner
thickness of thin-film layer result in higher water permeability. Embedding
nanofillers in the PA matrix can reduce the cross-linking in the thin-film
layer by disturbing the reaction between amine groups and acyl chloride
groups or even forming nanovoids around the interfaces between nanofiller
and PA matrix.

It is noted?” that TFN membranes are less cross-linked than the corre-
sponding TFC membrane; however, the cross-linking extent does not show
a strong correlation with water or salt permeability. It suggests that defects
or molecular sieving effect might have played a major role in the membrane
separation performance. In another study examining the effects of MWNTs
on TEN membrane performance, it is shown?® that the nanogaps between
the external surfaces of MWNTs and the polymer matrix can provide low-
resistance pathway for solvent leading to the permeability enhancement. The
PA matrix is still the main contributor to the solute rejection.

In addition to causing changes for the polymer cross-linking, the incorpo-
ration of nanofillers may also provide additional channels for the transport
of water but not solutes. Introduction of the zeolite-A nanoparticles into TFN
membrane results in higher water flux with constant salt rejection. The per-
meability enhancement decreases with blocking of the pores inside the zeo-
lite, although the permeability remains higher than that of conventional TFC
membrane. The hydrophilic nanoparticles provide preferential flow paths
for water molecules. Compared to the nonporous silica nanoparticles, MS
nanoparticles containing highly ordered hexagonal pores give significantly
higher impact on water permeability.?!” With the nonporous silica nanopar-
ticles, the reduction in polymer cross-linking can still occur, but there will be
no water permeation through internal structures of nanoparticles; therefore,
although the observed water flux in the membrane containing nonporous
silica is higher than the conventional TFC, it is less than that in the mem-
brane containing MS. It indicates that the internal pores of nanofiller contrib-
ute significantly to water permeability enhancement.

In order to overcome the permeability/selectivity trade-off relationship
normally observed for polymeric membranes, it is desirable in nanocom-
posite membrane that solute rejection should remain near the same when
the water permeability is improved. The high solute rejection can be main-
tained by a combination of steric and Donnan exclusion.?”® Therefore, the
goal of breaking the trade-off relationship mainly relies on one or more fac-
tors such as a moderate reduction on cross-linking, an enhanced membrane
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surface charge density, an appropriate nanovoid, and additional water
channels. For example, zeolite can provide molecular sieving channels and
enhanced charge density. MS can provide large water channels combined
with enhanced charge density, whereas aquaporin can provide exclusive
water channels.

To fully utilize the favorable properties of nanomateirals, the nanofillers of
appropriate size, internal structure, and surface properties are introduced.
Suitable interfacial interactions between them and polymer matrices are
ensured. A typical thickness of the thin-film layer approximates several hun-
dred nanometers. The nanofiller particle should not be too large to ruin the
barrier. Small-sized nanoparticles (about 97 nm size) in the TEN membrane
enhance its permeability. To improve the dispersion of nanofillers and the
interaction between nanofillers and polymer matrix, it is common to mod-
ify nanofillers surface prior to the embedding process. As an example with
respect to CNTs, the most common modification is to treat CNTs by con-
centrated acid to generate oxygen-containing functional groups so that an
adequate dispersion can be achieved for the preparation of the membrane.
It is also needed to provide good interactions between CNTs and polymer
matrices. This is consistent with the methodology used in the conventional
nanocomposite membrane preparation.

4.4 TFC with Nanocomposite Substrate

This class of membrane has been developed to investigate the effects of
nanofiller on membrane compaction behavior. In this class, silica or zeolite
nanoparticles were embedded into the PS substrate,??! which is then used in
the IP process to prepare TFC membrane. The prepared membrane shows
a higher initial permeability and lower flux decline during the compaction
compared with the original TFC membrane. The nanomaterial provides nec-
essary mechanical support to mitigate the collapse of porous structure and
resist thickness reduction due to compaction. Membranes with nanocom-
posite substrate undergo far less physical compaction and play an important
role in maintaining high water permeability,?*? as illustrated in Figure 4.4.

This concept is implemented to mitigate internal concentration polariza-
tion (ICP) occurring inside the porous support layer, which may have adverse
impact on the FO and PRO processes because it can significantly reduce the
available osmotic driving force and hence lower the water flux.??* The nano-
composite substrate has an enhanced hydrophilicity.

Incorporation of zeolite into PS substrate reduces ICP and increases water
flux under either active layer facing draw solution” or “active layer facing feed solu-
tion condition?* due to improved porosity, better hydrophilicity, and additional
water pathways through porous nanoparticles. It demonstrates the possibility
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Pre-compaction — Post-compaction
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Schematic diagram showing the decrease in extent of compaction by incorporating nanopar-
ticles in TFC substrate. (a) Conventional TFC membrane, (b) nanoparticle in PS substrate,
(c) nanoparticle in PA film, and (d) nanoparticle in PS substrate and PA film.

of using porous nanoparticles and nanocomposite substrate to control ICP
in FO operation. Subsequent studies have been carried out using MWNTs??
and TiO,22%0-232 to mitigate ICP problem in the nanocomposite substrate for FO
process. The resulting membranes have shown enhancement in performance
of FO and reduction in ICP. The substrate also shows an enhanced tensile
strength, which is a desirable property for practical application.

4.5 Bioinspired Membranes

Under this category, the discussions have been carried out on vertically
aligned CNT, graphene, and aquaporin membranes.

4.5.1 CNT Membranes

The introduction of CNTs?* immediately followed the synthesis of fuller-
enes in macroscopic quantities, and since then the research in this field
has been in continuous evolution. Because of their outstanding properties,
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CNTs are considered as attractive candidates in diverse nanotechnologi-
cal applications, such as fillers in polymer matrices, sensors, and many
others. They have great potential to offer a membrane material with
improved properties of flux for water passing through CNT channels,
better selectivity by side wall, and tip functionalization and antifouling
characteristics for both hydrophilic and hydrophobic fouling as well as
biofouling by selective chemical modification of CNT architecture. It has
been reported?**2% that CNTs have been used for removal of lead, cad-
mium, fluoride, and arsenate contamination from contaminated water. The
alignment and functionalization of CNTs are important in deciding the
sorption capacity of CNTs. A well-controlled defined macro-architecture
of aligned CNTs has also been reported for removal of petroleum products
and microorganisms.?® The integrated system of CNTs and scale-up are
challenging issues.

4.5.1.1 Functionalization of CNTs

The functionalization of CNTs opens up excellent avenues for membra-
nologists to exploit the potential benefits of CNTs and gain improved sep-
aration characteristics as well as high throughput. In addition, attaching
organic moieties leads to better anchoring of nanotubes in host materials,
and thus yield better reinforcement of composites. The main approaches
for the modification of CNTs can be grouped into two categories: (1)
the covalent attachment of chemical groups through reactions onto the
n-conjugated skeleton of CNT and (2) the endohedral filling of their inner
empty cavity.

A noteworthy breakthrough in the area of development of nanotube chem-
istry is the oxidation of CNT in concentrated nitric acid.?*! Such a drastic con-
dition helps in opening of the CNT tips as well as oxidative etching along the
sidewalls enabling the decoration of walls with various oxygen-containing
groups (mainly carboxyl group). The incorporation of carboxyl group exposes
various useful sites in CNTs for further modification as per the requirement,
for example, ester or amide bond formations can take place. In addition, the
formation of anhydride at the tube ends can take place through which the
rings of CNTs are accessible.?*? The most important implication for introduc-
tion of carboxyl group lies in the fact that the van der Waals forces existing
between the individual CNTs are reduced, and hence, the CNTs can be made
water soluble by addition/substitution of new moieties (CNTs as grown are
not soluble in any solvent).

However, addition reactions such as fluorination,®32*> hydrogenea-
tion,?2% and cycloaddition?*>* help in direct coupling of functional groups
onto the n-conjugated carbon framework. The fluorine atoms of fluorinated
CNTs can be replaced through nucleophilic substitution reaction, and thus,
functional groups of alcohols, amines, and Grignard reagent can be success-
fully incorporated on the CNT sidewall.?42%
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4.5.1.2 Wetting and Filling of CNT Cavity

Wetting properties of CNT determines which liquid will fill the tube by cap-
illary action and cover the inner surface. The Young-Laplace equation relates
the pressure difference AP across the liquid—-vapor interface in a capillary to
the surface tension of the liquid (y) and contact angle (6) between the solid
and the liquid as follows:

AP=2vyr " cos® @1

where:
r is the radius of curvature of the meniscus
The contact angle 6 is an indicator of the strength of the interaction between
the liquid and the solid interface relative to the cohesive forces in the
liquid

If 6 is smaller than 90°, the contact between the liquid and the surface is said
to be wetting and AP is positive. Therefore, the liquid will be pulled into the
capillary spontaneously as there is an energy gain in the wetting process. If
6 is larger than 90° the contact angle is said to be nonwetting and AP will
be negative. Therefore, when 6 > 90°, the only way to introduce liquid into a
capillary is to apply pressure larger than AP.

The wetting properties of the CNTs measured experimentally?® imply that
there is a cutoff point in the surface tension of the liquid above which wet-
ting no longer occurs. The capillary action of nanotubes observed?’2* for
oxides indicates that the surface tension values of compounds are below the
cutoff point determined.

If the surface tension of the liquid or molten salt is sufficiently low
(<200 mN/m), wetting occurs, and according to Equation 4.1, the CNTs can
be filled by capillarity. However, to fill CNTs with higher surface tension
materials (such as metals or metal oxides), one has to force the molten mate-
rials into open CNTs by applying large pressures followed by cooling of
sample before pressure is dropped, so that the material is trapped inside.
The most convenient way, however, is to use a low-surface tension solvent
carrier. In such a case, the compound of interest can be dissolved in nitric
acid, which would open up the tips of CNTs, and the material is carried into
the empty cavity of CNTs by capillarity.

4.5.1.3 Mass Transport through CNT Channels

Extremely high aspect ratios, molecularly smooth hydrophobic graphitic
walls, and nanoscale inner diameters of CNTs give rise to the unique phe-
nomenon of ultra-efficient transport of water and gas through these ultra-
narrow molecular pipes. Water and gas molecules move through nanotube
pores much faster. The proposed water transport mechanism has a distinct
similarity to the transport mechanisms of biological ion channels.
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Thermodynamic and transport properties of confined water differ sub-
stantially from those observed in the bulk due to the reduced diameter of
CNTs.20 When simple fluids are simulated within narrow molecular sieves,
it has been shown that their diffusion is dominated by concerted events in
which multiple molecules move simultaneously.?¢1%2 These concerted events
are due to strong mismatches in (1) the distance between binding sites along
the pore axis and (2) the distance between adsorbed molecules that minimizes
adsorbate—adsorbate interactions.?® On the contrary, the inherent smoothness
of the interior of CNTs generates exceptionally high diffusion coefficients for
simple gases?**2¢ as well as for water.2”-2 Water molecules move occasion-
ally along the single wall nanotube (0.8 nm diameter and 1.35 nm long) axis
via bursts of hydrogen-bonded clusters of molecules.?”

The average flow velocity v of an incompressible, creeping liquid, that is,
Reynolds number much less than one inside a tube with a uniform cross-
sectional area, is given by Darcy’s law:

AP
=y| =— 4.2
v v( T j (4.2)
where:
AP is the pressure difference across the tube
L is its length

vyis the hydraulic conductivity?”!

Although Darcy’s law is an empirical expression, the hydraulic conductivity
of a Newtonian liquid in a circular tube subject to the no-slip boundary condi-
tion, ¥,,.q;,y can be found directly from the no-slip Poiseuille relation.*> Liquid
slip at the solid-liquid boundary, confinement induced reduction in the liquid
viscosity, and subcontinuum changes to the liquid structure can all cause the
actual hydraulic conductivity (Y,...) to exceed the calculated hydraulic con-
ductivity from the Poiseuille relation.?”® This increase in y leads to the defini-
tion of a flow enhancement factor, €, given by & =y, a1/ Vno-ip- FOr CNTs with
diameters larger than 1.6 nm, the variation in hydraulic conductivity with
CNT diameter can be understood in terms of slip at the water—-CNT bound-
ary and diameter-related changes to the water viscosity. In CNTs with smaller
diameters, however, water molecules have been shown to assemble into diam-
eter-dependent one-dimensional structures for which neither the slip length
nor the effective viscosity is well defined. This confinement-induced change to
the liquid structure necessitates a subcontinuum description of the liquid.?**>

4.5.1.4 Antimicrobial Property of CNTs

The effect of CNTs on bacteria and virus has not received enough attention,
probably due to the difficulty of dispersing CNTs in water. Surfactants or poly-
mers such as PVP or Triton-X are generally used to facilitate the dispersion.
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Few studies are available on single-walled nanotubes (SWNTs) with antimicro-
bial activity toward gram-positive and gram-negative bacteria, and the dam-
ages inflicted are attributed to either a physical interaction with or oxidative
stress on cell membrane integrity.?¢2”7 CNTs may therefore be useful for inhib-
iting microbial attachment and biofouling on surfaces. However, the degree of
aggregation”® and the bioavailability of the nanotubes®” need to be considered
to exploit the antimicrobial properties effectively.

4.5.1.5 Preparation of CNT Membranes

Keeping in view the application of CNT-based composites in the area of water
purification, the ex situ alignment method is preferred where the CNTs are
aligned in advance using CVD method. Then, they are compounded with
the polymeric matrix by either in situ polymerization of some monomers or
spin coating/dip coating of polymer solution onto the aligned CNT matrix.
There are numerous challenges associated with each step of membrane mak-
ing starting from the growth of CNTs to membrane performance evaluation
and scale-up. Primarily, there are four approaches?® to the synthesis of mem-
branes based on CNTs as shown in Figure 4.5.

1. Template synthesis approach in which carbonaceous material is
deposited inside the preexisting ordered porous membranes such
as anodized alumina also known as the template-synthesized CNT
membranes.?! Scanning electron micrograph of the nanotubes after
dissolution of the template is shown in Figure 4.5a.

2. Membranes based on the interstice between nanotubes in a vertical
array of CNTs, referred as the dense-array outer-wall CNT mem-
brane in which the fluid transport is through the interstice between
the nanotubes, although some transport can occur through some
open-ended tubes. SEM image demonstrating the dense array of
CNTs is shown in Figure 4.5b.

3. Encapsulation of as-grown vertically aligned CNTs by a space-
filling inert polymer or ceramic matrix followed by opening up the
CNT tips using plasma chemistry, or the open-ended CNT mem-
brane?2283 in which fluid transport occurs through the inner core of
the CNT. SEM image shows the cross section of the membrane with
aligned CNTs in an impervious polymer matrix (Figure 4.5¢).

4. Membranes composed of nanotubes as fillers in a polymer matrix,
also known as mixed matrix membranes. SEM image of the compos-
ite membrane structure is shown in Figure 4.5d.

In case of CNT membrane, the pressure-driven flux is few orders of magni-
tude higher than conventional Newtonian flow due to atomically flat graph-
ite planes inducing nearly ideal slip conditions.?*
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FIGURE 4.5

Different approaches to CNT membrane synthesis. (a) SEM image of nanotubes after dissolution of
the template, (b) SEM image demonstrating the dense arrays of CNTs, (c) SEM image of cross sec-
tion of the membrane with aligned CNTs in polymer matrix, and (d) SEM image of composite mem-
brane structure. (Reprinted from Comprehensive Membrane Science and Engineering, Vol. 1, Majumder,
M. and Ajayan, PM., Carbon nanotube membranes: A new frontier in membrane science, Drioli, E.
and Giorno, L., (eds.), 291-310, Copyright 2010, Figure 2, with permission from Elsevier.)

Membranes with CNT tips that were functionalized?® with biotin show
a reduction in Ru(NHj;), by a factor of 15 when bound with streptavidin,
thereby demonstrating the ability to gate molecular transport through
CNT cores for potential applications in chemical separation. The embedded
CNTs in host membrane matrix work on size-exclusion principle. However,
the functionalization of CNT tip can introduce the required physicochemi-
cal characteristics into the membrane surface, which may lead to selective
removal of contaminants based upon physicochemical interaction of species
with the functional group present over the CNT tip.

Antimicrobial activity of CNTs requires direct contact between CNTs and target
microorganisms.?®® Suspension of nonfunctionalized CNTs in water is extremely
difficult and does not provide enough CNT-microbe contact for disinfection.
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Accordingly, the antibacterial activity of CNTs can be exploited by coating CNTs
on a reactor surface in contact with the pathogen-laden water. Complete reten-
tion and effective inactivation of Escherichia coli as well as up to 5-7 log removal
of MS2 bacteriophage can be achieved using a PVDF microporous membrane
coated with a thin layer of SWNTs.28” Although the rate of bacterial inactivation
by CNT is relatively low compared to conventional disinfectants, it is sufficient
to prevent biofilm formation and the subsequent biofouling of membrane sur-
face, which in turn would increase the lifetime of membrane without significant
decline in throughput because of biofouling. In addition, the selective function-
alization of CNT tip with hydrophilic or hydrophobic groups can help in mini-
mizing the fouling depending upon the feed water conditions.

Though CNTs have got great potential to offer an ideal membrane, there are
several challenges?®2® to overcome through research and development. To
grow 12-13 orders of magnitude (i.e., 10>-10%%) of CNTs per square centimeter
area is a technological challenge. Chemical vapor deposition methodology
offers excellent parameters to achieve the objective. It is very difficult to have
the yield of CNTs in a particular batch of synthesis beyond 90%. Tedious
purification steps to remove the deposits and to make the CNT wall defect
free make the things more complicated. It is important that the preparation
methodology of nanocomposite membrane must ensure well-dispersed and
well-aligned CNTs in the membrane. Functionalization of CNTs with desired
functional groups may be required to have better dispersion, which is quite
challenging because CNT is not soluble in any solvent. Opening of the CNT
tips is a critical step, which is carried out by either acid treatment or plasma-
based oxidation and is not simple to be adopted. The tip-opening step may
cause thinning of CNT wall and disruption of tube integrity and subsequent
failure of membrane channels. Scale-up with respect to CNT growth, CNT
alignment, nanocomposite formation, and CNT tip or sidewall functional-
ization is quite complex involving material as well as process challenges.

4.5.2 Graphene Membranes

Among the significant recent advancements in the design and development
of new nanocomposite membrane systems is the use of graphenes.??0*!
Graphenes offer a novel class of mechanically robust, ultrathin, high-flux,
high-selectivity, and fouling-resistant membranes. The facile synthesis of
nanoporous graphene (NPG) and GO membranes opens the door for ideal
next-generation membranes as cost effective and sustainable alternative to
the long-existing TFC PA membranes for water purification applications.
Graphene-based materials have attracted great interest for their potential
use in desalination and water purification membranes due to their unique
properties, including distinctive structural characteristics,*? high mechani-
cal strength,?® and small thickness.?”* The advancement in molecular simu-
lation of graphene family opens the door for their potential contribution in
developing novel membrane desalination technologies. Graphene’s unique
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electronic properties, high tensile strength, and impermeability to small
molecules are now a well-determined fact*>-? and these have been utilized
to construct extremely thin membrane with size tunable pores (for molecular
sieving) allowing for high flux. Graphene nanosheets display ideal chemi-
cal and physical properties in the desalination process. Despite its negligi-
ble thickness, membranes made of graphene exhibit adequate mechanical
strength and capability of functioning under higher pressures which is supe-
rior to conventional polymeric RO membranes currently in circulation.?®

Several simulation studies have identified NPG structures among the
most promising membrane materials that can provide high water flow rates
and high salt rejection as a function of nanopore morphology.*® However,
these hypotheses are based on a single layer of graphene sheet, which is dif-
ficult to assemble in the real world.3" The transport of water through these
nanoporous membranes can reach up to 66 L/cm?/day/MPa with greater
than 99% salt rejection. By contrast, water transport through a conventional
RO membrane approximately reaches 0.01-0.05 L/cm?/day/MPa with simi-
lar salt rejection. These values revealed the great potential for the utiliza-
tion of functionalized NPG as a high-permeability desalination membrane
(Figure 4.6a and b).

Figure 4.6a shows high-pressure molecular and ionic sieving across a
one-atom-thick graphene sheet. Chemical functionalization of the pores
with hydrogen increases water selectivity, whereas functionalization with
hydroxyl groups improves the flux.3? Performance of functionalized NPG
and membranes used in existing desalination technologies is shown in
Figure 4.6b. It is seen that the performance of functionalized nanoporous
grapheme is superior from both water permeability and salt rejection point
of view compared to conventional membranes used in desalination plants.

With current advancement, large areas of graphene have been success-
fully grown on plain copper foils at atmospheric pressure and roll-to-roll
transfer of 750 mm graphene sheets.?® The feasibility of graphene to be
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(a) High-pressure molecular and ionic sieving across a one-atom-thick graphene sheet.
(b) Performance of functionalized NPG and membranes used in existing desalination
technologies.
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mass-produced has widened the application spectrum of this nanomaterial.
The graphene monolayers with superior strength can allow water to flow
through them while hindering the passage of other unwanted species.3430
Computational studies have predicted that large slip length of water mol-
ecules allows negligible friction with graphene surfaces, which results in
an ultrafast water flow in the graphene nanochannel®%-3% providing much
higher membrane flux compared to commercially available RO and NF
membranes.3!0

4.5.3 Aquaporin Membranes

Biomimetics focuses on the basic science by fundamentally exploring the
principles of biological systems, whereas bioinspiration focuses on the
applied engineering by technologically implementing the principles from
biological systems. Biomimetics and bioinspiration, as the complementary
and interchangeable strategies for sustainable innovation and development
of membrane technology, have great implications in exploring membrane
materials and intensifying membrane processes. Based on their unique com-
bination of offering high water permeability and high solute rejection, aqua-
porin proteins have attracted considerable interest over the past few years as
functional building blocks of biomimetic membranes.3!1-313

Aquaporins are the protein channels that control water flux across bio-
logical membranes.3! This first-characterized aquaporin is found widely in
human tissues for rapid passive transport of water across cell membranes.
Such transport channels exist in the cells of species in all three domains of
life. Water movement in aquaporins is mediated by selective, rapid diffu-
sion caused by osmotic gradients.3!>%¢ The hourglass shape of aquaporin-1
(AQP1), with selective extracellular and intracellular vestibules at each end,
allows water molecules to pass rapidly in a single-file line, while excluding
proteins.®” Water molecules transport in single-file line through a narrow
aquaporin channel; a constant number of molecules are assumed to occupy
the channel at all times and the water molecules are assumed to move
together in discrete translocations, or hops.!®

The highly selective water permeability of aquaporin channels is an inter-
esting possibility when considering water treatment membranes. Biological
lipid bilayers containing aquaporins transport water and maintain selectivity
that far surpasses all commercial RO membranes. Single aquaporins trans-
fer water molecules at rates of 2-8 x 10° molecules per second.®”®> Kaufman
et al. predict that a membrane with 75% coverage of aquaporins could have
a hydraulic permeability in the range of 2.5 X 10! m Pa~'s-!, an order of
magnitude higher than commercial seawater RO membranes.?” Kumar et al.
include Aquaporin-Z (AqpZ) from E. coli bacterial cells in a polymeric mem-
brane.®* This aquaporin is selected based on the ability for high water per-
meation and high selectivity. In addition, it is easy to purify and multiply
using a recombinant E. coli strain.
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FIGURE 4.7
Conceptual cross-sectional image of a semipermeable lipid bilayer membrane cast atop a nano-
filtration-type support membrane.

The transport across biological membranes is driven by osmotic pressure
(or salt concentration) gradient. Conceptual cross sectional image of a semi-
permeable lipid bi-layer membrane cast atop a NF-type membrane is shown
in Figure 4.7.

Water transport through the robust aquaporin-embedded vesicular mem-
brane has been explored® in the FO process. Mathematical simulation to
correlate vesicle size, vesicle permeability, and the interior solute concentra-
tion with membrane flux in FO process indicate that the water flux of the
membrane is determined by both vesicle size and permeability in a pressure-
retarded mode. The interior solute concentration of vesicles will impact the
hydrostatic pressure of the vesicles in an FO mode.

Planar biomimetic membranes consisting of AqpZ can be made®? upon
the CA membrane substrate, functionalized with methacrylate end groups.
By vesicle rupture of triblock copolymer (ABA) vesicles and UV polymeriza-
tion, a selective layer upon the substrate for NF is formed. This study opens
up new possibilities of using AqpZ-embedded biomimetic membranes for
water purification with advantages that include high throughput with lesser
energy consumption. A TFC aquaporin-based biomimetic membrane (ABM)
can be prepared3 by the IP method, where AqpZ-containing proteolipo-
somes is added to the MPD aqueous solution. Control membranes, either
without aquaporins or with inactive (mutant) aquaporins, can also be simi-
larly prepared. The separation performance of these membranes is evaluated
by cross-flow RO tests. The active ABM give significantly higher water per-
meability (4 L/m? h bar) with comparable NaCl rejection (97%) at an applied
pressure of 5 bar. Its permeability is about 40% higher compared to a com-
mercial brackish water RO membrane (BW30) and an order of magnitude
higher compared to a seawater RO membrane (SW30HR), which clearly dem-
onstrates the great potential of the TFC ABM for desalination applications.
In another study,®* proteoliposome-containing aquaporin, a typical water
channel protein, is fully encapsulated into the thin-film layer through cross-
linking of PEIL This novel TFN membrane shows a significantly enhanced
water permeability and typical NF rejection to MgCl,.
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4.6 Challenges

Progress in the development of polymer—matrix nanocomposite membranes
for water treatment has been tremendous in recent years. Besides tuning the
physicochemical properties of membranes (hydrophilicity, porosity, charge
density, thermal and mechanical stability), the incorporation of nanomateri-
als can provide membranes with some unique properties of nanomaterials
and also possibly induce new characteristics and functions based on their
synergetic effects. It provides a new dimension to design the next generation
of polymeric membranes with high-performance and antifouling properties.
The potential applications of nanocomposite membranes could cover the
whole filtration spectrum, including MFE, UF, NF, RO, and FO.

Several challenges still need to be addressed to optimize the design of the
nanocomposite membranes for industrial applications at a large scale:

e Fundamental understandings need to be developed to systemati-
cally reflect the effects of nanomaterials on membrane structures
and correlate them to the membrane performance changes.

¢ Approaches for better dispersion of nanomaterials need to be fur-
ther explored.

e Compatibility of nanofillers with polymers should be ensured to
avoid leaching of nanomaterials into the environment.

* Large-scale production and industrial application with
cost-effectiveness.
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5

Nanocomposite Membranes
in Gas Separation

5.1 Introduction

The development of gas separation membranes dates back to the early
nineteenth century. It has got momentum after the discovery of high-flux
asymmetric membranes by Loeb and Sourirajan in 1964. Mixed matrix
membrane (MMM), comprising rigid permeable or impermeable particles,
such as zeolites, carbon molecular sieves (CMSs), silica, titania, and carbon
nanotubes (CNTs), dispersed in a continuous polymeric matrix presents an
interesting approach for improving the separation properties of polymeric
membranes. The particles are referred to as nanofillers if they are in nano
dimensions, and correspondingly the MMMs are referred to as nanocom-
posite membranes. In this approach, using properties of both the organic and
inorganic phases, a membrane with good permeability, selectivity, mechani-
cal strength, and thermal as well as chemical stability and processing can
be prepared. Superior gas separation properties of molecular sieve materi-
als can be combined with desirable mechanical properties and convenient
processing of polymers. Inorganic materials that are used as the dispersed
phase in MMMs have unique structure, surface chemistry, and mechanical
strength. When they are added to the polymer matrix, it is expected that
the resulting membrane properties become better than those conventional
polymer membranes. Very few studies have been carried out to increase the
performance of gas separation membranes with MMMs.I** Preparation of
MMMs usually involves difficulties such as weak contact of particles in the
polymer matrix and poor distribution of the dispersed phase in the continu-
ous polymer matrix phase. In addition, particle size, particle pore size, dis-
persed phase load, and polymer type and properties can affect the mixed
matrix properties. Preparation of defect-free membranes with desired per-
formance characteristics is quite challenging.
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5.2 Mixed Matrix Membrane

The separation of gases by membrane is a rapidly growing field.>¢ In the
membrane-based gas separation process, constituents are separated from their
mixture due to differential permeation through membrane. Membrane-based
separation offers several advantages such as low energy requirement and ease
of operation.”'? As a result, gas separation by membrane process has acquired
great significance in the industries, as gases occupy an important place in the
chemical feedstock industry. As the name implies, membrane is the heart of
the membrane-based process application. To fully utilize the growing oppor-
tunities in the field of gas separation, strong interest exists in the identification
of new membrane materials which can comply with current requirements.!!
Criteria for selecting membrane materials for a given separation are com-
plex and unique to particular application. Generally, durability, mechanical
integrity, productivity, and separation efficiency are important considerations
in selection of membrane materiall® Of these requirements, selectivity and
permeation rate are very important as high selectivity and permeability can
lead to the requirement of lower driving force and smaller membrane area to
achieve a given separation. In turn, a more efficient separation process results.

In the area of membrane-based gas separation, nonporous polymeric mem-
branes working on solution-diffusion mechanism have been exclusively
employed in current commercial devices.!*'5 Typically, polymers have the
advantages of desirable mechanical properties and economical processing
capabilities. The ability of a membrane to separate two molecules depends
on the membrane selectivity, which is defined as the ratio of the permeabili-
ties of the individual gas molecules:

Olag = (1;;) (GAY)

where P is the permeability which is the product of D (diffusivity) and S
(solubility).

Efforts on the development of polymers with improved gas separation
properties focus on the rate of diffusion by systematic modification of
polymer chemical structure or superstructure and chemical/thermal post-
treatment of polymeric membranes.'®2? Solubility selectivity may also be
increased by modifying polymer structure to increase the solubility of one
component in a mixture or adding special agents which can complex with
the desired constituent in a mixture.”® Inorganic membranes are usually
formed from metals, ceramics, or pyrolyzed carbon.? These membranes are
increasingly being explored to separate gas mixtures due to the well-known
thermal and chemical stabilities as well as higher gas flux or selectivity com-
pared to polymeric membranes. Inorganic materials such as zeolites and
carbon are excellent materials with diffusivity and selectivity significantly
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higher than polymeric materials. The accurate size and shape and the
narrow range of pore distribution ensure superior selectivity.® Microporous
inorganic materials have also been modified to achieve solubility-based
separation. In these materials, surface flow and capillary condensation play
an important role in increasing the flow of larger species.?* Early inorganic
membranes were developed several decades back.?” In the 1940s, membranes
were developed by the Manhattan Project to enrich uranium by separat-
ing uranium isotopes as UF6. This was the first large-scale gas separation
process using inorganic membranes. Membranes of various zeolites with
large pores (Y-type,® X-type,? b-type®), medium pores (ZSM-5,! FER*), and
small pores (A-type,3 SAPO-34%) are used for gas separation. Some of the
membranes have good selectivity. Excellent separation properties of CMS
membranes (CMSMs) have been reported for the separation of gas mixtures
such as natural gas, hydrocarbons, and air.%-%

Polymeric membranes tend to be more cost-effective than other mem-
branes because of their ability to be easily spun into hollow fibers or spi-
ral wound modules due to their flexibility and solution processability.3®
Despite these advantages, polymeric membranes are still restricted by the
trade-off trend between gas permeability and selectivity.* The performance
of various membrane materials available for the separation of O,/N, is
depicted in Figure 5.1. For the polymeric materials, a rather general trade-
off exists between permeability and selectivity, with an upper bound limit.
When materials with separation properties near this limit were modified
based on the traditional structure-property relation, the resultant polymers
have permeability and selectivity tracking along this line instead of exceed-
ing it. However, the inorganic materials have properties lying far beyond
the upper bound limit for the organic polymers.®*-# Though tremendous
improvements had been achieved in tailoring the polymer structure to
enhance separation properties during the past two decades, further prog-
ress exceeding the trade-off line seems to present a severe challenge in the
near future. Similarly, the immediate application of inorganic membranes
is still seriously hindered by the lack of technology to form continuous and
defect-free membranes, the extremely high cost for the membrane produc-
tion, and handling issues (e.g., inherent brittleness).*>#¢ In view of this situ-
ation, a new approach is needed to provide an alternate and cost-effective
membrane with separation properties well above the upper-bound limit
between permeability and selectivity.

The membrane morphology emerging with the potential for future appli-
cations involves MMM, consisting of organic polymer and inorganic particle
phases, as shown in Figure 5.2. The bulk phase (phase A) is typically a poly-
mer; the dispersed phase (phase B) represents the inorganic particles, which
may be zeolites, CMSs, or nanosized particles. MMMs have the potential
to achieve higher selectivity, permeability, or both relative to the existing
polymeric membranes, resulting from the addition of the inorganic particles
with their inherent superior separation characteristics. At the same time, the
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Schematic of an MMM.

fragility inherent in the inorganic membranes may be avoided by using a
flexible polymer as the continuous matrix.

The investigation of MMMs for gas separation has been reported in the
1970s with the discovery of a delayed diffusion time lag effect for CO, and
CH, when adding 5A zeolite into rubbery polymer polydimethyl siloxane
(PDMS).#” The addition of 5A into the polymer matrix causes large increase
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in the diffusion time lag. However, it has only minor effect on the steady-state
permeation. The mixed matrix system of polymer/adsorbent gives better
separation performance than that of pure polymeric system* such as an
enhanced O,/N, selectivity from 3.0 to 4.3 when increasing silicalite con-
tent in the polymer cellulose acetate (CA) matrix. The concept of MMM has
been demonstrated in the mid-1980s, which also used CA /silicalite MMMs
for CO,/H, separation, indicating that silicalite in the membrane phase has
reversed the selectivity from H, to CO,.#

5.3 Nanocomposite Membrane Preparation

Because of the huge difference between the polymer and inorganic materi-
als in their properties and strong aggregation of the nanofillers, polymer—
inorganic nanocomposite membranes cannot be prepared by common
methods such as melt blending and roller mixing. The commonly used prep-
aration technologies for the fabrication of nanocomposite membranes are
(1) solution bending, (2) in situ polymerization, and (3) sol-gel method.>

5.3.1 Solution Blending

Solution blending is a simple way to fabricate polymer—inorganic nanocom-
posite membranes. A polymer is first dissolved in a solvent to form a solution,
and then inorganic nanoparticles are added into the solution and dispersed by
stirring. The nanocomposite membrane is cast by removing the solvent.5-%
This method is easy to operate and suitable for all kinds of inorganic materials.
The concentration of the polymer and inorganic components is easy to control.
However, the inorganic ingredients are liable to aggregate in the membranes.

5.3.2 In Situ Polymerization

In this method, the nanoparticles are mixed well with organic monomers, and
then the monomers are polymerized. There are often some functional groups,
such as hydroxyl or carboxyl, on the surface of inorganic particles, which can
generate initiating radicals, cations, or anions under high-energy radiation or
plasma to initiate the polymerization of the monomers on their surface.>¢-%0
In this method, inorganic nanoparticles with functional groups can be con-
nected with polymer chains by covalent bonds. However, it is still difficult to
avoid the aggregation of inorganic nanoparticles in the resultant membrane.

5.3.3 Sol-Gel Method

This method is the most widely used preparation technology for nanocom-
posite membranes. In this method, organic monomers, oligomers, or polymers
and inorganic nanoparticle precursors are mixed together in the solution.
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The inorganic precursors then hydrolyze and condense into well-dispersed
nanoparticles in the polymer matrix. The reaction conditions are moder-
ate, usually room temperature and ambient pressure. The concentration
of organic and inorganic components is easy to control in the solution.
Additionally, the organic and inorganic ingredients are dispersed at the
molecular or nanometer level in the membranes, and thus, the membranes
are homogeneous.*-%

5.4 MMM Materials

Proper material selection for both the matrix and the inorganic phase is very
important in the development of MMM. It has been found that the properties
of polymer as well as inorganic phase can affect the morphology and separa-
tion performance of MMM. Usually highly selective polymers can result into
MMMs with better separation performance.®®"! Therefore, glassy polymers
with superior gas selectivity are preferred to highly permeable but poorly
selective rubbery polymers.®*7 Although glassy polymers are better than
rubbery polymers because of their rigid structure, adhesion between the
polymer phase and the external surface of the particles is a major challenge
when glassy polymers are used in the preparation of MMMs. In these cases,
weak organic-inorganic interaction causes voids to form in the polymer—
filler interface. Therefore, in the selection of the matrix phase, gas separation
properties and adhesion between the two phases must be considered.

The dispersed inorganic phase as well as the continuous phase can affect
the separation properties and morphology of MMM. As mentioned above,
porous and nonporous fillers are the two major inorganic phase materials
that are used for MMM fabrication. Among porous materials, CMSs’7> and
zeolites”®* are the most commonly used inorganic fillers for MMM develop-
ment. The type, structure, and properties of zeolites play an important role in
the development of MMM.%-8 CMSs are characterized by the pore size dis-
tribution of molecular dimensions and have potential as an important com-
ponent for producing MMMs.?® These materials have hydrophobic internal
surfaces and are being used in industry to separate air by adsorption of oxy-
gen and to remove carbon dioxide from landfill gases. Metal organic frame-
works (MOFs)*! and activated carbon and CNTs*>? are other types of porous
materials that have been used as the dispersed phase in MMM fabrication.

When a porous material is used as a filler in the polymer matrix, its pore
size distribution, surface chemistry, and functional groups must be consistent
with the gas molecule pairs. For example, activated carbon is suitable for the
separation of carbon dioxide (CO,) and methane (CH,) because it has a higher
adsorption selectivity for CO, (polar gas) than for CH, (nonpolar compound),
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but this filler is not suitable for oxygen (O,)/nitrogen (N,) separation. Also,
the molecular sieving phase must accurately correspond to the size and
shape differences of the gas molecules.*

The effect of the nonporous material on separation potential of MMM is
different from porous inorganic materials with sieving function; interac-
tion between polymer—chain segments and nanofillers as well as functional
groups on the surface of the inorganic phase must be considered when these
materials are added to a polymer matrix. For instance, adding silica to a
polyimide (PI) matrix can disrupt polymer chain packing and thus increase
the oxygen and nitrogen permeation rates.® However, adding TiO, to the
PI matrix can increase the CO,/CH, and H,/CH, selectivity because inter-
actions of CO, and H, with TiO, are stronger than TiO,~CH, interactions.”
Silica,” TiO,,® and fullerene (C60)* are the common impermeable inorganic
particles used for nanocomposite MMM development.

5.5 Effect of the Inorganic Dispersed Phase

Several parameters affect the performance of the MMM. The major chal-
lenges are a suitable combination of polymers and particles, the physical
properties of the inorganic fillers such as particle size and particle agglom-
eration, and the polymer/particle interface morphologies.

The effect of the inorganic dispersed phase on the MMM properties is
related to its chemical structure, its surface chemistry, and the type of parti-
cles. The inorganic materials used for the MMM can be classified into porous
and nonporous types. The effect of porous fillers on the MMM is different
from nonporous inorganic fillers and can be related to their structure and
pore size. Generally, porous fillers act as molecular sieving agents in the
polymer matrix and separate gas molecules by their shape or size. Due to
their concise apertures, porous inorganic particles have usually high perme-
ability and selectivity, which is above the Robeson upper bound. When these
highly selective porous fillers are added to the polymer matrix, they selec-
tively allow the desired component to pass through the pores, and thus, an
MMM, whose permselectivity is higher than that of the neat polymeric mem-
brane, can be obtained. In other words, addition of porous inorganic fillers
to a polymer matrix increases not only the permeability of the desired com-
ponent but also the overall selectivity of the desired component. Addition of
porous fillers to the polymer matrix is an ideal way to overcome the tradi-
tional permeability—selectivity trade-off of the polymeric membranes. It is
important to note that the above-mentioned ideal effect is justified when the
polymer chains wet the porous particles completely and there are no defects
in the polymer—particle interface.
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By contrast, nonporous material fillers can improve the separation
properties of the resultant MMMs by increasing the matrix tortuous pattern
and decreasing the diffusion of the larger molecules.'®® In addition, nanoscale
inorganic materials may disrupt the polymer chain packing and increase the
free volume between polymer chains and thus increase gas diffusion. For
instance, it has been shown that with addition of 20 vol.% nonporous silica
particles to the polysulfone (PSF) matrix, the void volume increases from
0.2% to 2.8%.% This small increase in void volume along with the insuffi-
cient polymer chain packing causes an increase in the total free volume. The
increase in free volume increases the diffusion and solubility coefficients of
the silica-filled polymer and causes an increase in the permeability of the
gases such as H,, He, O,, CO,, N,, and CH,. It has been reported that with
addition of 20 vol.% silica to the PSF matrix, the CO, and CH, permeabilities
increase by 212% and 400%, respectively. The hydroxyl and other functional
groups on the surface of these nanomaterials may also interact with polar
gases (CO, and SO,) and thus improve the penetrant solubility in the result-
ing nanocomposite MMMs.

5.6 Porous Material Fillers
5.6.1 Carbon Molecular Sieve

CMS membranes exhibit attractive characteristics such as outstanding selec-
tivity, high permeability, stability in corrosive environments, and applicabil-
ity for operation at high temperatures.!®> CMS membranes can be made by
carbonization of a suitable polymeric precursor under controlled conditions
such as temperature, pressure, ramp rate, dwelling time, and atmosphere
(vacuum or inert gas).!? Selection of the polymer precursor, pyrolysis atmo-
sphere, and temperature are considered to be the critical factors affecting the
properties of the final membrane.!%1% Several polymers have been used to
produce CMS membranes, including polyacrylonitrile (PAN),'® phenolic
resin,!% polyfurfuryl alcohol,'” polyvinylidene-based polymers,'® and vari-
ous PIs.1%9-115 P[s are preferred as the precursors normally due to their rigidity,
high-melting point, high glass transition temperature (T}), thermal stability,
as well as attractive separation performance.!'!’” Many classes of Pls with
different dianhydrides, including those containing the pyromellitic dianhy-
dride group such as Kapton,!'#122 benzophenone-tetracarboxylic dianhydride
such as Matrimid and P84,123-125 3,3’ 4 4’-biphenyltetracarboxylic dianhydride
such as polyimide resins in powder form and solutions of polyimide precur-
sors,'212 and hexafluoroisopropylidene (6FDA) such as pyralin'* have been
synthesized and investigated for their suitability as membrane materials.
Besides the choice of membrane precursors, it is shown that the final
pyrolysis temperature has a significant influence on the microstructure,
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separation performance, and gas transport mechanism of CMS membranes.
CMS membrane prepared from 6FDA-durene with a decomposition tem-
perature of 496°C shows that the permeability of the membrane improves
by an increase in final pyrolysis temperature from 325°C to 475°C.
However, for final pyrolysis temperature in the range of 475°C-525°C, the
permeability of the smaller gas molecules remains constant, whereas the
permeability of the larger gas declines. CMS membranes have been pre-
pared by carbonization of Kapton dense films at temperatures in the range
of 500°C-1000°C and under 10-° torr vacuum. These membranes exhibited
high gas permeability and selectivity that were influenced by the final
pyrolysis temperature.

In addition to the parameters mentioned above, the carbonization atmo-
sphere must be controlled in order to inhibit deterioration or undesired
burn-off of the precursor during pyrolysis. The pyrolysis of precursors is
typically performed under vacuum or in the presence of an inert gas. It has
been observed that the pyrolysis of PIs under vacuum, compared to using an
inert gas, can generally offer more selective but less permeable CMS mem-
branes.!3132 This is due to the role of the inert gas in controlling the heat
transfer to the precursor and its subsequent effect on the formation of a more
porous microstructure with an enhanced permeability.

Studies have demonstrated the interesting advantages by employing
blending technology for gas separation membranes.!3>13 Polymer blending
not only can provide the opportunity for altering the properties of the con-
stituent polymers for obtaining synergistic properties, but also can offer new
features that may not be found in any one of the constituents. Therefore,
blending of suitably selected materials can enable reconciling classes of
polymers with different separation properties and physicochemical charac-
teristics through a simple yet reproducible procedure.

Due to the complexities involved in the preparation of CMS membranes,
there is need to explore the effect of the precursor molecular structures as
well as pyrolysis temperature and atmosphere along with the use of poly-
mer blending to provide a guideline for designing and fabricating high-
performance CMS membranes for gas separation applications. The role of
key parameters in the fabrication and performance analysis of CMS mem-
branes prepared through blending of polybenzimidazole (PBI) and three PIs
containing different dianhydride moieties in their chemical structure has
been investigated.!3> Results indicate that the chemical structure of the blend
components, the microstructure of the precursor, the blend composition,
and the pyrolysis conditions play important roles in the transport proper-
ties of the resulting membranes. Pyrolysis protocols with distinguished final
pyrolysis temperature and degree of vacuum (Pf) used for the preparation
of CMSMs are shown in Figure 5.3. It indicates that two pyrolysis tempera-
tures, 580°C and 800°C, and two degree of vacuum, Pfl (103 Torr) and Pf2
(107 Torr), have been used. The heating rates have been ramped by progres-
sively increasing the pyrolysis temperature starting from 10°C/min, and also
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Pyrolysis protocols with distinguished final pyrolysis temperature and degree of vacuum (P)
used for the preparation of CMSMs. (Reprinted from Sep. Purif. Technol., 122, Hosseini, S.S.,
Omidkhah, M.R.,, Moghaddam, A.Z,, Pirouzfar, V., Krantz, W.B., and Tan, N.R., Enhancing the
properties and gas separation performance of PBI-polyimides blend carbon molecular sieve
membranes via optimization of the pyrolysis process, 278-289, Copyright 2014, Figures 2, 5,
and 6, with permission from Elsevier.)

at the lower rates of 4, 2, and 0.2°C/min. The dwell time at the final temperature
was 1 h for all protocols. The resultant membranes are cooled gradually to
room temperature at the end of each protocol.

The influence of the type of Pl used in the blend on the permeability of the
carbon membranes follows a trend. A higher pyrolysis temperature results
into a membrane with lower permeability but higher selectivity. In addition,
a higher degree of vacuum in the pyrolysis chamber increases the selectiv-
ity of the membranes by as much as 40% at the expense of permeability. The
highest gas pair selectivity for O,/N,, CO,/CH,, and CO,/N, can be obtained
from PBI-Kapton carbonized at 107 torr and 800°C. The N,/CH, and CO,/CH,
separation performances of PBI-Kapton blend precursors with various com-
positions and their corresponding CMS membranes together with the trade-
off lines are shown in Figures 5.4 and 5.5, respectively. It can be noted that
the separation performances of the developed membranes are very distin-
guished particularly for CO,/CH, and selectivities as high as 150-200 can be
obtained from PBI-Kapton-derived CMS membrane. As a result, CMS mem-
branes developed from the blends of high-performance polymers according
to the recommended procedures and having suitable blend composition can
be considered as potential breakthroughs for nitrogen and carbon dioxide
removal from natural gas.
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N,/CH, separation performance of PBI-Kapton blend precursors and the corresponding CMS
membranes with respect to trade-off line. (Reprinted from Sep. Purif. Technol., 122, Hosseini,
S.S., Omidkhah, M.R,, Moghaddam, A.Z., Pirouzfar, V., Krantz, W.B., and Tan, N.R., Enhancing
the properties and gas separation performance of PBI-polyimides blend carbon molecular
sieve membranes via optimization of the pyrolysis process, 278-289, Copyright 2014, Figures 2, 5,
6, with permission from Elsevier.)

In order to evaluate the performance of supported carbon membranes, the
transport mechanism of supported carbon membranes has been investigated
in the range 32°C-150°C and 1-2.5 bar.!** PI (Matrimid5218) material is coated
and pyrolyzed under N, atmosphere on TiO,—ZrO, macroporous tubes. The
supported carbon membrane has been evaluated to determine its perme-
ation for low-molecular-weight gases such as H,, CH,, CO, N,, and CO,. For
these gases, the permeance of the composite-supported carbon membranes
obtained after pyrolysis at 550°C increases with an inverse square root of
molecular weight. The temperature dependence of the permeance has been
described using an Arrhenius law with the negative activation energies for
hydrogen, carbon dioxide, and nitrogen providing evidence of a nonac-
tivated process. CMS membranes have been prepared by pyrolysis of Pls
containing carboxylic acid groups, in order to investigate their permeation
properties for He, CO,, O,, and N,.!¥” The PIs are synthesized with a varying
number of carboxylic acid groups in the diamine. Wide-angle X-ray diffrac-
tion and nitrogen gas sorption isotherms are employed to characterize the
carbon structures. From pure gas permeation experiments, it is found that
the removal of carboxylic acid groups during the pyrolysis results in a large
pore volume in the carbon matrix affecting the gas separation performance
of the final CMS membranes.

Studies on CMSMs have shown that adding inorganic nanofillers to
the carbon matrix improves the permeability and/or the selectivity.!3-148



178 Nanocomposite Membrane Technology

1000 T

|
|| & pBICc

| | % PBI-(75%)-Kapton (25%)

| | ® PBI-(25%)-Kapton (75%) 4

+ PBI-(75%)-Kapton (25%) protocol A

)
=S
2
i3]
2 = PBI-(75%)-Kapton (25%) protocol B \ X
3 L ;
—_— — PBI-(75%)—-Kapton (25%) protocol C N
< N
© 100 H N +
a~t | ® PBI-(50%)—Kapton (50%) protocol A
+ ]
T | | & PBI-(50%)-Kapton (50%) protocol B
O N
5\1 : X PBI-(50%)-Kapton (50%) protocol C N
N
O PBI-(25%)-Kapton (75%) protocol A [
+ PBI-(25%)-Kapton (75%) protocol B \\
- PBI-(25%)—Kapton (75%) protocol C X ™
‘ ‘ ‘ * *
10
0.001 0.1 1 10 100 1000
CO, permeability (barriers)
FIGURE 5.5

CO,/CH, separation performance of PBI-Kapton blend precursors and the corresponding CMS
membranes with respect to trade-off line. (Reprinted from Sep. Purif. Technol., 122, Hosseini,
S.S., Omidkhah, M.R., Moghaddam, A.Z., Pirouzfar, V., Krantz, W.B.,, and Tan, N.R.,, Enhancing
the properties and gas separation performance of PBI-polyimides blend carbon molecular
sieve membranes via optimization of the pyrolysis process, 278-289, Copyright 2014, Figures 2, 5,
and 6; Prog. Mater. Sci., 69, Gadipelli, S. and Guo, Z.X., Graphene-based materials: Synthesis
and gas sorption, storage and separation, 1-60, Copyright 2015; J. Membr. Sci., 62, Robeson,
L.M.,, Correlation of separation factor versus permeability for polymeric membranes, 165-185,
Copyright 1991, with permission from Elsevier.)

Permeability increases with the ionic radius of the metal for composite
carbon membranes prepared from Li*-, Na*-, and K*-substituted sulfonated
PI due to the increase in interplanar d-spacing in the membranes. Studies
have shown that by adding silica to polymer precursors, the resulting carbon
composite membrane gives better performance due to the faster diffusion
given by silica microporous domains. For CMSMs derived from PI contain-
ing Pd, the membranes exhibit higher H,/N, selectivity than nondoped ones
because the Pd particles act as an inhibitor to the permeation of N,.1** Adding
Nat*, Mg?, AI*+, Ag*, Cu?, Fe**, and Ca?* to the precursor results in c-CMSMs
with different gas permeation performances, depending on the feature and
valency of the metal cations.!®*!5! By dispersing silver (Ag) nanoparticles into
P84%2and SPEEK precursors, higher O,/N, selectivity is achieved due to the
selective diffusion pathways which occur along the silver nanoparticle sur-
face. Silver-doped carbon membranes exhibit higher CO,/CH, selectivities
due to the greater interconnection among the ultra-micropores formed by
the migration of silver and better permeabilities due to the more disordered
packing of the graphitic sheets of Ag—carbon membranes. There is need for
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more studies to be undertaken for establishing the cause for the improved
separation properties by carbon composite membranes.

5.6.2 Carbon Nanotubes

CNTs are composed of sp? bonds. The CNTs consisting of one single graph-
ite layer rolled up in to a hollow cylinder are called single-walled CNTs
(SWCNTs) and those consisting of up to several tens of graphitic shells are
known as multiwalled CNTs (MWCNTs).'5 CNTs, discovered in 1991, have
received great attention since the finding of rapid transport of gases in
CNTs, where gas transport is faster than in any other known materials as
a result of the inherent smoothness of CNTs.!>1% The high selectivity of
CNTs for hydrogen isotopes has been reported.!”” The adsorption proper-
ties of CNTs for CO,, CH,, and N, suggest that CNTs are more selective for
CO,.1%8-10 CNTs have been used to prepare MMMs with different polymer
matrix. It is reported that the interfacial contact of polyimidesiloxane-CNT-
based MMMs is enhanced by siloxane segment, and the gas permeabilities
increase in proportion to the content of CNTs.1®» MWNTs are found relatively
more effective than SWNTs in enhancing gas permeabilities of brominated
poly(2,6-diphenyl-1,4-phenylene oxide) CNT-based MMMs.!? Studies on
the water/ethanol pervaporation separation properties of polyvinyl alcohol
(PVA)/CNTs are also reported.'> CNTs tend to form entangled agglomer-
ates due to the presence of van der Waals force; thus, the homogeneous dis-
persion of CNTs in polymer matrix is a major challenge.!641% It is possible
to obtain homogeneous and fine dispersion of CNTs in polymer matrix by
introducing functional groups to CNTs.1% Surfactant has also been used to
facilitate the dispersion of CNTs in a polymer matrix.!67-16

A CNT-reinforced polyvinyl amine/PVA blend nanocomposite membrane
with facilitated transport fixed-site carriers for CO,/CH, separation has
been developed”® with the focus on improving membrane separation
performance at elevated pressures and the scaling up of the membrane for
potential industrial applications. With the addition of a small amount of
CNTs (1.0 wt.%), the membrane shows an enhanced water-swelling capac-
ity as well as good durability against the compaction effect in operations at
elevated pressures. The CO, permeance of the CNT-reinforced nanocompos-
ite membranes improves significantly compared to the membrane without
CNTs, whereas the CO,/CH, selectivity remains the same.

PDMS composites synthesized with different amount of MWCNTs as
membranes give better selectivity for the separation of H, from CH, gas spe-
cies. Membranes with MWCNT concentrations of 1% increase the selectivity
of H, gas by 94.8%.17! It is noted that the permeation of CH, is almost totally
blocked through membranes with MWCNT concentrations greater than 5%.
With the incorporation of MWCNTs, a decrease in the number of available
Si—CH; and Si—O bonds as well as an increase in the formation of Si—C
bonds occur, which initiates the reduction in CH, permeation.
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A series of MWCNTs/poly(bisphenol A-co-4-nitrophthalic anhydride-
co-1,3-phenylenediamine) nanocomposite membrane with a nominal MWCNT
content between 1 and 15 wt.% have been prepared by solution-casting method,
in which the very fine MWCNTs are embedded into glassy polymer mem-
branes!'”? giving increased permeability and enhanced selectivity as well as
useful ability to filter gases and organic vapors at the molecular level.

Novel nanocomposite membranes containing SWCNTs inside a PSF matrix
have been prepared and characterized.”? The CNTs are functionalized with
long-chain alkyl amines to facilitate dispersion in the polymer. Both perme-
ability and diffusivity of the membranes increase with increasing weight
fraction of CNTs. Experimental sorption isotherms of H,, O,, CH,, and CO,
are consistent with isotherms predicted by atomistic simulations.

A comprehensive method for the fabrication and characterization of nano-
composite membranes containing vertically aligned SWCNTs has been dem-
onstrated'” by preparing hydrodynamic self-assembly of CNTs, followed
by encapsulation of the oriented CNTs in an in situ polymerized polyacrylic
matrix. The top surface of the polymer film is removed by plasma etching to
expose the CNT tips, leading to fast gas transport rates.

Composite membranes with different contents of MWCNTs dispersed in
polystyrene can be prepared by electrocasting,'’”® in which an alternating
electric field of 2000 V/cm is vertically exerted on the thin layer of pre-
membrane solution until the solvent is evaporated completely. The elec-
trocasting results in vertical alignment as well as uniform dispersion of
MWCNTs in the membranes. The electrocast composite membranes exhibit
higher oxygen and nitrogen permeability; however, the permeability of the
oxygen is higher than that of the nitrogen, resulting in improved selectivi-
ties of the membrane.

Performance test of neat PI and PI/beta-cyclodextrin-functionalized
MWCNT (bCfMWCNT) MMMs prepared!”® by immersion precipitation
method, shows that permeation and CO,/CH, selectivity is considerably
higher in case of PI/bCfMWCNTs MMMs as compared to neat P membrane.

5.6.3 Graphene

Graphene is a two-dimensional (2D) sp*bonded carbon sheet, arranged in
a hexagonal honeycomb lattice.”7-1® It is basically a single layer of graph-
ite, which is made up of stacked layers of graphene. The layers in graphite
interact weakly through van der Waals forces. Several large-scale process-
ing methods have been involved for different graphene-based materials
through either graphitic top-down or molecular carbon precursor bottom-up
approaches (Figure 5.6).18! Flexibility in modification and functionalization
of the graphene surface has opened up many possibilities for the develop-
ment of tailored functional materials. Graphene is mostly obtained from
graphite precursors through oxidation—exfoliation-reduction, that is, in the
form of graphene oxide (GO). Generally, the oxidation and reduction create
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many sites on the graphene, which offers clear advantage in gas sorption,
storage, and separation and further functionalization.

Pristine and porous 2D graphene membranes with and without function-
alization have been investigated for gas purification.’®> The pristine graphene
is impermeable to He and H,.!3-1% Protons can readily pass through a per-
fect graphene sheet with a low tunneling barrier compared to a substantially
higher barrier for H,. First-principles density functional theory (DFT) cal-
culations estimate that the H,/CH, diffusion selectivities are on the order
of 10® and 10? for the N- and all H-functionalized pores, respectively.!® The
pores are created by the removal of two neighboring benzene rings on a
single-layer graphene. A CO,/N, selectivity of around 300 with a free energy
barrier for permeation of 24.7 and 9.6 kJ/mol for CO, and N,, respectively, is
reported for the same porous graphene using classical molecular dynamics
simulations.’” A controllable selectivity and permeable separation of H,/N,
is demonstrated in a series of porous graphene membranes with different
pore sizes and shapes created by removing 11-16 carbons.1® First-principles
DFT and MD simulations on 0.135 nm pore membrane show a high selec-
tivity for H, over other gases with the energy barrier of 0.12, 0.26, 0.25, and
0.82 eV for H,, N,, CO, and CH,, respectively.’¥ High permeable selectivity
for H, relative to CH,, CO, and CO, in a B- or N-doped (pore rim of polyphen-
ylene) porous graphene (PG, one hexagon missing) has been demonstrated.!”

Electronic properties and separation capabilities of line defect-containing
graphene (LD-G) as well as LD-G with missing octagons passivated by
hydrogen (H-LD-G) have been explored by first principles.””! The selectivity
of the two porous graphene-based membranes for different gas species (He,
H,, N,, O,, CO, CO,, and CH,) has been calculated. Water solubility-driven
separation of CO, from CO,/0O,, CO,/N,, and CO,/CH, mixtures using a
porous graphene membrane has been investigated.””? By introducing a water
slab between a gas mixture and the graphene membrane, it has been shown
that the gas mixture can be separated based on the water solubility of the gas
molecule. By considering various gas mixtures, it is shown that the separation
ratio follows the water solubility ratio of the gas molecules in the mixture.

5.6.4 Zeolites

Zeolite molecular sieves are excellent materials with significantly higher
diffusivity and selectivity than polymeric materials. The accurate size and
shape discrimination resulting from the narrow pore size distribution
ensures superior selectivity. Nevertheless, zeolite membranes have expen-
sive cost and difficulties in forming continuous and defect-free membranes
of practical meaning.!**% The performance of MMM suffers from defects
caused by poor contact at the molecular sieve/polymer interface. Several
methods have been proposed to improve the polymer—zeolite interaction,
and hence to avoid nonselective voids. Polymer chain flexibility is main-
tained during membrane preparation either by annealing the membranes
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above glass transition temperature of polymer'*”-2° or by adding a plasticizer
into the membrane formulation. Alternatively, the external surface of zeo-
lites is modified by silane coupling agents or surface-initiated polymeriza-
tion with preformed particles to promote the adhesion between zeolite and
glassy polymer.204202 Also, the low-molecular-weight additives (LMWAs) are
employed to prepare glassy polymer/LMWA blend membranes.?%-20

Diffusion rates of different sized molecules in zeolite pores can differ by
orders of magnitude, especially when one molecule is approximately the
same size as or larger than the pores. If a mixture contains some molecules
that fit into zeolite pores and other molecules that cannot, the membrane
separates the mixture by molecular sieving. The structure properties of the
some commonly applied zeolites are summarized in Table 5.1.

Material selection for both matrix and sieve phases is a key aspect in the
development of MMMSs 207208 When designing a mixed matrix system for
separating a certain gas pair, the molecular sieving phase must provide
precise size and shape discrimination ability to distinguish the molecules.
Moreover, zeolites with three-dimensional (3D) networks are generally pre-
ferred for gas separation because they offer less restricted diffusion paths.
Matrix polymer selection fixes minimum membrane performance in the
absence of defects. Although rubbery polymers conform more readily to
zeolites than glassy polymers, they typically exhibit high permeabilities and
low selectivities, and therefore push the overall performance of MMMs con-
siderably below the upper bound trade-off curve. As a result, the attractive

TABLE 5.1

Properties of Major Zeolite Types

Zeolite Structural Type Structural Dimension Pore Size (A)

4A LTA 3D 3.8

5A LTA 3D 43

ITQ-29 LTA 3D 4

13X Faujasite 3D 7.4

NaY Faujasite 3D 74

ZSM-2 Faujasite 3D 7.4

L LTL 2D 7.1

Beta BEA 3D (5.5 % 5.5) and (6.4 X 7.6)
Silicate-1 MFI 2D (5.1 x5.5) and (5.3 x 5.6)
ZSM-5 MFI 2D (5.1 x5.5) and (5.3 x 5.6)
S57-13 CHA 3D 3.8

SAPO-34 CHA 3D 3.8

Source: Reprinted from |. Ind. Eng. Chem., 19, Bastani, D., Esmaeili, N., and Asadollahi, M.,
Polymeric mixed matrix membranes containing zeolites as a filler for gas separation appli-
cations: A review, 375-393, Copyright 2013, Tables 2 and 3, with permission from Elsevier.

Notes: LTA, Linde type A; LTL, Linde type L; MFI, ZSM-5 (five); BEA, Beta polymorphs; CHA,

Chabazite.
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polymer matrix materials are generally glassy with relatively lower perme-
ability and much higher selectivities. Indeed, addition of zeolites or another
highly selective media would only improve the already industrially accept-
able properties, if defects can be eliminated.

Flat dense MMM s have been actively pursued in industry and academia
for gas separation; however, they have thick dense selective layer and much
lower gas permeation flux.2? To further expand the application of the prom-
ising MMMs, a more effective membrane structure, the asymmetric hollow-
fiber membranes, needs to be explored. Mixed matrix hollow fibers appear
promising for gas and hydrocarbon separations. Compared with flat mem-
branes, hollow fiber is more favored due to the following advantages: (1) a
larger membrane area per volume and (2) good flexibility and easy han-
dling in the module fabrication.?!>-213 There are challenges in the synthesis
of hollow-fiber membranes. The important issues in hollow-fiber MMMs are
(1) how to make mixed matrix layer thickness as thin as possible, (2) how to
reduce defects in the selective skin, and (3) how to really take advantage of
the high-selective nature of zeolite molecular sieves. In Table 5.2, different
kinds of zeolite—polymer MMMs are given.

5.6.5 Metal Organic Framework

MOFs, a class of porous hybrid inorganic—organic materials, are made by 3D
or 2D porous networks of transition metal complexes with proper organic
ligands.?>217 They are used as inorganic fillers due to their high porosity
and improved interaction between particles and polymeric matrices owing
to the organic linkers in MOF particles.?182? Zeolitic imidazolate frameworks
(ZIFs) are a subclass of MOFs that exhibit exceptional thermal and chemi-
cal stability.2%2?! Due to their high stability, ZIFs are attractive for various
separation applications, particularly for CO,/CH, and C;H,/C;H; separa-
tion.??2225 Studies have been carried out for the room-temperature ionic
liquid/ZIF-8 MMMs for natural gas sweetening, indicating that the incor-
poration of 25.8 wt.% ZIF-8 tripled the CO, permeability.??¢ Incorporation
of Cu,BTC, particles into P84 for ethylene/ethane separation?7228 gives the
increase in separation factor by 73% with a 20 wt.% loading of Cu;BTC,. An
increase of 250% in permeability and 150% in selectivity has been observed
for propylene/propane separation by incorporation of 48% ZIF-8 into the
6FDA-diaminomesitylene polymer. So far, only a limited variety of MOFs
and ZIFs have been studied as MMMs for gas separation such as MOF-
5,229 ZIF-720 ZIF-8,21-233 ZIF-90,2342% CusBTC,,%* MIL-53, and FeBTC. ZIF-71
[Zn(4,5-dichloroimidazole),] has been recently used as an inorganic filler
in fabrication of membranes for pervarporation.?”2% ZIF-71 has a rhombic
structure with zinc(Il) as the metal center and 4,5-dichloroimidazole as the
organic linker. It possesses a rhombic crystal structure with an aperture size
of 4.2 A and a pore cavity of 16.5 A. The aperture size of ZIF-71 lies between
the kinetic diameters of propylene and propane, 4.0 and 4.3 A, respectively,%
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which has a desirable molecular sieving effect. Thus, the resultant MMM
may also be effective for propylene/propane separation. Studies have been
attempted to investigate the potential of utilizing ZIF-71%*! nanoparticles as
inorganic fillers in preparing MMMs for gas separation. The incorporation
of ZIF-71 into 6FDA-Durene is expected to produce MMMs with improved
gas permeability and possibly C;H,/C;Hg selectivity. The 6FDA-Durene is
selected as the polymer matrix due to its high intrinsic gas separation per-
formance, in particular, for its high gas permeability and reasonable CO,/
CH, and C;H,/C;Hg selectivity. This is the first study to synthesize ZIF-71
nanoparticles with sizes less than 100 nm and employ them as inorganic fill-
ers to fabricate MMM s for gas separation.

5.6.6 Polyhedral Oligomeric Silsesquioxane

Polyhedral oligomeric silsesquioxane (POSS) is an organic/inorganic hybrid
material with a cage structure that comprises 6-12 silicon atoms together with
oxygen atoms. Different kinds of functional or nonfunctional organic groups
are attached to the corner silicon molecules. Depending on the objective and
application, the corner organic groups can vary from one to another. The
silica core of the POSS is inert and rigid, whereas the organic groups at the
vertices provide the excellent compatibility with the polymeric matrix and
promote the membrane processability. POSS molecules can be incorporated
into the polymer matrix by copolymerization??2% or physical blending,42>
thus improving the properties of materials in thermal and mechanical stabil-
ity as well as its rheological and viscoelastic behavior.?#>-27

Hybrid POSS Octa Amic Acid-Matrimid nanocomposite membranes have
been successfully made.?*® The excellent dispersion of POSS with carboxylic
functional groups, provides a high-density ionic binding platform for the
introduction of Zn?**, which is the engine of the facilitated transport to specific
gases. The best gas separation performance is observed for the hybrid POSS-
Matrimid-Zn** nanocomposite membrane (20 wt.% POSS-Matrimid-0.3M
ZnCl,), in which, the selectivity of CO,/CH, and O,/N, increases by 70%
and 30%, respectively, compared with untreated nanocomposite membrane
(20 wt.% POSS-Matrimid). Nanocomposite membranes are prepared* by
incorporation of commercial polyethylene glycol (PEG)-functionalized POSS
in two grades of poly-ether-block-amide: PEBAX MH 1657 and PEBAX 2533.
CO, permeability increases twofold after incorporation of 30 wt.% PEG-POSS
in PEBAX MH 1657. Simultaneous enhancement in permeability and selectiv-
ity is observed up to 30 wt.% loading of PEG-POSS in PEBAX 2533 at 30°C.
The effect of temperature upon CO, permeability and CO, selectivity over N,,
0O,, CH,, and H, has been evaluated between 30°C and 70°C. Substantial influ-
ence upon the thermal transition of the polyether domain of both polymers
has been observed due to incorporation of PEG-POSS. Influence of tempera-
ture upon properties of tailor-made PEBAX MH 1657 nanocomposite mem-
branes for postcombustion CO, capture has been investigated.?® Synthesis
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of methoxy PEG-functionalized POSS nanoparticles by epoxy ring-opening
reaction in three different solvents has been carried out.*' Although ideal
selectivity characteristics for the matrix polymer are not significantly affected
by the presence of fillers, the single gas permeability is remarkably increased
in both cases.

5.6.7 Layered Silicates

Advances in MMMs have shown growing interest in utilizing layered struc-
ture inorganic fillers such as Nu-6(2), zeolite,*>?** AMH-3,25+2% JDF-L1,%7-2%
and layered aluminophosphate.?®926! These types of fillers offer marked
changes in membrane characteristics and the separation performance by the
incorporation of a small amount of loading (10 wt.%) due to their very high
aspect ratio.

Clay mineral is a natural form of layered silicate, abundantly available, thus
economically attractive compared to synthetic or laboratory-synthesized
layered silicates. Such mineral is composed of extremely thin flakes approxi-
mately 1 nm in thickness and can range from 30 to 1000 nm in lateral dimen-
sions and hence possess very high aspect ratio.2®> Upon dispersion in organic
solvents, the clay tactoids break into smaller units, whereas the inter-gallery
space swells, which later facilitates the intercalation by polymer chain.
Further intercalation by polymer chain results in exfoliation of the silicate
layers to their individual thin fragments.

Several attempts are directed to investigate the potential of different types
of clay fillers on the membrane gas separation behavior. Such attempts
involve the incorporation of montmorillonite,?3-2¢ sepiolite,**® halloysite,?*
and laponite?®® in different polymer membrane hosts. There are four impor-
tant parameters? associated with the clay addition on the permeability of a
nanocomposite: the volume fraction of the nano-platelets, their aspect ratio,
their dispersion structure, and their orientation in the matrix relative to the
diffusion direction. The effect of the above-mentioned parameters on poly-
meric membrane selectivity needs detailed studies.

5.7 Nonporous Material Fillers
5.7.1 Metal Oxide Nanoparticles

Metal oxide nanoparticles such as MgO and TiO, are emerging materials
due to their potential applications for membrane-based separation. The pri-
mary particles with diameter in nanoscale and high specific area of these
metal oxides allow improvement in particle distribution and prevent non-
selective void formation in nanoparticles/polymer matrix interface. These
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nanoparticles are not inherently fused together and have potential to be
dispersed individually or in nanoscale aggregates. The incorporation of
metal oxides causes the alteration of gas transport behavior in such MMM,
which is the result of chain packing disruption and nanoscale agglomeration
of nanoparticle in polymer matrix.

Nanocomposite materials based on TiO, and PI derived from 1,4-bis(34-
dicarboxyphenoxy) benzene dianhydride and 2’,2’-dimethyl-4,4"-methylene
dianiline prepared?? by blending of TiO, sol and PI solution show that the
high TiO, content in TiO,/PI nanocomposite membranes results in the great
enhancement of gas separation performance of the TiO,/PI nanocomposite
materials compared to PI. The permeability of H, and O, in TiO,/PI nanocom-
posite membrane with TiO, content of 25 wt.% has been observed as 14.1 and
0.718 barrier, respectively, which is 3.7 times and 4.3 times higher than that of
pure Pl membrane. The effect of TiO, nanoparticle addition on MMMs based
on Matrimid 5218 prepared by using solution-casting method has demon-
strated that the inclusion of TiO, increases the gas permeability of MMMs
due to chain packing disruption, void formation at polymer-nanoparticle
interface as well as within nanoparticle aggregates.?”* For example, in MMMs
containing 15 vol.% TiO,, the permeability of N,, CH,, and CO, increases up
to 2.76, 3.3, and 1.86 times higher than that of pure Matrimid, respectively. It
is noted that the use of TiO, nanoparticles improves membrane performance
in CO,/CH, separation and presents a trade-off line with similar slope com-
pared to Robeson upper insertion bound. Organic-inorganic nanocompos-
ite membranes prepared from polyvinyl acetate (PVAc) and TiO, using the
solution-casting method and compared with pure PVAc membranes?? show
that the crystallinity of PVAc is decreased by the incorporation of TiO,. The
addition of TiO, nanoparticles to PVAc improved the thermal stability of the
resulting membranes through an increase in the glass transition tempera-
ture (T). It is found that the addition of TiO, up to 10 wt.% improves both the
permeability and the selectivity of the nanocomposite membranes. The per-
meability of O,, CO,, and H, is increased by 95%, 79%, and 62%, respectively.
Selectivity of the gas pairs O,/N,, H,/N,, and CO,/N, is also increased by
38%, 26.5%, and 14%, respectively. Cardo PI/TiO, MMMs prepared®” by
blending of TiO, sol and the PI solution show that MMM s containing 24 wt.%
of TiO, sol are nanocomposite membranes with strong interactions between
inorganic TiO, phase and organic PI phase. Compared with PI membrane,
the addition of TiO, greatly improves the gas separation properties of cardo
PI membranes and MMMs. The gas permeation (Py,) and ideal separation
factor (0o,/np) Of the cardo PI/TiO, MMMs prepared in this work are beyond
Robeson’s trade-off upper bound and appear promising for gas separation
application. MMMs composed of sulfonated polyether ether ketone (SPEEK)
and amine-functionalized titania submicrospheres have been prepared.?
Grafting PEI with abundant amine groups onto the titania fillers remarkably
increases the content of facilitated transport sites in the membranes, leading
to an increment in both gas permeability and selectivity. High humidity also
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contributes to the facilitated transport of CO, by the generation of HCO;~.
Mechanical and thermal stabilities of the membranes are also enhanced
compared to pure SPEEK membrane.

Studies have been conducted to investigate the influence of TiO, particle
surface chemistry on the gas transport properties of the MMM based on
both glassy?® and rubbery polymer.?”* The MMM s are found to be defect free
atlow TiO, particle loading in the polymer matrix in which the nanoparticles
are dispersed individually and in nanoscale aggregates. Whereas when high
loading of TiO, is filled into the polymer, some nanoparticles form micron-
sized aggregates, indicating the presence of transmembrane defects at such
high filler concentration. Besides demonstrating great influence on the dis-
persion properties, the loading of TiO, is also found to manipulate the gas
transport properties of the MMMs.

Several studies related to MgO embedded in MMM s have been reported.?”-%"8
Nanocomposite membranes prepared by incorporating nanoscale magne-
sium oxide particles with different loadings into the Matrimid matrix lead to
an increase in gas permeability of membranes. The highest permeability is
observed for the membranes containing 40 wt.% MgO loading. However,
the selectivity of nanocomposite membranes is less than that of the neat
Matrimid. These changes can be mainly ascribed to the effect of pore dimen-
sions of MgO nanoparticles, which are larger than the size range of gas
molecules. Also nanocomposite membranes with 20 wt.% MgO have been
modified by silver treatment for stipulated periods of time. It is found
that the major driving force for penetration of silver ions is offered by
MgO nanoparticles and polymer played the role of a carrier. The modified
membranes exhibit enhanced gas separation performance for selected gas
pairs compared to the neat Matrimid membrane. The best performance is
observed for nanocomposite membranes (with 20 wt.% MgO) after a 10-day
silver treatment in which the CO,/CH, and H,/N, selectivity increased by
50% and 35%, respectively. In principle, the presence of affinity and interac-
tion between MgO surface and some gas species, for example, CO,, has also
prompted the enhancement in the transport of the molecules. For instance, it
has been reported that CO, permeability increases from 52 barrier in the neat
polybutadiene to 650 barrier in MMM containing 27 vol.% (nominal) MgO.
It is ascribed to the surface properties of MgO nanoparticles showing high
affinity of physiosorption toward acidic CO, molecules hence adsorbed large
concentration of CO, even at low pressure and consequently enhanced the
gas permeability.?”

5.7.2 Silica

Silica is a conventional class of inorganic fillers that have received significant
attention throughout the development of MMM. Silica nanoparticles that
can be further categorized into nonporous silica and ordered mesoporous
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silica. These fillers are in general introduced in the polymeric matrix to form
a heterogenous membrane through sol-gel reaction to develop nanoscale
particles of the inorganic oxide in a polymer matrix. In this reaction, the
silica precursors are hydrolyzed and condensed into the dispersed nanopar-
ticles in the polymer matrix. Because the dispersion is at the molecular or
nanoscale level, the interactions between the silica and the organic part can
be tailored in order to manipulate the morphological structure at the inter-
face of the two phases.?80.281

Ordered mesoporous silica with a variety of particle sizes, shapes, and
pore diameters is used for the development of new generation of MMM.
Mesoporous molecular sieves possess pores large enough (2-50 nm) to read-
ily allow the penetration of polymer chains, resulting in better wetting and
dispersion of particles.?8> Ordered mesoporous silica materials have proper-
ties such as high mechanic and thermal stability, facility of chemical function-
alization, and high specific surface areas (>500 m?/g).28* The most common
ordered mesoporous silica fillers are MCM-41, MCM-48, and SBA-15.284-288 In
spite of the good adhesion to the polymer matrix, ordered mesoporous mate-
rials would offer some limitations concerning gas separation performance
due to the gas transport through the inorganic mesoporous membranes,
which normally follows the Knudsen diffusion model where the permeance
is inversely proportional to the square root of the molecular weight of the
penetrants. Also, the pores of mesoporous materials are too large to achieve
size selectivity. Therefore, the pores need to be chemically modified to facili-
tate selective adsorption.

The addition of nonporous nanosized silica is of great potential to affect
polymer chain packing in glassy and high free-volume polymers. Due to the
nonpermeability of the nonporous silica particles, the addition of this filler
into the polymer matrix does not directly contribute to the change of transport
property, but it alters the molecular packing of the polymer chains, resulting
in an improvement of the permeation as well as the selectivity.?® The nature
of the interface morphology, corresponding to changes in the free volume con-
centration, free volume cage size as well as the total frictional free volume of
the MMM, is strongly influenced by the type of silica, that is, methyl phenyl
or silanol groups that may interact with the polymer matrix.*° In addition, the
silica particle loading also significantly affects the permeability of the gases
because high loading of the nanoparticles and increased aggregate size may
also give rise to the nonlinear expansion of the free volume.?! Studies have
shown that the weak interaction between the silica particle and the polymer
matrix may induce void formation during film fabrication, which has a signifi-
cant effect on the physical properties as well as the gas transport performance
of the hybrid membrane 22

Enhancement in gas permeability as much as 20 times increase in
CO,/N, and CO,/CH, gas selectivity in MMM prepared by incorporat-
ing high loading of silica nanoparticles within ethylene-vinyl acetate?
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and PBI*” by sol-gel method has been noted. The performance evaluation
of MMM prepared by incorporating fumed silica into cross-linked PVA-
polysiloxane?”® reveals that the addition of silica particles has resulted in
significant enhancement in the separation performance in which the silica
content is the most influential parameter for giving simultaneously high
CO, permeability and CO,/H, selectivity, which can be attributed to the
decrease of H, transport within the MMM as the packing density of nonpo-
rous silica increased.

Studies on gas permeation properties of polyurethane-silica nanocom-
posite membranes®® with silica content of 2.5, 5, 10, and 20 wt.% for pure
CO,, CH,, N,, and O, gases, respectively, indicate reduction in permeability
of all gases, but enhancement in CO,/N,, CO,/CH,, and O,/N, selectivity
by increasing the content of nonpermeable silica nanoparticles in polyure-
thane-silica membranes. In the case of polyurethane-silica (20 wt.%) nano-
composite membrane, the obtained CO,/N, selectivity is 1.65 times of pure
polyurethane, whereas the CO, permeability reduction of polyurethane—silica
membranes is 35.6% in comparison with pure polyurethane. MMMs have
been developed by incorporating inorganic silica nanoparticles into blends
of PSF/PI asymmetric membranes®® for gas separation using phase inver-
sion technique. Permeation results show that CO, permeance increases with
the introduction of 5.2 wt.% silica contents (73.7 + 0.2 GPU) in PSF/PI-20%
blend, and it increases with the increase in silica contents. With 15.2 wt.%
silica content, the highest permselectivity of 0Oo,/cpy (i€, 61.0 = 0.3 to
60.2 + 0.4) is observed for the treated membrane at 2-10 bar. Nanocomposite
membranes of PDMS with different amounts of fumed silica have been syn-
thesized over a porous support of PAN.% Thermal analysis indicates that
increasing the silica content enhances the thermal stability of membranes.
The permeation results show that the nanocomposite membrane containing
11 wt.% of fumed silica exhibits 38% increase in the permeability of n-butane
and simultaneously 30% increase in the selectivity of n-butane over methane.
Fumed nano-5iO, particles have been modified with a silane coupling agent
(3-aminopropyl)triethoxysilane and subsequently incorporated into the
P84 polymer matrix to form nanocomposite membranes.®> The composite
membranes based on the modified SiO, show better bonding morphology at
the polymer/particle interfaces, higher stress modulus and tensile strength,
and significantly higher glass transition temperature compared with those
of the composite membranes based on the pristine SiO, particles. The per-
meability of gases (such as CO,, O,, N,, and He) increases with increasing
volume fraction of the inorganic filler. The composite membranes with less
than 0.14 vol.% of the modified SiO, have comparable selectivity as that of
the pure P84 membrane and significantly higher tensile modulus and stress
than the latter. Polyurethane and polyurethane-silica nanocomposite mem-
branes have been prepared by solution blending and casting—evaporation
methods.*® The results show reduction in gas permeability but enhancement
in CO,/N,, CO,/CH,, and O,/N, ideal selectivity.
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5.8 Permeation Models for MMMs

MMM permeation models can be classified into two models: one that is used
to predict the permeation of an MMM comprising permeable particles and
polymer matrix and the other that is applicable for an MMM comprising
impermeable particles and polymer matrix.

5.8.1 Porous Particles

Permeation models for MMMs with porous particles are used to predict the
effective permeability of a gaseous penetrant in an MMM as a function of
continuous phase (polymer matrix) permeability, dispersed phase (porous
particles) permeability and volume fraction of dispersed phase. Bouma et al.
used the Maxwell-Wagner-Sillar model to calculate the effective permeabil-
ity of an MMM with a dilute dispersion of ellipsoids34-3%:

B[ nP+(1-n) P~ (1-n)py(P.—Py)]

- 5.2
" [nR+(1-n)P+ng,(P.~Py) | 2

where:
P\, is the effective permeability of a gaseous penetrant in an MMM
P_ is the continuous phase permeability
P, is the dispersed phase permeability
@4 is the volume fraction of the dispersed phase
n is the shape factor of the particle

In the above equation, n = 1/3 corresponds to the dilute suspension of
spherical particles and leads to the following equation known as Maxwell’s
equation:
P[Py +2P. - 204(P. - Py) ]
M =
[Pd +2P, + @y(P. - Pd)]

(5.3)

Maxwell’s model predicts the MMM permeability. The model is applicable
to a dilute suspension of spheres and is applicable for low loadings, when
the volume fraction of filler particles is less than about 20%. Maxwell’s model
has limitations in predicting the permeability of MMMs at the maximum
packing volume fraction of filler particles. The model does not account for
particle size distribution, particle shape, and aggregation of particles. To cal-
culate the permeability of an MMM with a high filler volume fraction, the
Bruggeman model3” can be used. Although the Bruggeman model is appli-
cable for high loadings, it has limitations with respect to the other issues
as highlighted for the Maxwell model. The Lewis—Nielsen®%3% and Pal
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models®? in such case can be used to calculate the effective permeability of
MMMs with vmaximum packing volume fraction of filler particles and may
include the effects of morphology on permeability.

All models presented above are applicable to predict the MMM behav-
ior when there are no interfacial defects between two phases. Interfacial
defects affect the membrane separation performance and should be taken
into account in permeability models. In a modified two-phase Maxwell
model,3!! the polymer matrix dispersed phase and interphase has been taken
as an idealized two-phase system with the matrix polymer being one phase
and the combined particle and interphase constituting the other. A similar
three-phase model can be applied to describe the MMMs with poor organic—-
inorganic contact.’'? The two-phase modified Maxwell model to predict the
permeability of the pseudo-dispersed phase is as follows:

- P[P +2P - 29,(R - B)]
P [Pd +2D + ¢, (P - Pd):l

(.4)

where:

P, is the effective permeability of the pseudo-dispersed phase (i.e., dispersed
particles and rigidified layer or dispersed particles and voids or dis-
persed particles and pore blockage)

P, is the permeability of the particles

Py is the permeability of the interface (rigidified layer or voids or particle
pore blockage)

@, is the volume fraction of the filler dispersed phase within the pseudo-
dispersed phase3!1312

5.8.2 Impermeable Particles

Several models have been developed to predict the permeability of nano-
composite membranes with nonporous impermeable fillers. The Maxwell
model for composite membranes containing nonporous impermeable fillers
dispersed into the polymer matrix can be written as follows31331:

_ Pc(l - (pd)
YT (1+059,) (5:5)

where:
P, is the permeability of the composite
P, is the permeability of the polymer matrix (continuous phase)
(4 is the volume fraction of impermeable fillers (dispersed phase)

Based on the Maxwell equation, the permeability of composite mem-
branes should decrease with increasing particle volume fraction, but
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several researchers observed an increase in gas permeability upon adding
impermeable particles to polymer matrix.35317 This phenomenon can be
attributed to the fact that in the Maxwell model, the interactions between the
nanofillers and the polymer chains, and the nanofillers and the penetrants
have been neglected.

If nanofillers disrupt the polymer-chain packing and increase the free
volume between the polymer chains, penetrant gas diffusion and gas per-
meability of the resulting mixed matrix nanocomposite membrane increase
based on the following Cohen and Turnbull equation3:

DM:Aexp[_;Y/V ] (.6)

f

where:
A is a constant depending on the temperature
Yis an overlap parameter for avoiding double-counting of the free volume
elements
V" is the minimum free volume element size nearly equal to the penetrant size
V; is the accessible average free volume in the media for transport of the
penetrants

According to this equation, an increase in the free volume of the polymer
continuous phase (V;) causes an increase in the penetrant diffusivity and
results in an enhancement in the permeability.
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Nanocomposite Membranes in
Biomedical Applications

6.1 Introduction

Research on biosystems has generated dynamic interdisciplinary research
and application domains. The domain includes better understanding and
treatment of living systems, revolutionary biotechnology processes, synthesis
of new drugs and their targeted delivery, regenerative medicine, neuromor-
phic engineering, and biocompatible materials for sustainable environment.

It is anticipated that nanotechnology has potential to drive innovation and
play a critical role in biomedical applications, particularly in drug delivery.
Advances in nanotechnology that enable drugs to preserve their efficacy
while being delivered to precise therapeutic targets are creating a host of
opportunities for drug developers. In addition, by combining nanotechnol-
ogy-based target-specific drug therapy with methods for early diagnosis of
pathologies, it is getting closer for creating the ultimate functional drug car-
rier. A variety of nanostructures are being investigated as functional drug
carriers for treating a wide range of therapies, most notably cardiovascular
defects, autoimmune diseases, and cancer. Although the concept of nanopar-
ticles in drug delivery is not new, the number of research programs and
active drug development projects in this field has escalated as funding for
nanotechnology has increased. The result is the emergence of a host of novel
nanotechnologies tailored to meet the physicochemical and therapeutic
requirements of drug developers. With all this potential for advanced drug
delivery and targeted therapy, with reduced side effects, nanotechnology-
based drug delivery systems hold the promise of significantly improving the
quality of life through nanomedicine.

Nanobiomedicine applies nanoscale principles and techniques for under-
standing and transforming inert materials and biosystems (nonliving or
living) for medical purposes such as drug synthesis, brain understanding,
body part replacement, visualization, and tools for medical interventions.
Integration of nanotechnology with biomedicine and biology as well as with
information technology and cognitive science will be accelerated with time.
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Nano-biosystem technology is one of the challenging and fastest growing
fields. It is essential for better understanding of living systems and for devel-
oping new tools for medicine and solutions for health care (such as synthesis
of new drugs and their targeted delivery, regenerative medicine, and neuro-
morphic engineering). One of the important challenges is to understand the
processes inside cells and neural systems. Nano-biosystems provide models
for man-made nanosystems. Efforts are directed for better biocompatible
materials and nano-biomaterials for industrial applications.

Though the nanostructured materials and nanocomposites provide the
mankind with innumerable opportunities in the area of biomedical applica-
tions, the application of nanocomposite membranes is limited, which essen-
tially has got a key role to play in the drug delivery system.

6.2 Potential Areas

Bioimaging technique has played a vital role in improving human health
by using imaging technique to advance diagnosis, treatment, and preven-
tion of diseases. The development of a wide range of imaging techniques
such as magnetic resonance imaging (MRI), positron emission tomography
(PET), ultrasound, and optical imaging are nowadays important tools for the
early detection of disease, understanding the basic molecular aspects of liv-
ing organisms, and evaluation of medical treatment. In recent years, after
the development of several core/shell nanostructured materials, bioimaging
techniques have been developed a lot.

Use of nanoparticles in bioimaging is a recent biomedical advancement.? It
has been shown that nanoparticle-based systems are commonly used for
the dual purpose of drug delivery and bioimaging.** Some of them could
be collaterally used for biosensing® and gene delivery.® Biomedical applica-
tions based on material property of nanoparticles such as magnetic’” and
silica® and polymeric® nanoparticles have been reported.

Nanotechnology-based biosensors have a promising future. A biosen-
sor is an analytical device for the analysis or sensing of biological samples
by converting a biological response into an electrical signal. It is essen-
tially a biocompatible diagnostic device able to respond to a signal gener-
ated because of biochemical reaction (e.g., enzyme-substrate reactions) or
bimolecular interactions (antigen—antibody, receptor-ligand, nucleic acid-
protein, nucleic acid—nucleic acid, metal-macromolecule), convert the signal
into an electronic mode such that it can be quantified and discretized, and
generate amplified, comprehendible, and feasible output. A biosensor has a
highly specific and stable biocatalyst, capable of analyzing on the basis of
a reaction independent of physical parameters such as agitation, pH, and
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temperature, giving an accurate, precise, reproducible, and linear response
over the required range without dilution or concentration.

Due to different breakthroughs in the field of medical science and engi-
neering, drugs have become more and more customized and efficient to spe-
cifically address the target problem in a more localized fashion. Most of the
drugs till date have been dependent on the circulatory system of the body
to be channeled into their site of action, with the penalty of heavy dilution
rate, reduced efficacy, and consequent increased side effects. These draw-
backs sometimes surpass the benevolence of the drug itself. Research is
now focused on more sophisticated modes of drug delivery, which can be
designed to channel itself and confined to its site of action with a high level of
specificity, evading the immune system till its purpose is served. In targeted
drug delivery, the medicinal target is concentrated on specific tissues, while
reducing their relative concentration on others. Conventional targeted drug
delivery can be categorized as (1) active and (2) passive targeting. In active tar-
geting, antibodies are used which, being inherently specific, need no external
targeting facility. The more important and difficult technology is the second
approach of passive or enhanced permeability and retention (EPR)-dependent
drug targeting which does involve immunoglobulins. Targeting mechanisms
are diverse but mainly based on biomarkers and their ligand—receptor inter-
action with corresponding tags present on the drug carriers. Macrosystems
of delivery become complex and nonspecific, due to the difficulty of combin-
ing so many types of materials (drug, adjuvant, carrier, targeting, and other
molecules) and therefore have low efficacy. Also drug-carrying capacity and
payload delivery remain low and slightly erratic.

Gene is essentially the functional component of the DNA and incorpo-
ration of a DNA sequence into another both in vitro and in vivo is a com-
mon technique of genetic engineering. The oldest technique of gene transfer
from one living cell to another was by using viral vector, plasmids, and other
inherently infectious cells or their components—a process termed as trans-
duction. Over the years, nonviral gene transfer methods in prokaryotic cells
were developed which are known as transformation. Therefore, basically gene
delivery can occur via two vectors: viral and nonviral. The nonviral vectors
have added advantages over the viral vectors, by being easier in produc-
tion and storage, and inducing less cytotoxic responses. Such safer nonvi-
ral methods when modified and implemented on the more complicated and
advanced eukaryotes with the potential of application in medical treatment
of a wide variety of diseases form the basis of gene transfection. Typically gene
transfection is done through chemical methods (using polyethylene glycol
[PEG]), electroporation, liposomes, or coprecipitation (with Ca phosphate)
techniques. Nanoparticle-based systems as the carriers of DNA into the cell
are the recent tools developed in this field.

The interaction mechanism of nanoparticles with human cells is a subject
of research interest, as it holds the key for future developments in the field of
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biodiagnostic and therapeutics, among other fields. The range of nanoparti-
cles between 50 and 200 nm appears very effective for uptake in cells and has
opened up new avenues of applications. Gold nanoparticles are commonly
used for the detection of DNA. Spectroscopic and electrophoretic techniques
have been applied to evaluate the interaction of Au with calf thymus DNA.

Tissue engineering involves the use of cells, engineering materials, and
suitable biochemical factors to improve or replace biological functions.
Although the tissue engineering covers a broad range of applications, in
practice the term has come to represent applications that repair or replace
structural tissues (bone, cartilage, blood vessels, bladder, etc.). These are tis-
sues that function by virtue of their mechanical properties. A closely related
field known as cell transplantation is concerned with the transplantation of
cells that perform a specific biochemical function (e.g., an artificial pancreas
or an artificial liver). Tissue engineering deals with problems by using living
cells as engineering materials. These could be artificial skin that includes
living fibroblasts, cartilage repaired with living chondrocytes, or other types
of cells used in other ways.

6.3 Core—Shell Nanoparticles and Polymeric
Nanohybrid Devices

The field of biomedical engineering has been substantially influenced by the
advent of nanoparticles. The major advantages of nanoparticles over larger
sized particles are their high surface-to-volume ratio and hence higher sur-
face energy, unique optical, electronic, and excellent magnetic properties.
The high surface area also allows them to be modified adequately so as to
improve their pharmacokinetic properties and increase vascular circula-
tion lifetime, along with improving bioavailability, especially for biomedical
applications. The most important property that has attracted the attention
of researchers worldwide is their ability to have better surface modifica-
tions, which help in targeted drug delivery as well as can solve the dual
purpose of monitoring of drug release as well. In general, the size-dependent
properties of nanoparticles (mainly optical, electronic, and magnetic) have
been observed to be very much useful for biomedical applications. Other
added features of nanoparticles include enhanced target specificity and
permeability across semipermeable biomembranes. These properties make
nanoparticles an attractive drug delivery vehicle along with the possibility
of monitoring drug release.

Core—shell nanoparticles have a core made of a material coated with
another material on top of it. In biological applications, core—shell nanoparti-
cles have major advantages over simple nanoparticles leading to the improve-
ment of properties such as less cytotoxicity, increase in dispersibility, bio- and
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cytocompatibility, better conjugation with other bioactive molecules, and
increased thermal and chemical stability. The coating of a benign material
on top of the core makes the nanoparticles much less toxic and biocompat-
ible. The shell layer acts as a nontoxic layer. At times, it also improves the core
material property. Hydrophilicity of nanoparticles is important to disperse
them in aqueous biological systems. The increase in biodispersivity and bio-
and cytocompatibility makes it a useful alternative to the conventional drug
delivery vehicle. In many cases, the material of interest may be difficult to
conjugate with a particular type of biomolecules; in that case, coating of a
suitable biocompatible material helps to solve this problem. However, coating
of an inert material generally enhances the stability of core particles. A sche-
matic presentation'® of a core—shell nanoparticle for multipurpose biomedical
applications is shown in Figure 6.1. Optionally functionalized and devised
nanoparticles can be achieved for individualized diagnosis and treatments.
Core-shell nanogels are composed of a metal core and a hydrophilic shell such
as PEG and poly(N-isopropylacrylamide-co-acrylic acid). Hybrid nanogel has
been made by coating the Ag—Au bimetallic nanoparticle core with a thermore-
sponsive nonlinear PEG-based hydrogel as shell, which was then loaded with
anticancer drug temozolomide and used for drug delivery as well as fluorescence
imaging of mouse melanoma cells (B16F10 cell line).!! Core—shell-structured
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FIGURE 6.1

Scheme of a multifunctional nanoparticle for molecular imaging, drug delivery, and drug
therapy. (Reprinted from Adv. Colloid Interface Sci., 209, Chatterjee, K., Sarkar, S., Rao, K.J., and
Paria, S., Core/shell nanoparticles in biomedical applications, 8-39, Copyright 2014, Figure 1
and Table 2, with permission from Elsevier.)
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FIGURE 6.2
Schematic illustration of multifunctional core/shell hybrid nanogels.

hybrid nanogels (40-80 nm) composed of a Ag nanoparticle as a core and a
smart gel of poly(N-isopropylacrylamide-co-acrylic acid) as a shell have been
developed,'? which can overcome cellular barriers to enter the intracellular
region and light up the mouse melanoma cells, including the nuclear regions.
The pH-responsive hybrid nanogels offer a high drug loading capacity as well
as a pH-controllable drug release behavior (Figure 6.2).

The emergence of nanohybrid materials has an edge over chemotherapy
and radiation therapy as cancer therapeutics. This is primarily because
nanohybrid materials offer engineered particles with specific size, shape,
and other essential properties. It is anticipated that these materials will sig-
nificantly contribute to the next generation of medical care technology and
pharmaceuticals in areas of disease diagnosis, disease prevention, and other
treatment procedures. The benefits of a nanoscale drug delivery system are
(1) a targeted delivery, allowing for an increased drug concentration at the
desired site, reducing systemic exposure to a potentially toxic compound;
(2) a constant rate of drug delivery to allow for the maintenance of a constant
therapeutic dose at the site of delivery; and (3) an increase in drug stability
due to protection from degradation and loss of drug.!>!4

The tumor microenvironment comprises fast-growing, hyperproliferative
cancer cells having a high metabolic rate and demand for the new vessels
(neovascularization) in order to supply them with oxygen and nutrients.’> The
pathophysiologic condition of a tumor is its utilization of the glycolysis path-
way to obtain additional energy, resulting in the generation of an acidic envi-
ronment.’® Tumor cells release enzymes such as matrix metalloproteinases,
which lead to an imbalance of angiogenic regulators dilating the tumor ves-
sels, resulting in large gap junctions, ranging from 200 to 2000 nm in size,
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between endothelial cells.!® Moreover, the higher interstitial pressure generated
by a compromised lymphatic drainage and a lower intravascular pressure limit
the movement of macromolecules/particulate materials out of the tumor blood
vessels into the extravascular compartment.”” This enhanced vascular perme-
ability and the lack of adequate lymphatic drainage at tumor sites facilitate pas-
sive targeting using polymeric nanovectors. The phenomenon is termed the
enhanced permeability and retention effect.!®° The schematic of tumor target-
ing by nanohybrids via EPR is shown in Figure 6.3.2! This effect is also attrib-
uted to the molecular weight, surface charge, and nature of the polymer. The
conjugation of drugs to polymers avoids the random bioavailability of the low-
molecular-weight drugs and enables target specificity. However, the molecular
weight of the nano-vectors also plays an equally important role in the deliv-
ery, as nano-vectors of a molecular weight of less than 50 kDa or of a size less
than 6 nm are rapidly cleared by the kidney following systemic administra-
tion.?>% However, the size is crucial for nonbiodegradable polymers, in order to
be eliminated by the renal system, following the drug delivery.

Polymeric nanohybrid materials comprise a core material, a therapeutic pay-
load, and a biological surface modification that helps in the biodistribution and
selective cell targeting moieties. The schematic of multifunctional polymeric
nanohybrid devices for targeted drug delivery is shown in Figure 6.4. The nano-
hybrid materials/nanovectors in conjunction with drugs are mostly delivered
intravenously, as they bear the key characteristics of their ability to be tailored

Normal tissue

Tumor tissue

Therapeutic nanohybrids . W K3

Disorganized and leaky
endothelial junctions

Tight endothelial junctions

FIGURE 6.3

Schematic of tumor targeting by nanohybrids via an EPR effect. (Reprinted from Adv. Drug
Deliv. Rev., 63, Prakash, S., Malhotra, M., Shao, W., Tomaro-Duchesneau, C., and Abbasi, S.,
Polymeric nanohybrids and functionalized carbon nanotubes as drug delivery carriers for
cancer therapy, 1340-1351, Copyright 2011, Figures 1 and 2, with permission from Elsevier.)
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FIGURE 6.4
Schematic of multifunctional polymeric nanohybrid devices for targeted drug delivery.

to bypass the biological /physiological and immunological barriers of the body.
The use of nanovector drug delivery vehicles has gained importance in biomed-
ical applications, as they enable the encapsulation and the successful delivery
of drugs with poor aqueous solubility profiles such as paclitaxel, an antitumor
agent.2 Another advantage of utilizing polymeric nanovectors is the poten-
tial for noninvasive targeting to the tumor. Nanohybrid materials exhibit multi-
functional features that facilitate imaging, targeting, and drug delivery.?*° The
overview of biomedical applications of core/shell nanoparticles, including the
polymeric nanohybrids, is given in Table 6.1.

TABLE 6.1

Classification of Core/Shell Nanoparticles Based on Different Core Materials and
Their Applications

Core/Shell (Metal or Surface Modification/
Metal Alloy as Core) Ligands Application References

Fe/CNP Polyacrylic acid (PAA), MRI 31,32
polyvinylpyrrolidone
(PVP), poly(2-
acetoxyethyl
methacrylate),
poly-N-
hydroxyethylacrylamide
Fe/v-Fe,0, Dopamine, PEG-600, MRI 33
dextran

(Continued)
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TABLE 6.1 (Continued)
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Classification of Core/Shell Nanoparticles Based on Different Core Materials and

Their Applications
Core/Shell (Metal or Surface Modification/
Metal Alloy as Core) Ligands Application References
Au/polyaniline Enzyme HRP Amperometric 34
sensor
Au/polypropyleneimine Myoglobin Amperometric 35
sensor
Ag/Au-polypyrrole Dopamine receptors Amperometric 36
sensor
Au/Pd [P(C¢)sC ][ TE,N] Amperometric 37
sensor
Au/citrate Homocysteine, Amperometric 38
glutathione sensor
Au/CoFe PNA oligomers Optical sensors 39
Au/ Cofactors Optical sensors 40
polyallylamine-
chlorophyllide
Fe/Au Assorted ligands and Drug delivery 41
bioconjugation
molecules
Fe/N-isopolyacrylamide Assorted ligands and Drug delivery, MRI 42
bioconjugation
molecules
Au/PEG-amino acid Radioactive iodine and Drug targeting 43
other targeting
molecules
Au/Os Enzyme glucose oxidase =~ Amperometric 44
and cofactors sensor
Ag/titanium Chromophores and Optical sensors 45
enzymes
Au/oleic Stabilizer molecules and 46
acid/N- target receptors
isoproprylacrylamide
Au-ssDNA Assorted ligands 47
FeCo/graphite MR, optical 48
imaging
Co(Fe)/Au Possible attachment of MRI, medical 49
organic molecules with  labeling
thiol-terminations
FePt/ZnO Piezoelectric sensor 50
Au/Ag + silica/polymer Monoclonal antibodies Immunosensor chip 51

dual conjugate

onto Au/Ag NPs
ligated to polymer
surface using
trimethoxysilane

(Continued)
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TABLE 6.1 (Continued)
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Classification of Core/Shell Nanoparticles Based on Different Core Materials and

Their Applications
Core/Shell (Metal or Surface Modification/
Metal Alloy as Core) Ligands Application References
Fe,0,/Si0O, Fluorescein MRI 52
isothiocyanate (FTIC)
dye, chelated Gd(III)
Fe,O,/poly(allylamine MRI 53
hydrochloride)/Au
Fe,O,/CS or oleic acid- MRI, optical 54
entrapped curcumin imaging, drug
delivery vehicle
v-Fe,O;/polymers (PEG; Potential application 55
d-glucuronic acid, PEI, in MRI
PEG-PEI)
v-Fe,O;/poly(2- MRI, X-ray 56
methacryloyloxyethyl
(2,3,5-triiodobenzoate)
v-Fe,0,/5i0, PEG, amino acid, FTIC MRI, biolabeling 57
SiO,/Au Dye-functionalized Optical imaging, 58
monomer drug delivery
1-pyrenebutyl acrylate
and a trimethoxysilane-
carrying one,
(3-acryloxypropyl)-
trimethoxysilane,
antibody conjugation
SiO,/NaYF, Optical imaging 59
Fe,0,/CaCO;/PMMA Assorted ligands and Drug delivery 60
bioconjugation
molecules
MnO PEG, d-glucuronic acid, Potential application 61
lactobionic acid in MRI
Fe oxide or Fe;O,/Au DNA ligase enzyme/ Piezometric sensor, 62
desthiobiotin piezometric and
optical sensors
SiO,/polyaniline Enzyme HRP Amperometric 63
sensor
Fe,0,/Si0O, Assorted biomarkers Amperometric 64
sensor
CoFe,O,/Au Biomarkers and Amperometric 65
enzymes sensor
Fe,0,/CS Hemoglobin for H,0, Amperometric 66
detection sensor
Fe,O,/silica/Au Enzymes/nucleotides Optoelectric 67
sensors

(Continued)
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TABLE 6.1 (Continued)

Classification of Core/Shell Nanoparticles Based on Different Core Materials and

Their Applications
Core/Shell (Metal or Surface Modification/
Metal Alloy as Core) Ligands Application References
MnO/ssDNA Biomarkers and assorted MRI imaging, drug 68
molecules delivery, tumor
sensor
CdSe/CdS/SiO, Biolabeling 69
GaP/GaPO, Piezoelectric 70
sensor
B-NaGdF;Yb%/Tm3* PVP octylamine-PAA MRI, optical 71
imaging,
biolabeling
o-NaGdF;Yb*:Er¥+/ MRI 72
NaGdF,
NaYF,/NaGdF, MRI 73
NaGdF,:Tm?+/Er?+/Yb%* Azelaic acid MR, optical 74
imaging
KGdF,:Yb3* Er*,Ho*, Tm3 Optical-magnetic 75
dual modal
nanoprobes
Gd,O;/p-glucuronic acid p-Glucuronic acid MRI 76
GdF,/citrate Citrate, 2-aminoethyl MRI 77
GdF;/LaF; phosphate
Gd,0, PEG, p-glucuronic acid, =~ MRI 78
and lactobionic acid
Gd,0,/MnO Lactobionic acid MRI 78
Gd,(OH);NO;nH,q PEG MRI 79
Gd,0,/Si0, Poly(2- 80
methacryloyloxyethyl
phosphorylcholine),
poly(lactic-co-glycolic
acid) (PLGA)
NaYF,/Si-DTTA MRI 81
(3-aminopropyl
(trimethoxysilyl)
diethylenetriamine
tetraacetic acid)-loaded
Gd(IT)
Gd/SiO,, Gd-DTPA/SiO, Multilayered silica, PEI, ~ MRI, biolabeling 82
3-hydroxypicolinate
Fe,O, embedded in MRI, ultrasound 83
poly(p,L-lactide) /polyvinyl
alcohol
Cyanine dye/SiO, Optical imaging 84
TRITC dye/SiO, Optical imaging 85

(Continued)
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Classification of Core/Shell Nanoparticles Based on Different Core Materials and

Their Applications
Core/Shell (Metal or Surface Modification/
Metal Alloy as Core) Ligands Application References
Rhodamine B or (6G) dye/ Optical imaging 86
SiO,
Cyb5 dye/SiO, PEG Optical imaging 87
Alexa Fluor 700 (or 750) Optical imaging 87
dye/SiO,
DY730 (or 780)/SiO, Optical imaging 87
Fluorescein isothiocyanate Cell labeling, 88
dye/SiO, Optical imaging
Coumarin 7 dye/SiO, Optical imaging 89
Chitosan/B-lactoglobulin Biomarkers Drug delivery 90
PEG/PCL MPEG Drug delivery 91
Cholesterol/CS MPEG Drug delivery 92
PLGA/PEG Folate and assorted Drug targeting 93
biomarkers and
stabilizers
Polystyrene/ Assorted biomarkers Drug targeting 94
polybutyl-2-cyanoacrylate and stabilizers
Polycaprolactone/ Lectin, biomarkers Drug delivery 95
dextran
Chitosan/cholesterol Folate and PEG Drug delivery 96
Ferrite impregnated Assorted biomarkers Drug delivery 97
acrylonitrile/acrylamide and stabilizers
PMMA /PEI Assorted biomarkers Drug delivery 98
and stabilizers
PLGF-PLAF/PLEOF Assorted biomarkers Drug delivery 99
and stabilizers
Polystyrene/ Thioflavin receptors Drug delivery 100
polybutyl-2-cyanoacrylate
PMMA /PEI Lactate, aspartate, and Drug delivery 101
biomarkers
N-Isopropylmethacrylamide/ Peptide recognition tag  Gene silencing and 102
N,N'- and EGFR drug targeting
methylenebisacrylamide
PEG/CS Gene insert and Gene transfection 102
associated targeting
molecules
PEG/polyglycerol Gene insert and Gene transfection 103
associated targeting
molecules
Hyperbranched Gene insert and Gene transfection 103
polyglycerol /PE associated targeting

molecules

(Continued)
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TABLE 6.1 (Continued)

Classification of Core/Shell Nanoparticles Based on Different Core Materials and
Their Applications

Core/Shell (Metal or Surface Modification/
Metal Alloy as Core) Ligands Application References
PEG/PBLG Gene insert and Gene transfection 104
associated targeting
molecules
l-Aspartate /PEI Gene insert and Gene transfection 105
associated targeting
molecules
PLGA /folate-coated Gene insert and Gene transfection 106
PEG-cholesterol associated targeting
molecules
DNA-PMMA /CS Gene insert and Gene transfection 107
associated targeting
molecules
Histidine and lysine Gene insert and Gene transfection 108
oligopeptide/DNA associated targeting
molecules
Oligopeptide/ DNA-PEG Gene insert and Gene transfection 109
associated targeting
molecules
Polylysine/PELGE Gene insert and Gene transfection 110
associated targeting
molecules
PAEA128-b-PS40/DNA Gene insert and Gene transfection 111
associated targeting
molecules
PGLA/DNA-functionalized  Folate and other Gene transfection 112
glycol/chitosan biomarkers
CS/polyacrylamide Gene insert and Gene transfection 113
associated targeting
molecules

Sources: Reprinted from Adv. Colloid Interface Sci., 209, Chatterjee, K., Sarkar, S., Rao, K.J., and
Paria, S., Core/shell nanoparticles in biomedical applications, 8-39, Copyright 2014,
Figure 1 and Table 2; Carbon, 49, Vashist, S.K., Zheng, D., Pastorin, G., AlIRubeaan, K.,
Luong, ].H.T., and Sheu, F.-S., Delivery of drugs and biomolecules using carbon
nanotubes, 40774097, Copyright 2011, Table 1; Prog. Polym. Sci., 38, Fernandes, E.M.,
Piresa, R.A., Manoa, ].F,, and Reis, R.L., Bionanocomposites from lignocellulosic
resources: Properties, applications and future trends for their use in the biomedical
field, 1415-1441, Copyright 2013, Table 5, with permission from Elsevier.

Notes: CNP, carbon nano-particles; HRP, horseradish peroxidase; PNA, peptide nucleic acid;
ssDNA, single stranded DNA; PMMA, polymethyl methacrylate; DTPA, diethylenetri-
amine pentaacetic acid; TRITC, tetramethylrhodamine isothiocyanate; Rhodamine 6G, a
highly fluorescent rhodamine family dye; PCL, poly(e-caprolactone); MPEG, modular poly-
ethylene glycol; PLGF-PLAF/PLEOF, poly(lactide-co-glycolide fumarate)-poly(lactide
fumarate) /poly(lactide-ethylene oxide fumarate); EGFR, epidermal growth factor receptor;
PE, phosphatidylethanolamine; PBLG, poly(y-benzyl L-glutamate); PELGE, monomethoxy
(poly ethylene glycol)-poly(lactide-co-glycolide)-monomethoxy (poly ethylene glycol).
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6.4 Chitin and Chitosan

Chitin (CT) is a well-known natural biopolymer, whereas chitosan (CS) is
a bio-based or artificial polymer. Both of the polymers are nontoxic, bio-
degradable, and biocompatible in nature. These biomaterials can be easily
processed into different forms such as membranes, sponges, gels, scaffolds,
microparticles, nanoparticles, and nanofibers for a variety of biomedical
applications such as drug delivery, gene therapy, tissue engineering, and
wound healing.

CT and CS are linear polysaccharides, comprising two monomeric units,
namely, N-acetyl-2-amino-2-deoxy-D-glucose (N-acetylated groups) and
2-amino-2-deoxy-D-glucose residues (N-deacetylated groups, amino groups).
CT samples contain low amount of 2-amino-2-deoxy-p-glucose, and hence, it
is less soluble in acidic solvents. CS samples contain lesser number of N-acetyl-
2-amino-2-deoxy-D-glucose, and hence, it is soluble in acidic solvents. The
structure of CT and CS is represented in Figure 6.5.

CT and CS have versatile applications in tissue engineering"*1? and
wound healing 27126 They are used as excipients for drug delivery'*3! and
gene delivery.®213 They offer the advantage of being easily processed into
gels,!3* membranes,'*>1% nanofibers,'¥ nanofibrils,*® beads,®® microparti-
cles,'*® nanoparticles,'*14? scaffolds,*>-*> and spongelike forms,'*¢ as shown
in Figure 6.6.14
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Structure of (a) CT and (b) CS.
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FIGURE 6.6

Schematic representation on the possibilities of processing CT and CS into different forms.
(Reprinted from Prog. Polym. Sci., 39, Anitha, A., Sowmyaa, S., Sudheesh Kumara, P.T., Deepthia,
S.,Chennazhia, K.P,, Ehrlichb, H., Tsurkanc, M., and Jayakumar, R., Chitin and chitosan in selected
biomedical applications, 1644-1667, Copyright 2014, Figure 3, with permission from Elsevier.)

6.5 Bio-Nanocomposites from Lignocellulosic Resources

Bio-nanocomposites are usually defined as a combination of two or more
materials or phases in which one of the phases has at least one dimension in
the nanometer range (1-100 nm). Matrices may be biodegradable polymers
(e.g., chemically modified cellulose systems), ideally derived from renew-
able resources (e.g., plants). In terms of reinforcements, they might include
plant fibers and by-products from lignocellulosic renewable resources or syn-
thetic inorganic materials, as well as natural or modified clays. Plant-based
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nanocellulose and bacterial cellulose (BC)“® are included in this definition.
The interest in lignocellulosic polymers, in particular the cellulose-based ones,
is due to their reinforcement capacity and biodegradability. Moreover, cellu-
lose-based materials have proven to present an excellent biocompatibility.! 15

Biomaterials from lignocellulosic sources have potential to play animportant
role in human health. Methodologies are available to control the physical and
chemical structure targeting their applications such as scaffolds and wound
healing systems, as well as tissue engineering'®'152; and lignocellulosic-based
hydrogels, including biodegradation of some cellulose derivatives.'-5> The
selection of biomaterials is important in most of the tissue engineering strate-
gies. Their primary function is to act as a support for the colonization by cells
in the intervened area, promoting the formation of new tissue. Hence, bioma-
terial should have adequate mechanical, thermal, morphological, chemical,
and biological characteristics.’¢-1% Depending on the target tissue, the bioma-
terial and support structure should possess certain biological requirements.
In the case of the bone, the important biological requirements are bioactivity;
osteoproduction, osteoconduction, and osteoinduction; angiogenic potential;
and capacity to minimize the foreign body response 15160

The sources of lignocellulosic materials can be plant based or bacterial based.
Wood is a natural composite material with a hierarchical architecture where
biopolymers such as cellulose, hemicellulose, and lignin form a highly porous
anisotropic cellular microstructure, which exhibits a unique combination of
high strength, stiffness, toughness, and low density.'¢!1%2 Bone and wood present
similar hierarchical structure from the nanoscale to the macroscale. Collagen is
a fibrous structural protein which is found in all vertebrates. It is present in the
bone, cartilage, skin, tendons, and other tissues.!¢31% Collagen in combination with
hydroxylapatite offers mechanical support in the bone; similarly, cellulose has
the same function in wood. Lignocellulosic materials and bone present porous
networks in both biological materials; although different in size and connectivity,
they provide channels for nutrient transport and exchange.'®> Moreover, ligno-
cellulosic materials from plant fibers such as bamboo, sisal, and hemp, among
others, also present an anisotropic structure and they are the relevant source of
cellulose and hemicellulose derivatives in the biomedical field. BC sometimes
referred to as bacterial nanocellulose or microbial cellulose is a natural polymer
whose properties are similar to the hydrogels produced from synthetic polymers;
for example, it displays high water content (98%-99%) and good sorption of lig-
uids. It is nonallergenic and can be safely sterilized. BC is synthesized by the ace-
tic bacterium Acetobacter xylinum (or Gluconacetobacter xylinus), a gram-negative
strain of acetic acid-producing bacteria using a fermentation process.1®1¢’ It is a
nanomaterial, having several characteristics that make it valuable for biomedi-
cal applications such as a highly pure and crystalline structure, high mechanical
properties, ultrafine network, high hydrophilicity, and biocompatibility, and it
has the advantage of i situ mouldability.1%5-17!

BC and cellulosic nanofibers are widely used as biobased nano-rein-
forcements in several polymeric matrices due to their superior mechanical
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properties.'”>17 The high surface area-to-volume ratio of the nanofibers com-
bined with their microporous structure favors cell adhesion, proliferation,
migration, and differentiation, all of which are highly desirable properties for
tissue engineering applications.'”* Cellulose acetate (CA) has been used as an
isolated component or as a part of composites or blends in the development
of TE supports. Blending CA with starch produces starch CA, a biocompatible
material that exhibits biodegradability and biocompatibility.'”> A series of dif-
ferent CA combinations have been attempted to produce TE scaffolds,”*-1%¢ bone
cements, 8518 and drug delivery vehicles.°! Inspired by the Nature and fol-
lowing a biomimetic approach, natural wood cellular structures have been
selected to serve as a 3D porous scaffold for bone TE by the researchers.!>-194

Composite hydrogels from lignocellulosic materials are a class of bio-
materials that have demonstrated great potential for biological and medi-
cal applications!>%7 These structures can absorb up to 1000 times their
dry weight!%81% They appear very promising for biomedical applications
because they are usually biocompatible. The aqueous environment of the
hydrogel can protect cells and fragile drugs (such as peptides). They provide
good transport of nutrients to cells and metabolic products from the cells.
They can be easily modified with cell adhesion ligands. They can be injected
in vivo as a liquid that gelifies at body temperature.

6.6 Polymer-Bioactive Glass Nanocomposites

Bioactive glasses of silicate composition, which were first developed by Hench
and coworkers in 1969,2° represent a group of surface reactive materials which
are able to bond to the bone in a physiological environment. Bioactive glasses
widely used in biomedical applications consist of a silicate network incor-
porating sodium, calcium, and phosphorus in different relative proportions.

Early applications of bioactive glasses were in the form of solid pieces for
small bone replacement, that is, in middle ear surgery. Later, other clinical
applications of bioactive glasses were proposed, for example, in periodon-
tology* and endodontology®**?%* or as a coating on metallic orthopedic
implants.??4205 More recently, great potential has been attributed to the appli-
cation of bioactive glasses in tissue engineering and regenerative medi-
cine.?%627 Bone tissue engineering is one of the possible most exciting future
clinical applications of bioactive glasses, for example, to fabricate optimal
scaffolds with osteogenic and angiogenic potential.?®2% Bijoactive glass/
biodegradable polymer composite materials have emerged recently as a
new family of bioactive materials with applications ranging from structural
implants to tissue engineering scaffolds. These composites exploit the flex-
ibility of polymers with the stiffness, strength, and bioactive character of
the bioactive glass fillers. So far, the work on this class of composites has
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been carried out using conventional (micron-sized) bioactive glass particles
as fillers (or coatings).?!® However, all the specific effects and advantages of
bioactive glasses mentioned above, including surface bioreactivity, can be
enhanced or modified and controlled to a greater extent, if nanoparticles (or
nanofibers) are available, compared to conventional micron-sized powders.

Fabrication techniques for bioactive glasses involve melting methods such
as microemulsion techniques,?!-2 gas-phase synthesis, 220 sol-gel tech-
niques, 2 and laser spinning techniques.?*2%” The typical feature com-
mon to all bioactive glasses, being melt or sol-gel derived, is the ability to
interact with living tissues forming strong bonds to the bone (and in some
cases soft) tissue, a property commonly termed bioreactivity or bioactivity.

The combination of biodegradable polymers and bioactive ceramics (and
glasses) results in a new group of composite materials for applications such
as temporary orthopedic implants, bone filler materials, or 3D biocompatible
scaffolds in the field of tissue engineering. The goal of these composite mate-
rials is to impart strength and bioactivity by using inorganic bioactive filler
while keeping the positive properties of the polymer intact such as flexibility
and capacity to deform under loads.?® Nanocomposite systems comprising
nanoscale bioactive glass (nanoparticles or nanofibres) and biodegradable
polymers can be the following;:

¢ Poly(3-hydroxybutyrate)/nanoparticle-based ~ bioactive  glass
composites???230

e Poly(L-lactic acid)/bioactive glass nanocomposites?3!-23
e Natural polymer/bioactive glass nanocomposites?-2%

* Bioactive nanocomposites containing bioactive glass nanofibers?32%

Nanoscale particulate and nanofiber bioactive glasses have shown advan-
tages over conventional (micron-sized) bioactive glasses due to their large
surface area and enhanced solubility as well as reactivity coupled with the
possibility to induce nanotopographic surface features in composite materi-
als. These nanomaterials have also inspired researchers to investigate new
applications of bioactive glasses in biomedical engineering. Their clinical
effectiveness, however, still needs to be tested and validated.

6.7 Gold Nanoparticles

Inertness, nontoxic nature toward cell, and biocompatibility of gold (Au) make
gold nanoparticle a promising material for biological and biomedical applica-
tions as well as a useful material in therapy and imaging.?*¥-2% In 1978, cisplatin
was approved by the Food and Drug Administration as an antitumor agent,
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which opens up a new gate to investigate and explore using gold nanoparticles
as an antitumor agent. It is found that the combination of Au(I) and Au(IlI)
complexes enhances the antitumor activity of the known antitumor com-
pound.®%%! Gold nanoparticles have the tendency to absorb and scatter visible
and near-infrared (NIR) light resonantly upon excitation of surface plasmon
oscillation. The sense of light scattering signal in gold nanoparticles is more
profound (highly intense) and comparatively much brighter than the chemi-
cal fluorophores. This property can be useful in imaging techniques, that is,
single-molecule imaging can be achieved.?22%3
The gold nanoparticles can be synthesized by the following:

e Physical methods such as microwave irradiation, sonochemical
method, ultraviolet radiation, laser ablation, thermolytic process,
and photochemical process?*2%

¢ Chemical methods employing citrate or sodium borohydride as a
reducing agent?¥-26!

* Biological methods suchas the use of fungus or bacteria as a source?6>2%3

Gold nanoparticles in different shapes such as nanospheres,**2% nano-
rods,?%02” nanoshells,?® and nanocages?*2” are used for biomedical applica-
tions. Surface modification or functionalized gold nanoparticles for biological
and biomedical applications include bioimaging, single-molecule tracking,
biosensing, drug delivery, transfection, and diagnostic. Through proper
functionalization, the particles can be engineered to accumulate preferen-
tially in tumor cells using targeting ligands, providing a tool for cancer diag-
nosis and gene therapy.?”!*2 In order to obtain high specificity and accuracy
to target tumor cells, nanoparticles can be conjugated with tumor-targeting
ligands such as peptides, small organic molecules, and antibodies that help
them specifically target the tumor tissues or cells, thus giving an early detec-
tion.?”>7> Versatile nature of gold nanoparticles has enabled to make use of
them for optical imaging of cells**’® and phantoms.?*?% Nanoshells have
been designed for diagnostic imaging and at higher light intensity using opti-
cal coherence tomography.?*! An enhancement of optical contrast in a mouse
colon tumor model has been reported when gold nanoshells are injected. Xiao
et al.?2 developed and characterized multifunctional gold nanorod using an
anticancer drug doxorubicin to target tumor cell and imaging by PET. Kim
et al.? prepared PEGylated gold nanoparticles (87 nm in diameter) in aque-
ous dissolvable microneedles for controlled drug delivery into hamster oral
tissue in vivo. Popovtzer et al.?® demonstrated the use of gold nanoprobes
that will selectively target tumor-selective antigens to detect head and neck
cancer, while inducing distinct contrast in computed tomography imaging.
Currently, radioactive isotopes have been widely used for medical treat-
ment such as cancer therapy with continually growing interest. Diagaradjane
et al.?® investigated the gold nanoshells for noninvasive modulation of in vivo
tumor radiation response. Use of gold (Au 198 colloid) has been reported for
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the treatment of pleural and peritoneal effusions due to neoplastic infiltra-
tion.28-288 Gold nanoparticles can be a promising candidate for antioxidant
action, as they inhibit the formation of reactive oxygen species, scavenging
free radicals, thus increasing the antioxidant defense enzymes of the body
and creating a sustained control over hyperglycemic conditions which may
prove to be beneficial in the treatment of diabetes.28-22

Nanotechnology plays a key role in the development of biosensors. Because
of their small size, nanosensors appear to be a promising tool for simple
and rapid analysis. Inorganic nanoparticles bound with biological moieties
(proteins and peptides) have been developed in order to detect and amplify
signals. Gold-based electrochemical immunosensors enhance the electro-
chemical signal transduction of the binding event between the antigen and
the antibody, which in turn provide better surface for immune reagent sta-
bility upon immobilization.?> A variety of small carcinogenic substances
such as Aflatoxin B,;?** Ochratoxin A, naphthalene,®° herbicides piclo-
ram,”” and hormones such as human chorionic gonadotrophin have been
detected by gold-based electrochemical immunosensors.

6.8 Graphene

Apart from other carbon allotropes (fullerenes, carbon nanotubes [CNTs],
and graphite), graphene exhibits unique chemical and physical proper-
ties. Because of its honeycomb lattice with two carbon atoms per unit cell,
the valence and conduction bands touch the Brillouin zone corners, giv-
ing rise to a linear dispersion of the energy spectrum.?® Single-layer gra-
phene is highly transparent toward visible light (2.3% absorption).? It has
high mechanical strength with a Young’s modulus of 1.1 TPa.3® High ther-
mal conductivity of about 5000 Wm K-! and large surface area (2630 m?/g)
have also been reported.*'*% Both sides of a graphene plane can be used as
a substrate for addition or adsorption of molecules and functional groups
in a controlled manner. Covalent and noncovalent surface modifications
can been performed to improve biocompatibility and colloidal stability.
Generally, covalent modifications include oxidation by Hummers’ method to
make graphene oxide (GO) or reduced GO (rGO), conjugation of hydrophilic
polymers, 1,3-dipolar cycloaddition, or amine coupling to carboxylic groups.
Most of noncovalent modifications are achieved using hydrophobic forces or
n—7 interactions on the pristine graphene surface or unmodified graphenic
compounds lying between functional groups on GO surfaces.?%

Graphenes have been proposed as a good material for attachment and
delivery of drugs, such as anticancer agents.?** Covalent attachment of
chitosan,*® folic acid,*” or PEG*® to GO thus produces a platform for the
delivery of anti-inflammatory and water-insoluble anticancer drugs such as
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doxorubicin (Dox).3310 The rGO can be successfully used to develop highly
efficient electrochemical and biological sensors due to their different func-
tionalities, which can be designed to be very sensitive to small changes in the
chemical or biological environment.3!1-313

Functionalization chemistry techniques have been developed to increase
solubility and biocompatibility of GO by preparing different sizes of
PEGylated GO sheets that are soluble in buffers and stable in serum without
agglomeration. The GO sheets are photoluminescent in the visible and infra-
red spectral regions. This photoluminescence of GO has been used for live
cell imaging in the NIR region. The use of nanographene has been explored
for in vivo tumor targeting.3* Pharmacokinetics and tumor targeting efficacy
have been quantitatively evaluated by noninvasive PET imaging.

Graphene and GO sheets can be used as biocompatible, transferable,
and implantable platforms for stem cell culture.3> Graphene is an excellent
biocompatible scaffold that does not hamper the proliferation of human
mesenchymal stem cells and accelerates their specific differentiation into
osteoblasts.?'® The differentiation rate is comparable to the one achieved with
common growth factors, demonstrating the potential of graphene for stem cell
research. Electrical properties of graphene allow various therapeutic applica-
tions such as neural stimulating electrodes for brain disease treatments.3”-

Photothermal therapy as a physical treatment approach to treat cancer has
emerged as an alternative of currently used cancer therapies. Hybrid materials
have also been successfully developed based on GO or graphene modified by
magnetic nanoparticles. This composition is employed for simultaneous cancer
therapy by loading an anticancer drug and MRIL320-%22 ] vivo study of GO tumor
uptake shows graphene as a potential candidate for photothermal therapy.®2332

Sufficient efforts should be directed for the synthesis and functionaliza-
tion of graphene with desirable physical and chemical properties. Novel
approaches with ease for mass production have to be developed for the sep-
aration of graphene layers and to prevent them from agglomeration during
the biomedical applications. It is important to develop technologically and
economically feasible approaches to functionalize graphene with desirable
electrical, chemical, physical, and biological properties, tuning the toxicity
(containing cyto- and genotoxicity) of graphene to bacteria or cells, improv-
ing the specific selectivity of graphene for biosensing and biomedical imag-
ing and other biomedical applications.

6.9 Carbon Nanotubes

CNTs possess unique and excellent structural, optical, and electrical proper-
ties for the development of advanced drug delivery systems. Their very large
surface area allows multi-conjugation of various molecules on the sidewalls.
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Molecules containing aromatic groups can be easily bound to CNTs nonco-
valently by strong p—p interactions. One-dimensional functionalized CNTs
could improve the binding to a single cell by interacting through multiple
binding sites due to their flexibility.3?® Intrinsic optical and electrical prop-
erties of CNTs are specifically utilized in imaging and therapeutic applica-
tions. Single-walled CNTs (SWCNTs) absorb light strongly in the NIR range
(800-1600 nm), which contains the tissue transparent region of electromag-
netic wavelengths (800-1400 nm). Therefore, they are extensively employed
in photothermal therapy®?¢-*2 and photoacoustic imaging.3?’ Optical proper-
ties of SWCNTs can also be used for Raman detection and imaging.33033!

Pristine CNTs are intrinsically hydrophobic and cannot disperse uniformly
in most solvents and biological media, that is, they cannot be employed directly
for drug or biomolecular delivery. Thus, functionalization must be devel-
oped for improving their biocompatibility and solubility, which allow further
modification of CNTs with drugs and biomolecules. These methods include
(1) noncovalent functionalization outside CNTs (e.g., on external walls), (2) defect
functionalization at the opened tips and sidewalls of CNTs, (3) covalent func-
tionalization (also outside CNTs on their sidewalls), and (4) encapsulation of
bioactive molecules or drugs inside CNTs. The most common method for non-
covalent modification is to absorb functional moieties containing aromatic
groups onto the external wall of CNTs through p—p interactions.332-3%

CNT serves as a potential candidate in designing drug delivery system for
anticancer drugs such as Dox,*-342 platinum-based anticancer drugs,?3-34
and antimicrobial and anti-inflammatory drugs.?4¢-3% In addition, it is a suit-
able pathway for delivery of biomolecules.?**-3% DNA can be attached to the
amino groups of functionalized multiwalled CNT (FMWCNT).3% The link-
age of DNA to -MWCNT is utilized for improving dispersibility of nano-
tubes in aqueous media as well as for efficient gene transfection without the
use of viral genes. Polyethylenimine (PEI) can be grafted onto MWCNT to
form (PEI-g-MWCNT) complex, which is used for the immobilization and
release of DNA.37

CNT membranes can be employed as the active element of a switchable
transdermal drug delivery device, which can facilitate more effective treat-
ments of drug abuse and addiction. These membranes are integrated with
a nicotine formulation to obtain switchable transdermal nicotine delivery
rates on human skin (in vitro). Nicotine is electrophoretically pumped at
low power (12 days battery life) across the CNT membrane at rates neces-
sary for nicotine replacement therapy. CNT membranes are fabricated using
a microtome-cutting method®” with high CNT loadings (5%-10%) of either
MWCNTs or double-walled CNTs for an increased pore area. To obtain
efficient electroosmosis pumping, MWCNT membranes were further func-
tionalized with negatively charged dye molecules that have four sulfonate
(=SO3) groups using a two-step process as shown in Figure 6.7¢.3%

High and low flux values of nicotine through CNT membrane are found as
1.1 and 0.19 umol/h cm?, respectively, for a 35 mg/ml nicotine donor solution
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(c)

FIGURE 6.7

Scanning electron micrographic images of microtome-cut CNT membrane: (a) cross-sectional
view, and (b) top view. (c) Schematic shows the molecular structure of the anionic dye cova-
lently functionalized on the surface of CNTs.

of 8 pH value. The ratio of nicotine flux is 5.5 for —300 and 0 mV. Donor solu-
tion is a 35 mg/ml concentration nicotine aqueous solution with a pH value
of 8. Switchable transdermal nicotine delivery has been carried out using a
modified Franz cell installed with three electrodes for applying bias as shown
in Figure 6.8. A diffusion in series model is created to simulate switchable
transdermal nicotine delivery using CNT membrane as the rate-limiting
component. In this model, nicotine has to pass three layers of diffusion bar-
rier before entering the saline receiver compartment (Figure 6.8).3% These
three layers consist of 5 um-thick CNT membrane, 140 um-thick 2% hydroxy-
ethylcellulose gel, and 200 pm-thick human skin. The active area of CNT
membrane is 0.07 cm?. The gel is mainly composed of water (98%). Hence, the
diffusion coefficient is near bulk water, thus, there is a minimal concentra-
tion gradient of nicotine within the gel.

The unique physical properties of CNT membranes allow highly efficient
electrophoretic pumping. It may be utilized to control the delivery rates of an
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FIGURE 6.8
(@) Flux of nicotine through CNT membrane with/without applying a -300 mV bias. (b)

Schematic for switchable transdermal drug delivery (skin/gel/CNT membrane). HEC,
hydroxyethylcellulose.

addictive drug for a programmable treatment device. The CNT membrane
acts as the rate-limiting component and observed flux values are consistent
with a simple diffusion in series model based on Fick’s law. Energy require-
ment and power usage in the CNT membranes are reduced considerably.
Due to the good electric properties, CNTs can provide the nanocompos-
ites with electrical transduction mechanisms, such as piezoresistivity and
capacitive detection.3®® A new approach for the fabrication of flexible pres-
sure sensors based on aligned CNTs (A-CNTs)*! has been developed with
inspiration from micro-electro-mechanical system (MEMS)-scale pressure
sensors,*®> which are devices of great interest for biomedical applications
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FIGURE 6.9

Fabrication steps for a flexible pressure sensor with A-CNTs/PDMS nanocomposites: (a) acrylic
molds fabricated by CNC milling, (b) A-CNT forest growth, (c) cross-sectional view of PDMS
filling, and (d) cross-sectional view of the three bonded thin membranes. (Reprinted from
Procedia Eng., 25, Sepilvedaa, AT, Fachinb, F.,, Guzman de Villoriab, R., Wardleb, B.L., Vianaa,
J.C., Pontesa, AJ., and Rochaa, L.A., Nanocomposite flexible pressure sensor for biomedical
applications, 140-143, Copyright 2011, Figure 1, with permission from Elsevier.)

due to the small size (usually planar areas below 4 mm?). A-CNTs embedded
in a flexible substrate of polydimethylsiloxane (PDMS) are used to fabricate
elements of the capacitive sensors. PDMS is a transparent, nontoxic, and bio-
compatible silicone elastomer. The technology process flow for fabricating
the flexible pressure sensor is given in Figure 6.9.

The technology is suitable for blood pressure sensors that can be attached
to a stent graft and deployed during an endovascular aneurysm repair pro-
cedure. The device is foldable (extremely flexible) and characterized by a
(very small) profile that integrates with the stent-graft cross section.

References

1. Gunasekera, U.A., Pankhurst, Q.A., and Douek, M. 2009. Imaging applications
of nanotechnology in cancer. Target. Oncol. 4: 169-181.

2. Sharma, P, Brown, S, Walter, G, Santra, S., and Moudgil, B. 2006. Nanoparticles
for bioimaging. Adv. Colloid Interface Sci. 123: 471-485.

3. Mader, H.S, Kele, P, Saleh, SM., and Wolfbeis, O.S. 2010. Upconverting luminescent
nanoparticles for use in bioconjugation and bioimaging. Curr. Opin. Chem. Biol. 14:
582-596.

4. Janib, SM., Moses, A.S., and MacKay, J.A. 2010. Imaging and drug delivery
using theranostic nanoparticles. Adv. Drug. Deliv. Rev. 62: 1052-1063.

5. Selvan, S.T., Tan, T.T'Y., Yi, D.K,, and Jana, N.R. 2009. Functional and multifunc-
tional nanoparticles for bioimaging and biosensing. Langmuir 26: 11631-11641.



242

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Nanocomposite Membrane Technology

. Liu, G., Swierczewska, M., Lee, S., and Chen, X. 2010. Functional nanoparticles

for molecular imaging guided gene delivery. Nano Today 5: 524-539.

. Hao, R, Xing, R., Xu, Z., Hou, Y., Gao, S., and Sun, S. 2010. Synthesis, function-

alization, and biomedical applications of multifunctional magnetic nanopar-
ticles. Adv. Mater. 22: 2729-2742.

. Knopp, D., Tang, D., and Niessner, R. 2009. Review: Bioanalytical applications

of biomolecule functionalized nanometer-sized doped silica particles. Anal.
Chim. Acta 647: 14-30.

. Haidar, Z.S. 2010. Bio-inspired/functional colloidal core-shell polymeric-based

nanosystems: Technology promise in tissue engineering, bioimaging and
nanomedicine. Polymers 2: 323-352.

Chatterjee, K., Sarkar, S., Rao, K.J., and Paria, S. 2014. Core/shell nanoparticles
in biomedical applications. Adv. Colloid Interface Sci. 209: 8-39.

Wu, W, Shen, ], Banerjee, P, and Zhou, S. 2010. Core—shell hybrid nanogels for
integration of optical temperature-sensing, targeted tumor cell imaging and
combined chemophotothermal treatment. Biomaterials 31: 7555-7566.

Wu, W,, Zhou, T,, Berliner, A., Banerjee, P, and Zhou, S. 2010. Smart core-shell
hybrid nanogels with Ag nanoparticle core for cancer cell imaging and gel shell
for pH-regulated drug delivery. Chem. Mater. 22: 1966-1976.

Malam, Y., Loizidou, M., and Seifalian, A.M. 2009. Liposomes and nanoparticles:
Nanosized vehicles for drug delivery in cancer. Trends Pharmacol. Sci. 30: 592-599.
Hoffman, A.S. 2008. The origins and evolution of “controlled” drug delivery
systems. J. Control. Release 132: 153-163.

Carmeliet, P. and Jain, R.K. 2000. Angiogenesis in cancer and other diseases.
Nature 407: 249-257.

Pelicano, H., Martin, D.S., Xu, R.H., and Huang, P. 2006. Glycolysis inhibition
for anticancer treatment. Oncogene 25: 4633-4646.

Jain, RK. 2001. Delivery of molecular medicine to solid tumors: Lessons from
in vivo imaging of gene expression and function. J. Control. Release 74: 7-25.
Maeda, H. 2001. SMANCS and polymer-conjugated macromolecular drugs:
Advantages in cancer chemotherapy. Adv. Drug Deliv. Rev. 46: 169-185.

Maeda, H. and Matsumura, Y. 1989. Tumoritropic and lymphotropic principles
of macromolecular drugs. Crit. Rev. Ther. Drug Carrier Syst. 6: 193-210.
Matsumura, Y. and Maeda, H. 1986. A new concept for macromolecular thera-
peutics in cancer chemotherapy: Mechanism of tumoritropic accumulation of
proteins and the anti-tumor agent. Cancer Res. 46: 6387-6392.

Prakash, S.,, Malhotra, M., Shao, W., Tomaro-Duchesneau, C., and Abbasi,
S. 2011. Polymeric nanohybrids and functionalized carbon nanotubes as drug
delivery carriers for cancer therapy. Adv. Drug Deliv. Rev. 63: 1340-1351.
Brenner, B.M., Hostetter, T.H., and Humes, H.D. 1978. Glomerular permselec-
tivity: Barrier function based on discrimination of molecular size and charge.
Am. ]. Physiol. 234: F455-F460.

Maack, T, Johnson, V., Kau, ST, Figueiredo, J., and Sigulem, D. 1979. Renal fil-
tration, transport, and metabolism of low-molecular-weight proteins: A review.
Kidney Int. 16: 251-270.

Mihara, K., Hojo, T., Fujikawa, M., Takakura, Y., Sezaki, H.,, and Hashida,
M. 1993. Disposition characteristics of protein drugs in the perfused rat kidney:.
Pharm. Res. 10: 823-827.



Nanocomposite Membranes in Biomedical Applications 243

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Mihara, K., Mori, M., Hojo, T, Takakura, Y., Sezaki, H., and Hashida, M. 1993.
Disposition characteristics of model macromolecules in the perfused rat kid-
ney. Biol. Pharm. Bull. 16: 158-162.

Torchilin, V.P. 2005. Lipid-core micelles for targeted drug delivery. Curr. Drug
Deliv. 2: 319-327.

Zeng, F, Liuy, ], and Allen, C. 2004. Synthesis and characterization of biode-
gradable poly (ethylene glycol)-block-poly(5-benzyloxy-trimethylene carbon-
ate) copolymers for drug delivery. Biomacromolecules 5: 1810-1817.

Roby, A., Erdogan, S., and Torchilin, V.P. 2006. Solubilization of poorly solu-
ble PDT agent, mesotetraphenylporphin, in plain or immunotargeted PEG-PE
micelles results in dramatically improved cancer cell killing in vitro. Eur.
J. Pharm. Biopharm. 62: 235-240.

Duncan, R. 2006. Polymer conjugates as anticancer nanomedicines. Nat. Rev.
Cancer 6: 688-701.

Maria, VJ. and Duncan, R. 2006. Polymer conjugates: Nanosized medicines for
treating cancer. Trends Biotechnol. 24: 39-47.

Mu, Q. Yang, L., Davis, ].C., Vankayala, R, Hwang, K.C., and Zhao, ]. 2010.
Biocompatibility of polymer grafted core/shell iron/carbon nanoparticles.
Biomaterials 31: 5083-5090.

Miguel, O.B., Gossuin, Y., Morales, M., Gillis, P,, Muller, R., and Veintemillas-
Verdaguer S. 2007. Comparative analysis of the IH NMR relaxation enhance-
ment produced by iron oxide and core-shell iron-iron oxide nanoparticles.
Magn. Reson. Imaging 25: 1437-1441.

Wu, W,, Zhou, T,, Berliner, A., Banerjee, P, and Zhou, S. 2010. Smart core-shell
hybrid nanogels with Ag nanoparticle core for cancer cell imaging and gel shell
for pH-regulated drug delivery. Chem. Mater. 22: 1966-1976.

Li, Z., Zhang, Y., Shuter, B.,, and Muhammad Idris, N. 2009. Hybrid lanthanide
nanoparticles with paramagnetic shell coated on upconversion fluorescent
nanocrystals. Langmuir 25: 12015-12018.

Zhang, H. and Hu, N. 2007. Assembly of myoglobin layer-by-layer films with
poly(propyleneimine) dendrimer-stabilized gold nanoparticles and its applica-
tion in electrochemical biosensing. Biosens. Bioelectron. 23: 393-399.

Feng, X., Huang, H., Ye, Q., Zhu, JJ., and Hou, W. 2007. Ag/polypyrrole core-
shell nanostructures: Interface polymerization, characterization, and modifica-
tion by gold nanoparticles. J. Phys. Chem. C 111: 8463-8468.

Chen, X, Pan, H,, Liu, H., and Du, M. 2010. Nonenzymatic glucose sensor based
on flower-shaped Au@Pd core—shell nanoparticles—ionic liquids composite
film modified glassy carbon electrodes. Electrochim. Acta 56: 636—643.
Stobiecka, M. and Hepel, M. 2010. Rapid functionalization of metal nanoparti-
cles by moderator-tunable ligand-exchange process for biosensor designs. Sens.
Actuators B Chem. 149: 373-380.

Pita, M., Abad, ] M., Vaz-Dominguez, C., Briones, C., Mateo-Marti, E., and
Martin-Gago, J.A. 2008. Synthesis of cobalt ferrite core/metallic shell nanopar-
ticles for the development of a specific PNA/DNA biosensor. |. Colloid Interface
Sci. 321: 484-492.

Hamer, M., Carballo, R., and Rezzano, I. 2010. Polyallylamine-chlorophyllide
derivatized gold and silver nanoparticles as optical probes for sensor applica-
tions. Sens. Actuators B Chem. 145: 250-253.



244

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Nanocomposite Membrane Technology

Jafari, T, Simchi, A., and Khakpash, N. 2010. Synthesis and cytotoxicity assess-
ment of superparamagnetic iron-gold core—shell nanoparticles coated with
polyglycerol. J. Colloid Interface Sci. 345: 64-71.

Nattama, S., Rahimi, M., Wadajkar, A.S., Koppolu, B., Hua, J., and Nwariaku,
F. 2007. Characterization of polymer coated magnetic nanoparticles for targeted
treatment of cancer. Engineering in Medicine and Biology Workshop, IEEE,
Dallas, TX, 35-38.

Kim, T,, Momin, E., Choi, J,, Yuan, K., Zaidi, H., and Kim, ]. 2011. Mesoporous
silica-coated hollow manganese oxide nanoparticles as positive T 1 contrast
agents for labeling and MRI tracking of adipose-derived mesenchymal stem
cells. J. Am. Chem. Soc. 133: 2955-2961.

Scodeller, P, Flexer, V., Szamocki, R., Calvo, E., Tognalli, N., and Troiani,
H. 2008. Wired enzyme core-shell Au nanoparticle biosensor. |. Am. Chem. Soc.
130: 12690-12697.

Sakai, H., Kanda, T., Shibata, H., Ohkubo, T.,, and Abe, M. 2006. Preparation of
highly dispersed core/shell-type titania nanocapsules containing a single Ag
nanoparticle. J. Am. Chem. Soc. 128: 4944—4945.

Kim, J.H. and Lee, T. 2006. Discrete thermally responsive hydrogel-coated gold
nanoparticles for use as drug-delivery vehicles. Drug Dev. Res. 67: 61-69.

Sun, L., Zhang, Z., Wang, S., Zhang, J., Li, H., and Ren, L. 2009. Effect of pH on
the interaction of gold nanoparticles with DNA and application in the detection
of human gene mutation. Nanoscale Res. Lett. 4: 216-220.

Kosuge, H., Sherlock, S.P, Kitagawa, T, Terashima, M., Barral, ] K, and
Nishimura, D.G. 2011. FeCo/graphite nanocrystals for multi-modality imaging
of experimental vascular inflammation. PLoS One 6: 14523.

Xu, Y.H., Bai, ], and Wang, J.P. 2007. High-magnetic-moment multifunctional
nanoparticles for nanomedicine applications. J. Magn. Magn. Mater. 311: 131-134.
Zhou, T, Lu, M,, Zhang, Z., Gong, H., Chin, W.S,, and Liu, B. 2010. Synthesis
and characterization of multifunctional FePt/ZnO core/shell nanoparticles.
Adv. Mater. 22: 403-406.

Ji, X, Xu, S,, Wang, L., Liu, M,, Pan, K., and Yuan, H. 2005. Inmunoassay using
the probelabeled Au/Ag core-shell nanoparticles based on surface-enhanced
Raman scattering. Colloids Surf. A. Physicochem. Eng. Asp. 257: 171-175.

Tanaka, K., Narita, A., Kitamura, N., Uchiyama, W., Morita, M., and Inubushi,
T. 2010. Preparation for highly sensitive MRI contrast agents using core/shell
type nanoparticles consisting of multiple SPIO cores with thin silica coating.
Langmuir 26: 11759-11762.

Wang, L., Bai, ], Li, Y., and Huang, Y. 2008. Multifunctional nanoparticles display-
ing magnetization and near-IR absorption. Angew. Chem. Int. Ed 47: 24392442,
Tran, L.D,, Hoang, N.M.T,, Mai, T'T,, Tran, HV,, Nguyen, N.T,, and Tran, T.D. 2010.
Nanosized magnetofluorescent Fe;O,—curcumin conjugate for multimodal mon-
itoring and drug targeting. Colloids Surf. A. Physicochem. Eng. Asp. 371: 104-112.
Schweiger, C., Pietzonka, C., Heverhagen, ]., and Kissel, T. 2011. Novel magnetic
iron oxide nanoparticles coated with poly(ethylene imine)-g-poly(ethylene gly-
col) for potential biomedical application: Synthesis, stability, cytotoxicity and
MR imaging. Int. J. Pharm. 408: 130-137.

Galperin, A. and Margel, S. 2007. Synthesis and characterization of radiopaque
magnetic core-shell nanoparticles for X-ray imaging applications. ]. Biomed.
Mater. Res. B. Appl. Biomater. 83: 490-498.



Nanocomposite Membranes in Biomedical Applications 245

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Pinho, S.L., Pereira, G.A., Voisin, P, Kassem, ]., Bouchaud, V., and Etienne,
L. 2010. Fine tuning of the relaxometry of y-Fe,0;@SiO, nanoparticles by tweak-
ing the silica coating thickness. ACS Nano 4: 5339-5349.

Loo, C.,, Lowery, A.,, Halas, N., West, J., and Drezek, R. 2005. Immunotargeted
nanoshells for integrated cancer imaging and therapy. Nano Lett. 5: 709-711.
Li, Z., Zhang, Y., and Jiang, S. 2008. Multicolor core/shell-structured upconver-
sion fluorescent nanoparticles. Adv. Mater. 20: 4765-4769.

Wang, C,, Yan, J., Cui, X,, Cong, D., and Wang, H. 2010. Preparation and charac-
terization of magnetic hollow PMMA nanospheres via in situ emulsion polym-
erization. Colloids Surf. A. Physicochem. Eng. Asp. 363: 71-77.

Park, J.Y., Choi, E.S., Baek, MJ,, Lee, G.H., Woo, S., and Chang, Y. 2009. Water-
soluble ultra-small paramagnetic or superparamagnetic metal oxide nanopar-
ticles for molecular MR imaging. Eur. J. Inorg. Chem. 2009: 2477-2481.

Wang, X.J., Wang, L.L., Huang, W.Q., Tang, L.M., Zou, B., and Chen, K.Q. 2006.
A surface optical phonon assisted transition in a semi-infinite superlattice with
a cap layer. Semicond. Sci. Technol. 21: 751.

Luo, X, Vidal, G.D, Killard, AJ, Morrin, A, and Smyth, M.R. 2007.
Nanocauliflowers: A nanostructured polyaniline-modified screen-printed
electrode with a self-assembled polystyrene template and its application in an
amperometric enzyme biosensor. Electroanalysis 19: 876—883.

Qiu, J., Peng, H.,, and Liang, R. 2007. Ferrocene-modified Fe;O,@SiO, magnetic
nanoparticles as building blocks for construction of reagentless enzyme-based
biosensors. Electrochem. Commun. 9: 2734-2738.

Jimenez, J., Sheparovych, R., Pita, M., Narvaez Garcia, A, Dominguez, E., and
Minko, S. 2008. Magneto-induced self-assembling of conductive nanowires for
biosensor applications. J. Phys. Chem. C 112: 7337-7344.

Tan, X.C., Zhang, J.L., Tan, SW., Zhao, D.D.,, Huang, ZW., and Mi, Y. 2009.
Amperometric hydrogen peroxide biosensor based on immobilization of
hemoglobin on a glassy carbon electrode modified with Fe;O,/chitosan core—
shell microspheres. Sensors 9: 6185-6199.

Stoeva, S.I, Huo, F, Lee ].S., and Mirkin, C.A. 2005. Three-layer composite mag-
netic nanoparticle probes for DNA. J. Am. Chem. Soc. 127: 15362-15363.
Shukoor, MLI.,, Natalio, F., Tahir, M.N., Wiens, M., Tarantola, M., and Therese
H.A. 2009. Pathogen-mimicking MnO nanoparticles for selective activation of
the TLRY pathway and imaging of cancer cells. Adv. Funct. Mater. 19: 3717-3725.
Zhu,M.Q,, Han, ] J.,, and Li, A.D. 2007. CdSe/CdS/SiO, core/shell /shell nanopar-
ticles. J. Nanosci. Nanotechnol. 7: 2343-2348.

Zhang, C., Sun, L., Zhang, Y., and Yan, C. 2010. Rare earth upconversion nano-
phosphors: Synthesis, functionalization and application as biolabels and energy
transfer donors. J. Rare Earths 28: 807-819.

Johnson, NJ., Oakden, W.,, Stanisz, G.J., Scott Prosser, R., and van Veggel, F.C.
2011. Size-tunable, ultrasmall NaGdF4 nanoparticles: insights into their T1 MRI
contrast enhancement. Chem. Mater. 23: 3714-3722.

Park, Y.I, Kim, J.H., Lee, K.T,, Jeon, K.S., Na, H.B., Yu, J.H., Kim, H.M et al. 2009.
Nonblinking and nonbleaching upconverting nanoparticles as an optical imag-
ing nanoprobe and T1 magnetic resonance imaging contrast agent. Adv. Mater.
21: 4467-4471.

Abel, KA., Boyer, ]J.C, and Veggel, ECV. 2009. Hard proof of the NaYF,/
NaGdF, nanocrystal core/shell structure. . Am. Chem. Soc. 131: 14644-14645.



246

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Nanocomposite Membrane Technology

Zhou, |, Sun, Y,, Du, X, Xiong, L., Hu, H,, and Li, F. 2010. Dual-modality in vivo
imaging using rare-earth nanocrystals with near-infrared to near-infrared
(NIR-to-NIR) upconversion luminescence and magnetic resonance properties.
Biomaterials 31: 3287-3295.

Yang, L., Zhang, Y, Li, J., Li, Y., Zhong, ]J., and Chu, PK. 2010. Magnetic and
upconverted luminescent properties of multifunctional lanthanide doped
cubic KGdF, nanocrystals. Nanoscale 2: 2805-2810.

Park, J.Y., Baek, M.J., Choi, E.S., Woo, S., Kim, J.H.,, Kim, TJ., Jung, J.C., Chae,
K.S., Chang, Y., and Lee, G.H. 2009. Paramagnetic ultrasmall gadolinium oxide
nanoparticles as advanced T 1 MRI contrast agent: account for large longitudi-
nal relaxivity, optimal particle diameter, and in vivo T 1 MR images. ACS Nano
3: 3663-3669.

Evanics, F,, Diamente, P, Van Veggel, F, Stanisz, G., and Prosser, R. 2006. Water-
soluble GdF;and GdF;/LaF;nanoparticles physical characterization and NMR
relaxation properties. Chem. Mater. 18: 2499-2505.

Choi, E.S,, Park, Y., Baek, MLJ., Xu, W., Kattel, K., Kim, J.H., Lee, JJ. et al. 2010.
Water-soluble ultra-small manganese oxide surface doped gadolinium oxide
(Gd,0;@ MnO) nanoparticles for MRI contrast agent. Eur. |. Inorg. Chem. 28:
4555-4560.

Yoon, Y.-s., Lee, B, Lee, K.S., Im, G.H., Byeon, S.-H., Lee, ] H., and Lee, 1.S. 2009.
Surface modification of exfoliated layered gadoliniumhydroxide for the devel-
opment of multimodal contrast agents for MRI and fluorescence imaging. Adv.
Funct. Mater. 19: 3375-3380.

Shao, Y.Z,, Liu, L.Z, Song, S.Q., Cao, RH,, Liu, H, Cui,, CY, Li, X, Bie, M,
and Li, L. 2011. A novel one-step synthesis of Gd3+-incorporated mesoporous
SiO2 nanoparticles for use as an efficient MRI contrast agent. Contrast. Media Mol.
Imaging 6: 110-118.

Li, Z.,, Zhang, Y., Shuter, B.,, and Muhammad Idris N. 2009. Hybrid lanthanide
nanoparticles with paramagnetic shell coated on upconversion fluorescent
nanocrystals. Langmuir 25: 12015-12018.

Kobayashi, Y., Imai, ], Nagao, D., Takeda, M., Ohuchi, N., Kasuya, A., and
Konno, M. 2007. Preparation of multilayered silica—~Gd-silica core-shell par-
ticles and their magnetic resonance images. Colloids Surf. A Physicochem. Eng.
Asp. 308: 14-19.

Yang, F, Li, Y, Chen, Z., Zhang, Y., Wu, J., and Gu, N. 2009. Superparamagnetic
iron oxide nanoparticle-embedded encapsulated microbubbles as dual con-
trast agents of magnetic resonance and ultrasound imaging. Biomaterials 30:
3882-3890.

Chen, G, Song, E, Wang, X,, Sun, S, Fan, J., and Peng, X. 2012. Bright and stable
Cy3-encapsulated fluorescent silica nanoparticles with a large Stokes shift.
Dyes Pigments 93: 1532-1537.

Choi, J., Burns, A.A., Williams, RM., Zhou, Z., Flesken-Nikitin, A., Zipfel, WR.,
Wiesner, U., and Nikitin, A.Y. 2007. Coreshell silica nanoparticles as fluorescent
labels for nanomedicine. J. Biomed. Opt. 12: 064007-064011.

Gao, X.,He,]., Deng, L., and Cao, H. 2009. Synthesis and characterization of func-
tionalized rhodamine B-doped silica nanoparticles. Opt. Mater. 31: 1715-1719.
Herz, E.,, Ow, H,, Bonner D, Burns A, and Wiesner, U. 2009. Dye structure—optical
property correlations in near-infrared fluorescent core-shell silica nanoparticles.
J. Mater. Chem. 19: 6341-6347.



Nanocomposite Membranes in Biomedical Applications 247

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

He, X., Duan, ], Wang, K., Tan, W,, Lin, X., and He, C. 2004. A novel fluorescent
label based on organic dye-doped silica nanoparticles for HepG liver cancer
cell recognition. J. Nanosci. Nanotechnol. 4: 585-589.

Ethiraj, A.S, Kharrazi, S., Hebalkar, N., Urban, J,, Sainkar, S., and Kulkarni, S. 2007.
Highly photostable dye entrapped core-shell particles. Mater. Lett. 61: 4738-4742.
Chen, L. and Subirade, M. 2005. Chitosan/B-lactoglobulin core-shell nanopar-
ticles as nutraceutical carriers. Biomaterials 26: 6041-6053.

Li, Z., Zhang, Y., and Jiang, S. 2008. Multicolor core/shell-structured upconver-
sion fluorescent nanoparticles. Adv. Mater. 20: 4765-4769.

Jang, M.K,, Jeong, Y.I, and Nah, JW. 2010. Characterization and preparation of
core—shell type nanoparticle for encapsulation of anticancer drug. Colloids Surf.
B Biointerfaces 81: 530-536.

Wang, H., Zhao, P,, Su, W., Wang, S., Liao, Z., Niu, R., and Chanjet, J. 2010.
PLGA /polymeric liposome for targeted drug and gene co-delivery. Biomaterials
31: 8741-8748.

Siegemund, T,, Paulke, B.R., Schmiedel, H., Bordag, N., Hoffmann, A., Harkany,
T, Tanila, H., Kacza, J., and Hartig, W. 2006. Thioflavins released from nanopar-
ticles target fibrillar amyloid B in the hippocampus of APP/PSI transgenic
mice. Int. J. Dev. Neurosci. 24: 195-201.

Rodrigues, J., Santos-Magalhaes, N., Coelho, L., Couvreur, P, Ponchel, G., and
Gref, R.2003. Novel core (polyester)-shell (polysaccharide) nanoparticles: Protein
loading and surface modification with lectins. J. Control. Release 92: 103-112.
Wang, H., Zhao, P, Liang, X., Gong, X., Song, T., Niu, R., and Chang, J. 2010.
Folate-PEG coated cationic modified chitosan—cholesterol liposomes for tumor-
targeted drug delivery. Biomaterials 31: 4129-4138.

Sahiner, N. and Ilgin, P. 2010. Synthesis and characterization of soft polymeric
nanoparticles and composites with tunable properties. J. Polym. Sci. A. Polym.
Chem. 48: 5239-5246.

Feng, M. and Li, P. 2007. Amine-containing core-shell nanoparticles as poten-
tial drug carriers for intracellular delivery. ]. Biomed. Mater. Res. A 80: 184-193.
He, X., Ma, J., Mercado, A.E., Xu, W,, and Jabbari E. 2008. Cytotoxicity of pacli-
taxel in biodegradable self-assembled core-shell poly(lactide-co-glycolide eth-
ylene oxide fumarate) nanoparticles. Pharm. Res. 25: 1552-1562.

Dickerson, E., Blackburn, W., Smith, M., Kapa, L., Lyon, L.A., and McDonald,
J. 2010. Chemosensitization of cancer cells by siRNA using targeted nanogel
delivery. BMC Cancer 10: 10.

Pimpha, N,, Rattanonchai, U,, Surassmo, S., Opanasopit, P, Rattanarungchai, C,
and Sunintaboon, P. 2008. Preparation of PMMA /acid-modified chitosan core—shell
nanoparticles and their potential as gene carriers. Colloid Polym. Sci. 286: 907-916.
Zhang, K., Fang, H.,, Wang, Z., Li, Z., Taylor, ]-S.A., and Wooley, K.L. 2010.
Structure-activity relationships of cationic shell-crosslinked knedel-like nanopar-
ticles: Shell composition and transfection efficiency/cytotoxicity. Biomaterials 31:
1805-1813.

Zhang, K., Fang, H., Wang, Z., Taylor, J.-S.A., and Wooley, K.L. 2009. Cationic
shell-crosslinked knedel-like nanoparticles for highly efficient gene and oligo-
nucleotide transfection of mammalian cells. Biomaterials 30: 968-977.

Yu, D.,, Wang, A., Huang, H., and Chen, Y. 2008. PEG-PBLG nanoparticle-mediated
HSV-TK/GCV gene therapy for oral squamous cell carcinoma. Nanomedicine 3:
813-821.



248

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Nanocomposite Membrane Technology

Yu, ], Quan, J, Kwon, J,, Xu, C,, Sun, B, Jiang, H-L., and Nah, JW. 2009.
Fabrication of a novel core—shell gene delivery system based on a brush-like
polycation of o, B-poly(laspartate-graft-PEI). Pharm. Res. 26: 2152-2163.
Wiradharma, N., Khan, M., Tong, YW.,, Wang, S., and Yang, Y.Y. 2008. Self-
assembled cationic peptide nanoparticles capable of inducing efficient gene
expression in vitro. Adv. Funct. Mater. 18: 943-951.

Harada-Shiba, M., Yamauchi, K., Harada, A., Takamisawa, 1., Shimokado, K.,
and Kataoka, K. 2002. Polyion complex micelles as vectors in gene therapy:
Pharmacokinetics and in vivo gene transfer. Gene. Ther. 9: 407-414.

Nie, Y., Yuan, WM., Gong, T, Lu, J., Fu, Y., and Zhang, Z.R. 2007. Investigation
on characterization and transfection of a novel multi-polyplex gene delivery
system. J. Appl. Polym. Sci. 106: 1028-1033.

Lee, PW,, Hsu, S.H,, Tsai, ].S., Chen, FR., Huang, PJ., Ke, C.]., Liao, Z.X., Hsiao,
CW, Lin, HJ.,, and Sung, HW. 2010. Multifunctional core-shell polymeric
nanoparticles for transdermal DNA delivery and epidermal Langerhans cells
tracking. Biomaterials 31: 2425-2434.

Chen, Q,, Hu, Y., Chen, Y, Jiang, X., and Yang, Y. 2005. Microstructure forma-
tion and property of chitosan-poly(acrylic acid) nanoparticles prepared by
macromolecular complex. Macromol. Biosci. 5: 993-1000.

Vacanti, C.A. 2006. The history of tissue engineering. J. Cell Mol. Med. 10: 569-576.
Krajewska, B. 2005. Membrane-based processes performed with use of chitin/
chitosan materials. Sep. Purif. Technol. 41: 305-312.

Venkatesan, J. and Kim, S.K. 2010. Chitosan composites for bone tissue
engineering—An overview. Mar. Drugs 8: 2252-2266.

Jayakumar, R., New, N., Tokura, S., and Tamura, H. 2007. Sulfated chitin and
chitosan as novel biomaterials. Int. ]. Biol. Macromol. 40: 175-181.

Tigli, R.S. and Gumusderelioglu, M. 2009. Evaluation of alginate-chitosan semi-
IPNs as cartilage scaffolds. J. Mater. Sci. Mater. Med. 20: 699-709.

Ragetly, G.R,, Slavik, GJ., Cunningham, BT, Schaeffer DJ., and Griffon, Dl].
2010. Cartilage tissue engineering on fibrous chitosan scaffolds produced by a
replica molding technique. ]. Biomed. Mater. Res. A 93: 46-55.

Ragetly, G.R., Griffon, DJ., Lee, H.B., Fredericks, L.P., Gordon-Evans, W., and
Chung, Y.S. 2010. Effect of chitosan scaffold microstructure on mesenchymal
stem cells chondrogenesis. Acta Biomater. 6: 1430-1436.

Mourya, VK. and Inamdar, N.N. 2008. Chitosan-modifications and applica-
tions: Opportunities galore. React. Funct. Polym. 68: 1013-1051.

Suh, ] K.F. and Matthew, HW.T. 2000. Application of chitosan-based polysaccharide
biomaterials in cartilage tissue engineering: A review. Biomaterials 21: 2589-2598.
Muzzarelli, R.A.A. 2009. Chitins and chitosans for the repair of wounded skin,
nerve, cartilage and bone. Carbohydr. Polym. 76: 167-182.

Dai, M., Zheng, XL, Xu, X,, Kong, X, Li, XY., Guo, G., Luo, F, Zhao, X., Wei, Y.Q,,
and Qian, Z. 2009. Chitosan—alginate sponge: Preparation and application in cur-
cumin delivery for dermal wound healing in rat. J. Biomed. Biotechnol. 2009: 595126.
Sudheesh Kumar, PT., Abhilash, S, Manzoor, K., Nair, SV, Tamura, H., and
Jayakumar, R. 2010. Preparation and characterization of novel chitin/nano silver
composite scaffolds for wound dressing applications. Carbohydr. Polym. 80: 761-777.
Kofuji, K., Huang, Y., Tsubaki, K., Kokido, F,, Nishikaw, K., Isobe, T, and
Murata, M. 2010. Preparation and evaluation of a novel wound dressing sheet
comprised of glucan-chitosan complex. React. Funct. Polym. 70: 784-789.



Nanocomposite Membranes in Biomedical Applications 249

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Cai, Z.X,, Mo, XM., Zhang, K.H,, Fan, L.P, Yin, AL, He, C.L., and Wang, H.S.
Fabrication of chitosan/silk fibroin composite nanofibers for wound-dressing
applications. Int. . Mol. Sci. 11: 3529-3539.

Kang, Y.O. Yoon, LS., Lee, SY., Kim, D.D,, Lee, SJ., Park, WH., and Hudson,
S.M. 2010. Chitosan coated poly(vinyl alcohol) nanofibers for wound dressings.
J. Biomed. Mater. Res. B 92: 568-576.

Dong, Y., Liu, H.Z., Xu, L., Li, G.,, Ma, Z.N,, Han, F,, Yao, HM.,, Sun, Y.H,,
and Li, S.M. 2010. A novel CHS/ALG bi-layer composite membrane with sus-
tained antimicrobial efficacy used as wound dressing. Chin. Chem. Lett. 21:
1011-1014.

Radhakumary, C., Antonty, M., and Sreenivasan, K. 2011. Drug loaded thermo-
responsive and cytocompatible chitosan based hydrogel as a potential wound
dressing. Carbohydr. Polym. 83: 705-713.

Dev, A., Binulal, N.S., Anitha, A., Nair, SV, Furuike, T., Tamura, H., and
Jayakumar, R. 2010. Preparation of novel poly(lactic acid)/chitosan nanopar-
ticles for anti-HIV drug delivery applications. Carbohydr. Polym. 80: 833-838.
Dev, A, Mohan,].C,, Sreeja, V., Tamura, H., Patzke, G.R., Hussain, F.,, Weyeneth, S.,
Nair, SV, and Jayakumar, R. 2010. Novel carboxymethyl chitinnanoparticles
for cancer drug delivery applications. Carbohydr. Polym. 79: 1073-1079.

Ravi Kumar, M.N.V. 2000. A review of chitin and chitosan applications. React.
Funct. Polym. 46: 1-27.

Sashiwa, H. and Aiba, S. 2004. Chemically modified chitin and chitosan as bio-
materials. Prog. Polym. Sci. 29: 887-888.

Ravi Kumar, M.N.V,, Muzzarelli, R.A.A., Muzzarelli, C., Sashiwa, H., and Domb,
AJ. 2004. Chitosan chemistry and pharmaceutical perspectives. Chem. Rev. 104:
6017.

Yi, H., Wu, L.Q.,, Bentley, W.E.,, Ghodssi, R., Rubloff, GW., Culver, J.N,,
and Payne, G.F. 2005. Biofabrication with chitosan. Biomacromolecules 6:
2881-2894.

Roughley, P, Hoemann, C., Desrosiers, E., Mwale, F.,, Antoniou, J., and Alini,
M. 2006. The potential of chitosan-based gels containing invertebral disc cells
for nucleus pulposus supplementation. Biomaterials 27: 388-396.

Ehrlich, H., Krajewska, B., Hanke, T., Born, R., Heinemann, S., Knieb, C., and
Worch, H. 2006. Chitosan membrane as a template for hydroxyapatite crys-
tal growth in a model dual membrane diffusion system. . Membr. Sci. 273:
124-128.

Jayakumar, R., Divya, RVYV., Shalumon, K.T,, Sudheesh Kumar, PT., Nair, SV.,,
Furuike, T., and Tamura, H. 2009. Bioactive and osteoblast cell attachment stud-
ies of novel and chitin membranes for tissue-engineering applications. Int.
J. Biol. Macromol. 45: 260-264.

Jayakumar, R., Prabaharan, M., Nair, SV,, and Tamura, H. 2010. Novel chitin
and chitosan nanofibers in biomedical applications. Biotechnol. Adv. 28: 142-150.
Morganti, P. and Morganti, G. 2008. Chitin nanofibrils for advanced cosmeceu-
ticals. Clin. Dermatol. 26: 334—340.

Jayakumar, R., Reis, R.L., and Mano, J.F. 2007. Synthesis and characterization
of pH-sensitive thiol-containing chitosan beads for controlled drug delivery
applications. Drug Deliv. 14: 9-17.

Prabaharan, M. and Mano, J.F. 2005. Chitosan-based particles as controlled
drug delivery systems. Drug. Deliv. 12: 41-57.



250

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.
158.

Nanocomposite Membrane Technology

Anitha, A, Divya, RVV, Krishna, R, Sreeja, V., Selvamurugan, N., Nair, SV.,,
Tamura, H., and Jayakumar, R. 2009. Synthesis, characterization, cytotoxicity
and antibacterial studies of chitosan, O-carboxymethyl, N,O-carboxymethyl
chitosan nanoparticles. Carbohydr. Polym. 78: 672—677.

Anitha, A, Deepagan, V.G., Divya, RVV,, Deepthy, M., Nair, SV.,,and Jayakumar, R.
2011. Preparation, characterization, in vitro drug release and biological studies of
curcumin loaded dextran sulphate-chitosan nanoparticles. Carbohydr. Polym. 84:
1158-1164.

Drury, J.L. and Mooney, D.J. Hydrogels for tissue engineering: Scaffold design
variables and applications. Biomaterials 24: 4337-4351.

Jayakumar, R., Prabaharan, M., Sudheesh Kumar, PT.,, Nair, SV,, and Tamura,
H. Biomaterials based on chitin and chitosan in wound dressing applications.
Biotechnol. Adv. 29: 322-337.

Prabaharan, M., Jayakumar, R., and Nair, SV. 2012. Electrospun nanofibrous
scaffolds: Current status and prospects in drug delivery. Adv. Polym. Sci. 246:
241-262.

Muramatsu, K., Masuda, S., Yoshihara, S., and Fujisawa, A. 2003. In vitro deg-
radation behavior of freeze-dried carboxymethyl-chitin sponges processed by
vacuum-heating and gamma irradiation. Polym. Degrad. Stabil. 81: 327-332.
Anitha, A.,, Sowmyaa, S., Sudheesh Kumara, PT., Deepthia, S., Chennazhia,
K.P, Ehrlichb, H., Tsurkanc, M., and Jayakumar, R. 2014. Chitin and chitosan in
selected biomedical applications. Prog. Polym. Sci. 39: 1644-1667.

Klemm, D., Kramer, F, Moritz, S., Lindstrom, T., Ankerfors, M., Gray, D., and
Dorris, A. 2011. Nanocelluloses: A new family of nature-based materials.
Angew. Chem. Int. Ed. 50: 5438-5466.

Entcheva, E,, Bien, H,, Yin, L.H., Chung, CY,, Farrell, M., and Kostov, Y. 2004.
Functional cardiac cell constructs on cellulose-based scaffolding. Biomaterials
25: 5753-5762.

Martson, M., Viljanto, J., Hurme, T., Laippala, P,, and Saukko, P. 1999. Is cellulose
sponge degradable or stable as implantation material? An in vivo subcutaneous
study in the rat. Biomaterials 20: 1989-1995.

Fernandes, E.M., Piresa, R.A.,,Manoa, ].F, and Reis, R.L. 2013. Bionanocomposites
from lignocellulosic resources: Properties, applications and future trends for
their use in the biomedical field. Prog. Polym. Sci. 38: 1415-1441.

Petersen, N. and Gatenholm, P. 2011. Bacterial cellulose-based materials and
medical devices: Current state and perspectives. Appl. Microbiol. Biotechnol. 91:
1277-1286.

Czaja, WK, Young, D], Kawecki, M., and Brown Jr., R.M. 2007. The future pros-
pects of microbial cellulose in biomedical applications. Biomacromolecules 8: 1-12.
Sannino, A., Demitri, C., and Madaghiele, M. 2009. Biodegradable cellulose-
based hydrogels: Design and applications. Materials 2: 353-373.

Chang, C. and Zhang, L. 2011. Cellulose-based hydrogels: Present status and
application prospects. Carbohyd. Polym. 84: 40-53.

Li, X. and Pan, X. 2010. Hydrogels based on hemicellulose and lignin from lig-
nocelluloses biorefinery: A mini-review. J. Biobased Mater. Bioenergy 4: 289-297.
Langer, R. and Vacanti, ].P. 1993. Tissue engineering. Science 260: 920-926.
Hutmacher, DW. 2001. Scaffold design and fabrication technologies for engi-
neering tissues—State of the art and future perspectives. J. Biomater. Sci. Polym.
12: 107-124.



Nanocomposite Membranes in Biomedical Applications 251

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Dvir, T, Timko, B.P, Kohane, D.S., and Langer, R. 2011. Nanotechnological
strategies for engineering complex tissues. Nat. Nanotechnol. 6: 13-22.

Hench, L.L. 1998. Bioactive materials: The potential for tissue regeneration.
J. Biomed. Mater. Res. 41: 511-518.

Hench, L.L, Jones, ].R., and Sepulveda, P. 2002. Bioactive materials for tissue
engineering scaffolds, Future Strategies for Tissue and Organ Replacement, ].M.
Polak, L.L. Hench, and P. Kemp (eds.), Imperial College Press, London, 3—24.
Gibson, L.J. 2003. Cellular solids. MRS Bull. 28: 270-271.

Silva, S.P, Sabino, M. A., Fernandes, E.M., Correlo, V.M., Boesel, L.F., and Reis, R.L.
2005. Cork: Properties, capabilities and applications. Int. Mater. Rev. 50: 345-365.
Ratner, B.D., Hoffman, A.S., Schoen, FJ., and Lemons, J.E. (eds.). 2004. Biomaterials
Science: An Introduction to Materials in Medicine, Elsevier Press, San Diego, CA, 851.
Cheng, Z.Y. and Teoh, S.H. 2004. Surface modification of ultra thin poly (epsilon-
caprolactone) films using acrylic acid and collagen. Biomaterials 25: 1991-2001.
Gross, K.A. and Ezerietis, E. 2003. Juniper wood as a possible implant material.
J. Biomed. Mater. Res. Part A 64: 672—683.

Klemm, D., Schumann, D., Kramer, E, Hefiler, N., Hornung, M., Schmauder,
H.P, and Marsch, S. 2006. Nanocelluloses as innovative polymers in research
and application polysaccharides. II. Adv. Polym. Sci. 205: 49-96.

Millon, L.E. and Wan, W.K. 2006. The polyvinyl alcohol-bacterial cellulose sys-
tem as a new nanocomposite for biomedical applications. J. Biomed. Mater. Res.
Part B 79: 245-253.

Klemm, D., Schumann, D., Kramer, F., Hessler, N., Koth, D., and Sultanova,
B. 2009. Nanocellulose materials—Different cellulose, different functionality.
Macromol. Res. 280: 60-71.

Tahara, N, Tabuchi, M., Watanabe, K., Yano, H.,, Morinaga, Y., and Yoshinaga, F. 1997.
Degree of polymerization of cellulose from Acetobacter xylinum BPR2001 decreased
by cellulase produced by the strain. Biosci. Biotechnol. Biochem. 61: 1862-1865.
Miyamoto, T, Takahashi, S.I,, Ito, H., Inagaki, H., and Noishiki, Y. 1989. Tissue
biocompatibility of cellulose and its derivatives. |. Biomed. Mater. Res. 23: 125-133.
Svensson, A., Nicklasson, E., Harrah, T., Panilaitis, B., Kaplan, D.L., Brittberg,
M., and Gatenholm, P. 2005. Bacterial cellulose as a potential scaffold for tissue
engineering of cartilage. Biomaterials 26: 419-431.

Yano, H., Sugiyama, J., Nakagaito, A.N., Nogi, M., Matsuura, T., Hikita, M., and
Handa, K. 2005. Optically transparent composites reinforced with networks of
bacterial nanofibers. Adv. Mater. 17: 153-175.

Oksman, K., Mathew, A.P, Bondeson, D., and Kvien, I. 2006. Manufacturing
process of cellulose whiskers/polylactic acid nanocomposites. Compos. Sci.
Technol. 66: 2776-2784.

Vasita, R. and Katti, D.S. 2006. Nanofibers and their applications in tissue engi-
neering. Int. |. Nanomed. 1: 15-30.

Marques, A.P, Reis, R.L., and Hunt, J.A. 2002. The biocompatibility of novel starch-
based polymers and composites: In vitro studies. Biomaterials 23: 1471-1478.
Alves, N.M.,, Saiz-Arroyo, C., Rodriguez-Perez, M.A., Reis, R.L., and Mano, J.F.
2007. Microhardness of starch based biomaterials in simulated physiological
conditions. Acta Biomater. 3: 69-76.

Marques, A.P. and Reis, RL. 2005. Hydroxyapatite reinforcement of different
starch-based polymers affects osteoblast-like cells adhesion/spreading and
proliferation. Mater. Sci. Eng. C 25: 215-229.



252

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Nanocomposite Membrane Technology

Marques, A.P, Cruz, HR., Coutinho, O.P, and Reis, R.L. 2005. Effect of starch
based biomaterials on the in-vitro proliferation and viability of osteoblast-like
cells. . Mater. Sci. Mater. Med. 16: 833-842.

Leonor, LB. and Reis, R.L. 2003. An innovative auto-catalytic deposition route
to produce calcium—phosphate coatings on polymeric biomaterials. |. Mater. Sci.
Mater. Med. 14: 435-441.

Gouma, P, Xue, R., Goldbeck, C.P, Perrotta, P, and Balazsi, C. 2012.
Nanohydroxyapatite-cellulose acetate composites for growing of bone cells.
Mater. Sci. Eng. C 32: 607-612.

Zhang, K., Ma, Y., and Francis, L.F. 2002. Porous polymer/bioactive glass com-
posites for soft-to-hard tissue interfaces. J. Biomed. Mater. Res. 61: 551-563.
Rodriguez, K., Renneckar, S, and Gatenholm, P. 2011. Biomimetic calcium
phosphate crystal mineralization on electrospun cellulose-based scaffolds.
ACS Appl. Mater. Interfaces 3: 681-689.

Kim, EJ.,, Boehm, C.A,, Fleischman, A ], Muschler, G.F, Kostov, YV, and Roy,
S. 2009. Modulating human connective tissue progenitor cell behavior on cellu-
lose acetate scaffolds by surface microtextures. J. Biomed. Mater. Res. Part A 90:
1198-1205.

Ye, H,, Xia, Z.D.,, Ferguson, DJ.P, Triffitt, ].T., and Cui, Z.F. 2007. Studies on the
use of hollow fibre membrane bioreactors for tissue generation by using rat bone
marrow fibroblastic cells and a composite scaffold. |. Mater. Sci. Mater. Med. 18:
641-648.

Boesel, L.F., Mano, J.E, and Reis, R.L. 2004. Optimization of the formulation
and mechanical properties of starch based partially degradable bone cements.
J. Mater. Sci. Mater. Med. 15: 73-83.

Boesel, L.F., Fernandes, M.H.V., and Reis, R.L. 2004. The behavior of novel
hydrophilic composite bone cements in simulated body fluids. J. Biomed. Mater.
Res. Part B 70: 368-377.

Boesel, L.F., Cachinho, S.C.P, Fernandes, M.H.V,, and Reis, R.L. 2007. The in-
vitro bioactivity of two novel hydrophilic, partially degradable bone cements.
Acta Biomater. 3: 175-182.

Boesel, L.F. and Reis, R.L. 2008. A review on the polymer properties of hydro-
philic, partially degradable and bioactive acrylic cements (HDBC). Prog. Polym.
Sci. 33: 180-190.

Jeon, J.H. and Puleo, D.A. 2008. Formulations for intermittent release of para-
thyroid hormone (1-34) and local enhancement of osteoblast activities. Pharm.
Dev. Technol. 13: 505-512.

Jeon, J.H., Piepgrass, W.T,, Lin, Y.L, Thornas, MV,, and Puleo, D.A. 2008.
Localized intermittent delivery of simvastatin hydroxyacid stimulates bone
formation in rats. J. Periodontol. 79: 1457-1464.

Jeon, J.H., Thomas, M.V,, and Puleo, D.A. 2007. Bioerodible devices for intermit-
tent release of simvastatin acid. Int. J. Pharm. 340: 6-12.

De Arellano-Lépez, A.R., Martinez-Ferndndez, J., Gonzalez, P, Dominguez, C.,
Fernandez-Quero, V., and Singh, M. 2004. Biomorphic SiC: A new engineering
ceramic material. Int. ]. Appl. Ceramic Technol. 1: 56—67.

Tampieri, A., Sprio, S., Ruffini, A., Celotti, G., Lesci, 1.G., and Roveri, N. 2009.
From wood to bone: Multi-step process to convert wood hierarchical structures
into biomimetic hydroxyapatite scaffolds for bone tissue engineering. J. Mater.
Chem. 19: 4973-4980.



Nanocomposite Membranes in Biomedical Applications 253

195.

196.

197.

198.

199.

200.

201.
202.

203.

204.

205.

206.

207.

208.

209.

210.

Gonzalez, P, Serra, J., Liste, S., Chiussi, S., Leon, B., Perez-Amor, M., Martinez-
Fernandez, J., de Arellano-Lopez, A.R., and Varela-Feria, FM. 2003. New bio-
morphic SiC ceramics coated with bioactive glass for biomedical applications.
Biomaterials 24: 4827-4832.

Peppas, N.A., Hilt, ].Z., Khademhosseini, A., and Langer, R. 2006. Hydrogels in
biology and medicine: From molecular principles to bionanotechnology. Adv.
Mater. 18: 1345-1360.

Allan, S.H. 2002. Hydrogels for biomedical applications. Adv. Drug Deliv. Rev.
54: 3-12.

Eyholzer, C., de Courac, A.B,, Duc, F, Bourban, PE,, Tingaut, P, Zimmermann, T,
Maénson, J.A.E., and Oksman, K. 2011. Biocomposite hydrogels with carboxy-
methylated, nanofibrillated cellulose powder for replacement of the nucleus
pulposus. Biomacromolecules 12: 1419-1427.

Elvira, C., Abraham, G.A., Gallardo, A., and Roman, J.S. 2005. Smart biode-
gradable hydrogels with applications in drug delivery and tissue engineering,
Biodegradable Systems in Tissue Engineering and Regenerative Medicine, R.L. Reis
and J.S. Roman (eds.), CRC Press, Boca Raton, FL, 493-508.

Hench, L.L., Splinter, R.J., Allen, W.C., and Greenlee, T.K. 1998. Bonding mecha-
nisms at the interface of ceramic prosthetic materials. J. Biomed. Mater. Res. 5(6):
117-141.

Hench, L.L. 1998. Bioceramics. ]. Am. Ceram. Soc. 81: 1705-1728.

Zamet, ].S., Darbar, U.R., Griffiths, G.S., Burgin, W., and Newman, H.N. 1997.
Particulate bioglass (perioglas(R)) in the treatment of periodontal intrabony
defects. |. Dent. Res. 76: 2219.

Gatti, A.M., Simonetti, L.A., Monari, E., Guidj, S., and Greenspan, D. 2006. Bone
augmentation with bioactive glass in three cases of dental implant placement.
J. Biomater. Appl. 20: 325-339.

Zehnder, M., Soderling, E., Salonen, J., and Waltimo, T. 2004. Preliminary evalu-
ation of bioactive glass S53P4 as an endodontic medication in vitro. ]. Endodont.
30: 220-224.

Waltimo, T., Mohn, D., Paque, E, Brunner, T].,, Stark, W]., Imfeld, T., Schatzle,
M., and Zehnder, M. 2009. Fine-tuning of bioactive glass for root canal disinfec-
tion. J. Dent. Res. 88(3): 235-238.

Gomez-Vega, ] M., Saiz, E.,, Tomsia, A.P, Marshall, GW.,, and Marshall, SJ.
2000. Bioactive glass coatings with hydroxyapatite and bioglass (R) particles on
Ti-based implants. 1. Processing. Biomaterials 21: 105-111.

Kitsugi, T, Nakamura, T, Oka, M., Senaha, Y., Goto, T., and Shibuya, T. 1996. Bone-
bonding behavior of plasma-sprayed coatings of bioglass (R), AW-glass ceramic,
and tricalcium phosphate on titanium alloy. ]. Biomed. Mater. Res. 30(2): 261-269.
Rezwan, K., Chen, Q.Z., Blaker, JJ, and Boccaccini, A.R. 2006. Biodegradable
and bioactive porous polymer/inorganic composite scaffolds for bone tissue
engineering. Biomaterials 27(18): 3413-3431.

Xynos, LD, Hukkanen, MV],, Batten, ].], Buttery, L.D, Hench, L.L, and Polak, ].M.
2000. Bioglass (R) 45S5 stimulates osteoblast turnover and enhances bone forma-
tion in vitro: Implications and applications for bone tissue engineering. Calcified
Tissue Int. 67: 321-329.

Yao, J., Radin, S., Leboy, S., and Ducheyne, P. 2005. The effect of bioactive glass
content on synthesis and bioactivity of composite poly(lactic-co-glycolic acid)/
bioactive glass substrate for tissue engineering. Biomaterials 26(14): 1935-1945.



254

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

Nanocomposite Membrane Technology

Hench, L.L. and Polak, J.M. 2002. Third-generation biomedical materials.
Science 295: 1014-1017.

Chen, QZ.Z, Thompson, LD, and Boccaccini, A.R. 2006. 4555 Bioglass
(R)-derived glass—ceramic scaffolds for bone tissue engineering. Biomaterials
27: 2414-2425.

Pileni, M.P. 2003. The role of soft colloidal templates in controlling the size and
shape of inorganic nanocrystals. Nat. Mater. 2: 145-150.

Sun, Y., Guo, G., Tao, D., and Wang, Z. 2007. Reverse microemulsion-directed
synthesis of hydroxyapatite nanoparticles under hydrothermal conditions.
J. Phys. Chem. Solids 68: 373-377.

Singh, S., Bhardwaj, P, Singh, V., Aggarwal, S., and Mandal, UK. 2008. Synthesis
of nanocrystalline calcium phosphate in microemulsion—Effect of nature of
surfactants. J. Colloid Interface Sci. 319: 322-329.

Lim, GK, Wang, ], Ng, S.C., and Gan, L.M. 1996. Processing of fine hydroxy-
apatite powders via an inverse microemulsion route. Mater. Lett. 28: 431-436.
Karagiozov, C. and Momchilova, D. 2005. Synthesis of nano-sized particles from
metal carbonates by the method of reversed mycelles. Chem. Eng. Process. 44: 115-119.
Stark, W.J.,, Madler, L., Maciejewski, M., Pratsinis, S.E., and Baiker, A. 2003.
Flame synthesis of nanocrystalline ceria—zirconia: Effect of carrier liquid.
Chem. Commun. 5: 588-589.

Stark, WJ., Médler, L., and Pratsinis, S.E. 2004. Metal oxides prepared by flame
spray pyrolysis. WO 2004/005184.

Stark, WJ. and Pratsinis, S.E. 2004. Metal delivery system for nanoparticle man-
ufacture. WO 2004/103900A1.

Sepulveda, P, Jones, J.R.,, and Hench, L.L. 2001. Characterization of melt-derived
4555 and sol-gel-derived 58S bioactive glasses. J. Biomed. Mater. Res. 58: 734-740.
Saravanapavan, P, Jones, J.R., Pryce, R.S., and Hench, L.L. 2003. Bioactivity of
gel-glass powders in the CaO-SiO, system: A comparison with ternary (CaO—
P,05-5i0,) and quaternary glasses (SiO,~CaO-P,05-Na,O). J. Biomed. Mater.
Res. A 66A: 110-119.

Li, R, Clark, A.E., and Hench, L.L. 1991. An investigation of bioactive glass pow-
ders by sol-gel processing. J. Appl. Biomater. 2: 231-239.

Quintero, F, Mann, A.B,, Pou, ., Lusquinos, F, and Riveiro, A. 2007. Rapid pro-
duction of ultra-long amorphous ceramic nanofibers by laser spinning. Appl.
Phys. Lett. 90: 153109.

Quintero, F, Pou, ], Lusquinos, F, and Riveiro, A. 2007. Experimental analysis of the
production of micro- and nanofibres by laser spinning. Appl. Surf. Sci. 254: 1042-1047.
Quintero, F,, Dieste, O., Pou, J., Lusquinos, F.,, and Riveiro, A. 2009. On the condi-
tions to produce micro- and nanofibres by laser spinning. J. Phys. D Appl. Phys.
42: 065501.10.

Quintero, F, Pou, ], Comesana, R., Lusquinos, F, Riveiro, A, Mann, A B., Hill,
R.G., Wu, ZY., and Jones, J.R. 2009. Laser spinning of bioactive glass nanofibers.
Adv. Funct. Mater. 19: 1-7.

Guarino, V., Causa, F., and Ambrosio, L. 2007. Bioactive scaffolds for bone and
ligament tissue. Expert Rev. Med. Dev. 4(3): 405-418.

Misra, S.K., Mohn, D., Brunner, TJ.,, Stark, W], Philip, SE., Roy I, Salih, V.,
Knowles, J.C., and Boccaccini, A.R. 2008. Comparison of nanoscale and
microscale bioactive glass on the properties of P(3HB)/Bioglass(R) composites.
Biomaterials 29(12): 1750-1761.



Nanocomposite Membranes in Biomedical Applications 255

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

Misra, S.K., Ansari, T., Mohn, D., Valappil, S.P,, Brunner, T.J, Stark, W.J., Roy, L.
et al. 2010. Effect of nanoparticulate bioactive glass particles on bioactivity and
cytocompatibility of poly(3-hydroxybutyrate) composites. J. Roy. Soc. Interface 7:
453-465.

Hong, Z., Reis, R.L., and Mano, J.F. 2008. Preparation and in vitro character-
ization of scaffolds of poly(l-lactic acid) containing bioactive glass ceramic
nanoparticles. Acta Biomater. 4: 1297-1306.

El-Kady, A.M.,, Ali, A.F, and Farag, M.M. 2010. Development, characterization,
and in vitro bioactivity studies of sol-gel bioactive glass/poly(L-lactide) nano-
composite scaffolds. Mater. Sci. Eng. C 30(1): 120-131.

Liu, A.,, Hong, Z., Zhuang, X., Chen, X,, Cui, Y,, Liu, Y., and Jing, X. 2008. Surface
modification of bioactive glass nanoparticles and the mechanical and biologi-
cal properties of poly(L-lactide) composites. Acta Biomater. 4: 1005-1015.

Peter, M., Kumar, PT.S,, Binulal, N.S., Nair, SV,, Tamura, H., and Jayakumar,
R. 2009. Development of novel a-chitin/nanobioactive glass ceramic composite
scaffolds for tissue engineering applications. Carbohyd. Polym. 78(4): 926-931.
Peter, M., Binulal, N.S.,, Soumya, S., Nair, SV,, Furuike, T, Tamura, H., and
Jayakumar, R. 2010. Nanocomposite scaffolds of bioactive glass ceramic nanopar-
ticles disseminated chitosan matrix for tissue engineering applications. Carbohyd.
Polym. 79(2): 284-289.

Kim, HW,, Kim, H.E., and Knowles, J.C. 2006. Production and potential of bio-
active glass nanofibers as a next-generation biomaterial. Adv. Funct. Mater. 16:
1529-1535.

Kim, HW.,, Lee, H.H., and Chun, G.S. 2008. Bioactivity and osteoblast responses
of novel biomedical nanocomposites of bioactive glass nanofiber filled
poly(lactic acid). |. Biomed. Mater. Res. A 85A: 651-663.

Faraji, A H. and Wipf, P. 2009. Nanoparticles in cellular drug delivery. Bioorg.
Med. Chem. 17: 2950-2962.

Anker, N., Hall, W.P, Lyandres, O., Shah, N.C.,, Zhao, ]J., and Van Duyne, R.P.
2008. Biosensing with plasmonic nanosensors. Nat. Mater. 7: 442—453.

Jain, PK,, Huang, X.H., El-Sayed, .H., and El-Sayed, M. A. 2008. Noble metals on
the nanoscale: Optical and photothermal properties and some applications in
imaging, sensing, biology, and medicine. Acc. Chem. Res. 41: 578-586.

Stewart, M.E., Anderton, C.R, Thompson, L.B.,, Maria, J,, Gray, SK, Rogers, J.A.,
and Nuzzo, R.G. 2008. Nanostructured plasmonic sensors. Chen. Rev. 108: 494-521.
Ghosh, P, Han, G., De, M., Kim, C.K,, and Rotello, V.M. 2008. Gold nanopar-
ticles in delivery applications. Adv. Drug. Deliv. Rev. 60: 1307-1315.

Boisselier, E. and Astruc, D. 2009. Gold nanoparticles in nanomedicine:
Preparations, imaging, diagnostics, therapies and toxicity. Chem. Soc. Rev. 38:
1759-1782.

Chourpa, I, Lei, FH., Dubois, P, Manfait, M., and Sockalingum, G.D. 2008.
Intracellular applications of analytical SERS spectroscopy and multispectral
imaging. Chem. Soc. Rev. 37: 993-1000.

Eustis, S. and El-Sayed, MA. 2006. Why gold nanoparticles are more precious
than pretty gold: Noble metal surface plasmon resonance and its enhancement
of the radiative and nonradiative properties of nanocrystals of different shapes.
Chem. Soc. Rev. 35: 209-217.

Gao, J.H. and Xu, B. 2008. Applications of nanomaterials inside cells. Nano Today
4: 37-51.



256

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

Nanocomposite Membrane Technology

Mayhew, T.M., Muhlfeld, C., Vanhecke, D., and Ochs, M. 2009. A review of recent
methods for efficiently quantifying immunogold and other nanoparticles using
TEM sections through cells, tissues and organs. Ann. Anat. 91: 153-170.

Nel, A.E,, Madler, L., Velegol D, Xia, T., Hoek, E.M., Somasundaran, P, Klaessig,
F., Castranova, V., and Thompson, M. 2009. Understanding biophysicochemical
interactions at the nano-bio interface. Nat. Mater. 8: 543-557.

Sperling, R.A,, Rivera, P, Zhang, F,, Zanella, M., and Parak, W.J. 2008. Biological
applications of gold nanoparticles. Chem. Soc. Rev. 37: 1896-1908.
Berners-Price, S.J., Norman, R.E., and Sadler, PJ. 1987. The autoxidation and
proton dissociation constants of tertiary diphosphines: Relevance to biological
activity. J. Inorg. Biochem. 31: 197-209.

Haidug, I. and Silvestru, C. 1989. Rhodium, iridium, copper and gold antitumor
organometallic compounds. In Vivo 3: 285-294.

Sonnichsen, C., Franzl, T., Wilk, T, von Plessen, G., Feldmann, J., Wilson, O., and
Mulvaney, P. 2002. Drastic reduction of plasmon damping in gold nanorods.
Phys. Rev. Lett. 88: 402.

Yguerabide, J. and Yguerabide, E.E. 1998. Light-scattering submicroscopic par-
ticles as highly fluorescent analogs and their use as tracer labels in clinical and
biological applications. Anal. Biochem. 262: 137-156.

Gedanken, T. 2007. A microwave-assisted polyol method for the deposition of
silver nanoparticles on silica spheres. Nanotechnology 18: 255601-255608.

Jin, Y, Wang, P, Yin, D,, Liu, J.,, Qin, L., Yu, N,, Xie, G., and Li, B. 2007. Gold
nanoparticles prepared by sonochemical method in thiol-functionalized ionic
liquid. Colloid Surf. A Physicochem. Eng. Asp. 302: 366-370.

Abyaneh, M.K,, Paramanik, D., Varma, S., Gosavi, SW., and Kulkarni, S.K. 2007.
Formation of gold nanoparticles in polymethylmethacrylate by UV irradiation.
J. Phys. D Appl. Phys. 40: 3771-3779.

Giorgetti, E.,, Giusti, A., Laza, S.C., Marsili, P, and Giammanco, F. 2007.
Production of colloidal gold nanoparticles by picosecond laser ablation in lig-
uids. Phys. Status Solid A 204: 1693-1698.

Nakamoto, M., Yamamoto, M., and Fukusumi, M. 2002. Thermolysis of gold(I)
thiolate complexes producing novel gold nanoparticles passivated by alkyl
groups. Chem. Commun. (Camb) 2002: 1622-1623.

Mandal, TK,, Fleming, M.S., and Walt, D.R. 2002. Preparation of polymer coated
gold nanoparticles by surface-confined living radical polymerization at ambi-
ent temperature. Nano Lett. 2: 3-7.

Brust, M., Walker, M., Bethell, D,, Schiffrin, DJ., and Whyman, R. 1994. Synthesis
of thiol-derivatised gold nanoparticles in a two-phase liquid-liquid system. J.
Chem. Soc. Chem. Commun. 7: 801-802.

Brust, M., Fink, J., Bethell, D., Schiffrin, E.J., and Kiely, C.J. 1995. Synthesis and
reactions of functionalised gold nanoparticles. . Chem. Soc. Chem. Commun. 21:
1655-1656.

Alivisatos, P. 2004. The use of nanocrystals in biological detection. Nat.
Biotechnol. 22: 47-52.

Katzand, I. and Willner, E. 2004. Integrated nanoparticle-biomolecule hybrid
systems: Synthesis, properties, and applications. Angew. Chem. Int. Ed. 43:
6042-6108.

Turkevich, ], Stevenson, PC., and Hillier, J. 1951. A study of the nucleation and
growth processes in the synthesis of colloidal gold. Discuss Faraday Soc. 11: 55-75.



Nanocomposite Membranes in Biomedical Applications 257

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

Frens, G. 1973. Controlled nucleation for the regulation of the particle size in
monodisperse gold suspensions. Nature 241: 20-22.

Martin, C.R. 1994. Nanomaterials—A membrane-based synthetic approach.
Science 266: 1961-1966.

Van der Zande, B.M.L, Boehmer, M.R., and Fokkink, L.G.J. 1997. Aqueous gold
Sols of rod-shaped particles. J. Phys. Chem. B 101: 852-854.

Loo, C, Lin, A, Hirsch, L., Lee, M.H., Barton, J., Halas, N., West, J., and Drezek, R.
2004. Nanoshell-enabled photonics-based imaging and therapy of cancer. TCRT 3:
33-40.

Sara, E.S, Jingyi, C, Yugang, S, Xianmao, L., Leslie, A,, Larie, C,, and Younan, X.
2008. Gold nanocages: Synthesis, properties and applications. Acc. Chem. Res.
41: 1587-1595.

Xia, Y., Li, W., Cobley, C. M., Chen, ], Xia, X., Zhang, Q., Yang, M., Cho, E,C., and
Brown, PK. 2011. Gold nanocages: From synthesis to theranostic applications.
Acc. Chem. Res. 44: 914-924.

Nel, A, Xia, T., Madler, L., and Li, N. 2006. Toxic potential of materials at the
nanolevel. Science 311: 622-627.

Evaldas, S., Nicklas, RJ., Gorm, D., Meredin, S., Ulla, V., Agnete, L., Wolfgang,
K. and Hékan, W. 2009. Biodistribution of gold nanoparticles in mouse lung
following intratracheal instillation. Chem. Cent. J. 3: 1-7.

Greish, K. J. 2007. Enhanced permeability and retention of macromolecular
drugs in solid tumors: A royal gate for targeted anticancer nanomedicines.
Drug Target. 15: 457-464.

Hawley, A.E,, Illum, L., and Davis, S.S. 1997. Preparation of biodegradable, sur-
face engineered PLGA nanospheres with enhanced lymphatic drainage and
lymph node uptake. Pharm. Res. 14: 657-661.

Davis, M.E., Chen, Z., and Shin, D.M. 2008. Nanoparticle therapeutics: An
emerging treatment modality for cancer. Nat. Rev. Drug Discov. 7: 771-782.
Yang, PH.,, Sun, X,, Chiu, J.F, Sun, H, and He, Q. 2005. Transferrin-mediated
gold nanoparticle cellular uptake. Bioconjug. Chem. 16: 494-496.

Cai, W, Gao, T,, Hong, H., and Sun, J. 2008. Applications of gold nanoparticles
in cancer nanotechnology. Nanotechnol. Sci. Appl. 1: 17-32.

Durr, NJ, Larson, T, Smith, D.K,, Korgel, B.A., Sokolov, K., and BenYakar, A.
2007. Two-photon luminescence imaging of cancer cells using molecularly tar-
geted gold nanorods. Nano Lett. 7: 941-945.

Li, PC, Wei, CW,, Liao, CK, Chen, C.D., Pao, KC.,, Wang, CR,, Wu, Y.N,,
and Shieh, D.B. 2007. Photoacoustic imaging of multiple targets using gold
nanorods. Trans. Ultrason. Ferroelectr. Freq. Control 54: 1642-1647.

Oyelere, A K., Chen, P.C., Huang, X., El-Sayed, I.H., El-Sayed, M.A. 2007. Peptide-
conjugated gold nanorods for nuclear targeting. Bioconjug. Chem. 18: 1490-1497.
Gobin, A.M., Lee, M.H., Halas, N.J., James, W.D., Drezek, R.A., and West, J.L.
2007. Near-infrared resonant nanoshells for combined optical imaging and
photothermal cancer therapy. Nano Lett. 7: 1929-1934.

Xiao, Y., Hong, H., and Matson, V.Z. 2012. Gold nanorods conjugated with doxo-
rubicin and cRGD for combined anticancer drug delivery and PET imaging.
Theranostics 2(8): 757-768.

Kim, C.S.,, Wilder, PS., Ahn, YC., Liaw, L.H.L., Chen, Z., and Kwon, Y.J. 2010.
Enhanced detection of early-stage oral cancer in vivo by optical coherence tomog-
raphy using multimodal delivery of gold nanoparticles. J. Biomed. Opt. 1(1): 106-113.



258

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

Nanocomposite Membrane Technology

Popovtzer, R., Agrawal, A., Kotov, N.A., Popovtzer, A, Balter, ], Carey, T.E., and
Kopelman, R. 2008. Targeted gold nanoparticles enable molecular CT imaging
of cancer. Nano Lett. 8: 4593-4596.

Diagaradjane, P, Shetty, A, Wang, J.C., Elliott, A.M., Schwartz, J., and Shentu,
S. 2008. Modulation of in vivo tumor radiation response via gold nanoshell-
mediated vascular-focused hyperthermia: Characterizing an integrated anti-
hypoxic and localized vascular disrupting targeting strategy. Nano Lett. 8:
1492-1500.

Muller, J.H. 1950. Further progress in treatment of peritoneal carcinosis in ovar-
ian cancer with artificial radioactivity; Aul98. Gynaecoligia 129: 289-294.
Walton, RJ. and Sinclair, W.K. 1952. Intracavitary irradiation with radioactive
colloidal gold in the palliative treatment of malignant pleural and peritoneal
effusions. Br. Med. Bull. 8: 165-172.

Mackay, N.R. 1957. Radioactive colloidal gold in the treatment of pleural and
peritoneal effusions of malignant origin: Review of 235 cases. Lancet 2: 761.
Yakimovich, N.O., Ezhevskii, A.A., Guseinov, DV,, Smirnova, L.A., Gracheva,
T.A.,, and Klychkov, K.S. 2008. Antioxidant properties of gold nanoparticles
studied by ESR spectroscopy. Russ. Chem. Bull. 57(3): 520-523.

Nie, Z,, Liu, KJ., Zhong, CJ, Wang, L.F, Yang, Y., Tian, Q., and Liu, Y. 2007.
Enhanced radical scavenging activity by antioxidant-functionalized gold
nanoparticles: A novel inspiration for development of new artificial antioxi-
dants. Free Radic. Biol. Med. 43: 1243-1254.

Yin, JJ., Lao, E, Meng, ]J., Fu, PP, Zhao, Y., Xing, G., Gao, X., Sun, B, Wang,
PC,, Chen, C, and Liang, X.J. 2008. Inhibition of tumor growth by endohedral
metallofullerenol nanoparticles optimized as reactive oxygen species scaven-
ger. Mol. Pharmacol. 74: 1132-1140.

Barath Mani Kanth, S., Kalishwaralal, K., Sriram, M., Pandian, SR., Youn, H.S., and
Eom, S. 2010. Anti-oxidant effect of gold nanoparticles restrains hyperglycemic con-
ditions in diabetic mice. ]. Nanobiotechnol. 8: 6.

De la Escosura-Muniz, A., Parolo, C., and Merkoci, A. 2010. Immunosensing
using nanoparticles. Mater. Today 13: 17.

Liu, Y., Qin, Z.H., Wu, X.F, and Jiang, H. 2006. Immune-biosensor for aflatoxin
B1 based bio-electrocatalytic reaction on micro-comb electrode. Biochem. Eng. |.
32: 211-217.

Bone, L., Vidal, J.C., Duato, P, and Castillo, J.R. 2010. Ochratoxin a nanostruc-
tured electrochemical immunosensors based on polyclonal antibodies and
gold nanoparticles coupled to the antigen. Anal. Methods 2: 335-341.

Zhang, Y. and Zhuang, H.S. 2010. Amperometric Immunosensor based on
layer-by-layer assembly of thiourea and nano-gold particles on gold electrode
for determination of naphthalene. Chinese |. Anal. Chem. 38: 153.

Tang, L., Zeng, G.M,, Shen, G.L,, Li, Y.P, Zhang, Y., and Huang, D.L. 2008. Rapid
detection of picloram in agricultural field samples using a disposable immuno-
membrane-based electrochemical sensor. Environ. Sci. Technol. 42: 1207.
Novoselov, K.S., Geim, AK, Morozov, SV, Jiang, D. Katsnelson, M.,
Grigorieva, LV., Dubonos, SV, and Firsov, A.A. 2005. Two-dimensional gas of
massless Dirac fermions in grapheme. Nature 438: 197-200.

Nair, R.R., Blake, P, Grigorenko, A.N., Novoselov, K.S., Booth, TJ., Stauber,
T., Peres, N.M.R., and Geim, A.K. 2008. Fine structure constant defines visual
transparency of graphene. Science 320: 1308.



Nanocomposite Membranes in Biomedical Applications 259

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

Lee, C., Wei, X., Kysar, JW., and Hone, J. 2008. Measurement of the elastic prop-
erties and intrinsic strength of monolayer graphene. Science 321: 385-388.
Balandin, A.A., Ghosh, S., Bao, W., Calizo, I., Teweldebrhan, D., Miao, F,, and Lau, C.
2008. Superior thermal conductivity of single-layer graphene. Nano. Lett. 8: 902-907.
Stoller, M.D., Park, S., Zhu, Y., An, ], and Ruoff, R.S. 2008. Graphene-based
ultracapacitors. Nano Lett. 8: 3498-3502.

Sanchez, V.C,, Jachak, A., Hurt, R.H., and Kane, A.B. 2011. Biological interac-
tions of graphene-family nanomaterials: An interdisciplinary review. Chem. Res.
Toxicol. 25: 15-34.

Hong, B.J., Compton, O.C., An, Z., Eryazici, I, and Nguyen, S.T. 2012. Successful
stabilization of graphene oxide in electrolyte solutions: Enhancement of bio-
functionalization and cellular uptake. ACS Nano 6: 63-73.

Artiles, M.S,, Rout, C.S., and Fisher, T.S. 2011. Graphene-based hybrid materials
and devices for biosensing. Adv. Drug Deliv. Rev. 63: 1352.

Rana, VK., Choi, M.-C,, Kong, J.-Y,, Kim, GY,, Kim, MJ,, Kim, S-H., Mishra, S.,
Singh, R.P, and Ha, C.-S. 2011. Synthesis and drug-delivery behavior of chitosan-
functionalized graphene oxide hybrid nanosheets. Macromol. Mater. Eng. 296: 131.
Depan, D., Shah, J., and Misra, R.D.K. 2011. Controlled release of drug from
folate-decorated and graphene mediated drug delivery system: Synthesis, load-
ing efficiency, and drug release response. Mater. Sci. Eng. C 31: 1305-1312.

Liu, Z.,Robinson, ].T., Sun, X., and Dai, H.J. 2008. PEGylated nanographene oxide
for delivery of water-insoluble cancer drugs. Am. Chem. Soc. 130: 10876-10877.
Sun, X,, Liu, Z., Welsher, K., Robinson, J., Goodwin, A., Zaric, S., and Dai, H. 2008.
Nano-graphene oxide for cellular imaging and drug delivery. Nano Res. 1: 203-212.
Yang, X.,, Zhang, X,, Liu, Z,, Ma, Y., Huang, Y., and Chen, YJ. 2008. High-
efficiency loading and controlled release of doxorubicin hydrochloride on gra-
phene oxide. Phys. Chem. C 112: 17554-17558.

Jung, I, Dikin, D,, Park, S., Cai, W., Mielke, S.L., and Ruoff, R.S.J. 2008. Effect
of water vapor on electrical properties of individual reduced graphene oxide
sheets. Phys. Chem. C. 112: 20264-20268.

Fowler, ].D,, Allen, M ], Tung, V.C,, Yang, Y., Kaner, R.B,, and Weiller, B.H. 2009.
Practical chemical sensors from chemically derived graphene. ACS Naro 3: 301-306.
Lu, G, Ocola, L.E., and Chen, J. 2009. Gas detection using low-temperature
reduced graphene oxide sheets. Appl. Phys. Lett. 94: 083111-083113.

Hong, H,, Yang, K., Zhang, Y., Engle, JW,, Feng, L., Yang, Y., Nayak, T.R. et al.
2012. In vivo targeting and imaging of tumor vasculature with radiolabeled,
antibody-conjugated nanographene. ACS Nano 6: 2361-2370.

Lee, W.C, Lim, CHY.X,, Shi, H, Tang, L.A.L,, Wang, Y., Lim, C.T., and Loh, K.
2011. Origin of enhanced stem cell growth and differentiation on graphene and
graphene oxide. ACS Nano 5: 7334-7341.

Nayak, T.R., Andersen, H., Makam, V.S., Khaw, C,, Bae, S., Xu, X,, Ee, P-L.R.
et al. 2011. Graphene for controlled and accelerated osteogenic differentiation
of human mesenchymal stem cells. ACS Nano 5: 4670-4678.

Grill, WM., Norman, S.E,, and Bellamkonda, R.V. 2009. Implanted neural inter-
faces: Biochallenges and engineered solutions. Annu. Rev. Biomed. Eng. 11: 1-24.
Cogan, S.F. 2008. Neural stimulation and recording electrodes. Annu. Rev.
Biomed. Eng. 10: 275-309.

Wallace, G.G., Moulton, S.E., and Clark, G.M. 2009. Electrode-cellular interface.
Science 324: 185-186.



260

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

Nanocomposite Membrane Technology

Yang, X, Zhang, X, Ma, Y, Huang, Y, Wang, Y, and Chen, YJ]. 2009.
Superparamagnetic graphene oxide-Fe;O, nanoparticles hybrid for controlled
targeted drug carriers. Mater. Chem. 19: 2710-2714.

Cong, HP, He, ] J., Lu, Y, and Yu, S.H. 2010. Water-soluble magnetic-functional-
ized reduced graphene oxide sheets: In situ synthesis and magnetic resonance
imaging applications. Small 6: 169-173.

Liu, K., Zhang, ].J., Cheng, EF,, Zheng, TT.,, Wang, C., and Zhu, ].J.J. 2011. Green
and facile synthesis of highly biocompatible graphene nanosheets and its appli-
cation for cellular imaging and drug delivery. Mater. Chem. 21: 12034-12040.
Yang, K., Zhang, S., Zhang, G, Sun, X,, Lee, S-T., and Liu, Z. 2010. Graphene in
mice: Ultrahigh in vivo tumor uptake and efficient photothermal therapy. Nano
Lett. 10: 3318.

Markovic, Z.M., Harhaji-Trajkovic, L.M., Todorovic-Markovic, B.M., Kepic, D.P,
Arsikin, K.M,, Jovanovic, S.P, Pantovic, A.C., Dramicanin, M.D., and Trajkovic,
V.S. 2011. In vitro comparison of the photothermal anticancer activity of gra-
phene nanoparticles and carbon nanotubes. Biomaterials 32: 1121-1129.

Liu, Z., Tabakman, S., Welsher, K., and Dai, H. 2009. Carbon nanotubes in biology
and medicine: In vitro and in vivo detection, imaging and drug delivery. Nano
Res 2: 85-120.

Chakravarty, P, Marches, R, Zimmerman, N.S, Swafford, ADE., Bajaj, P,
Musselman, L.H., Pantano, P, Draper, RK,, and Vitetta, E.S. 2008. Thermal ablation
of tumor cells with antibody-functionalized single-walled carbon nanotubes. Proc.
Natl. Acad. Sci. USA 105: 8697-8702.

Xiao, Y., Gao, X., Taratula, O., Treado, S., Urbas, A., Holbrook, R.D., Cavicchi,
R, Avedisian, C.T., Mitra, S., Savla, R., Wagner, PW,, Srivastava, S., and He, H.
2009. Anti-HER?2 IgY antibody-functionalized single-walled carbon nanotubes
for detection and selective destruction of breast cancer cells. BMC Cancer 9: 351.
Kam, N.W.S., O’'Connell, M., Wisdom, J.A., and Dai, H. 2005. Carbon nanotubes
as multifunctional biological transporters and near-infrared agents for selec-
tive cancer cell destruction. Proc. Natl. Acad. Sci. USA 102: 11600-11605.

De la Zerda, A., Zavaleta, C., Keren, S., Vaithilingam, S., Bodapati, S., Liu, Z,,
Khuri-Yakub, B.T., Chen, X., Dai, H., and Gambhir, S.S. 2008. Carbon nanotubes
as photoacoustic molecular imaging agents in living mice. Nat. Nanotechnol.
3(9): 557-562.

Heller, D.A,, Baik, S., Eurell, T.E., and Strano, M.S. 2005. Single-walled carbon
nanotube spectroscopy in live cells: Towards long-term labels and optical sen-
sors. Adv. Mater. 17: 2793-2799.

Rao, A.M,, Richter, E., Bandow, S., Chase, B., Eklund, P.C., Williams, K.A., Fang,
S., Subbaswamy, K.R., Menon, M., Thess, A., Smalley, R.E., Dresselhaus, G., and
Dresselhaus, M.S. 1997. Diameter-selective Raman scattering from vibrational
modes in carbon nanotubes. Science 275: 187-190.

Liu, Z., Sun, X.,, Nakayama-Ratchford, N., and Dai, H. 2007. Supramolecular
chemistry on water-soluble carbon nanotubes for drug loading and delivery.
ACS Nano 1: 50-56.

Liu, Y., Wu, D.C., Zhang, W.D,, Jiang, X., He, C.B., Chung, T.S., Goh, S.H., and
Leong, KW. 2005. Polyethylenimine-grafted multiwalled carbon nanotubes
for secure noncovalent immobilization and efficient delivery of DNA. Angew.
Chem. Int. Ed. 44: 4782-4785.



Nanocomposite Membranes in Biomedical Applications 261

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

Kam, N.W.S. and Dai, H. 2005. Carbon nanotubes as intracellular protein
transporters: Generality and biological functionality. J. Am. Chem. Soc. 127:
6021-6026.

Yinghuai, Z., Peng, AT, Carpenter, K, Maguire, ].A,, Hosmane, N.S,, and
Takagaki, M. 2005. Substituted carborane-appended water-soluble single-wall
carbon nanotubes: New approach to boron neutron capture therapy drug deliv-
ery. J. Am. Chem. Soc. 127: 9875-9880.

Heister, E., Neves, V., Tilmaciu, C., Lipert, K., Beltran, V.S., Coley, H.M,, Silva,
S.R.P, and McFadden, ]J. 2009. Triple functionalisation of single-walled carbon
nanotubes with doxorubicin, a monoclonal antibody, and a fluorescent marker
for targeted cancer therapy. Carbon 47: 2152-2160.

Zhang, X.,, Meng, L., Lu, Q,, Fei, Z., and Dyson, PJ. 2009. Targeted delivery and
controlled release of doxorubicin to cancer cells using modified single wall car-
bon nanotubes. Biomaterial 30: 6041-6047.

Liu, Z., Fan, A.C., Rakhra, K, Sherlock, S., Goodwin, A., Chen, X,, Yang, Q.
Felsher, DW., and Dai, H. 2009. Supramolecular stacking of doxorubicin on car-
bon nanotubes for in vivo cancer therapy. Angew. Chem. Int. Ed. 48: 7668-7672.
Ali-Boucetta, H., Al-Jamal, K.T.,, McCarthy, D., Prato, M., Bianco, A., and
Kostarelos, K. 2008. Multiwalled carbon nanotube-doxorubicin supramolecu-
lar complexes for cancer therapeutics. Chem. Commun. 8: 459-461.

Park, S., Yang, H.S., Kim, D,, Jo, K., and Jon, S. 2008. Rational design of amphi-
philic polymers to make carbon nanotubes waterdispersible, anti-biofouling,
and functionalizable. Chem. Commun. 25: 2876-2878.

Li,R., Wu, R, Zhao, L., Hu, Z., Guo, S., Pan, X., and Zou, H. 2011. Folate and iron
difunctionalized multiwall carbon nanotubes as dual-targeted drug nanocar-
rier to cancer cells. Carbon 49: 1797-1805.

Chen, Z., Pierre, D., He, H,, Tan, S., Pham-Huy, C., Hong, H., and Huang, ]J.
2011. Adsorption behavior of epirubicin hydrochloride on carboxylated carbon
nanotubes. Int. J. Pharm. 405: 153-161.

Tripisciano, C., Kraemer, K., Taylor, A., and Borowiak-Palen, E. 2009. Single-wall
carbon nanotubes based anticancer drug delivery system. Chem. Phys. Lett. 478:
200-205.

Bhirde, A.A,, Patel, V., Gavard, ], Zhang, G., Sousa, A.A., Masedunskas, A.,
Leapman, R.D., Weigert, R., Gutkind, ].S., and Rusling, J.F. 2009. Targeted kill-
ing of cancer cells in vivo and in vitro with EGF-directed carbon nanotube-
based drug delivery. ACS Nano 3(2): 307-316.

Feazell, R.P, Nakayama-Ratchford, N., Dai, H., and Lippard, S.J. 2007. Soluble
single-walled carbon nanotubes as longboat delivery systems for platinum(IV)
anticancer drug design. J. Am. Chem. Soc. 129: 8438-8439.

Vukovic, G.D., Tomic, S.Z., Marinkovic, A.D., Radmilovic, V., Uskokovic, P.S.,
and Colic, M. 2011. The response of peritoneal macrophages to dapsone cova-
lently attached on the surface of carbon nanotubes. Carbon 48: 3066—3078.
Naficy, S., Razal, ].M., Spinks, G.M., and Wallace, G.G. 2009. Modulated release
of dexamethasone from chitosan-carbon nanotube films. Sens. Actuators A 155:
120-124.

Im, J.S., Bai, B.C., and Lee, Y.S. 2010. The effect of carbon nanotubes on drug
delivery in an electro-sensitive transdermal drug delivery system. Biomaterial
31: 1414-1419.



262

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.
363.

Nanocomposite Membrane Technology

Wu, W., Wieckowski, S., Pastorin, G., Benincasa, M., Klumpp, C., Briand, J.P,
Gennaro, R,, Prato, M., and Bianco, A. 2005. Targeted delivery of amphotericin
B to cells by using functionalized carbon nanotubes. Angew. Chem. Int. Ed. 44:
6358-6362.

Jia, N, Lian, Q,, Shen, H., Wang, C., Li, X., and Yang, Z. 2007. Intracellular deliv-
ery of quantum dots tagged antisense oligodeoxynucleotides by functional-
ized multiwalled carbon nanotubes. Nano Lett. 7: 2976-2980.

Cai, D.,, Mataraza, ]. M., Qin, Z.H., Huang, Z., Huang, ]., Chiles, T.C., Carnahan,
D., Kempa, K., and Ren, Z. 2005. Highly efficient molecular delivery into mam-
malian cells using carbon nanotube spearing. Nat. Methods 2: 449-454.

Gao, L., Nie, L., Wang, T,, Qin, Y., Guo, Z,, Yang, D., and Yan, X. 2006. Carbon
nanotube delivery of the GFP gene into mammalian cells. ChemBioChem. 7:
239-242.

Kam, N\W.S,, Liu, Z., and Dai, H. 2006. Carbon nanotubes as intracellular trans-
porters for proteins and DNA: An investigation of the uptake mechanism and
pathway. Angew. Chem. Int. Ed. 45(4): 577-581.

Ahmed, M,, Jiang, X,, Deng, Z., and Narain, R. 2009. Cationic glycofunction-
alized single-walled carbon nanotubes as efficient gene delivery vehicles.
Bioconjugate Chem. 20: 2017-2022.

Hazani, M., Naaman, R., Hennrich, F, and Kappes, M.M. 2003. Confocal flu-
orescence imaging of DNA-functionalized carbon nanotubes. Nano Lett. 3:
153-155.

Awasthi, K., Singh, D.P, Singh, S, Dash, D. and Srivastava, O.N. 2009.
Attachment of biomolecules (protein and DNA) to aminofunctionalized carbon
nanotubes. New Carbon Mater. 24: 301-306.

Liu, Y., Wu, D.C,, Zhang, W.D,, Jiang, X., He, C.B., Chung, T.S., Goh, S.H., and
Leong, KW. 2005. Polyethylenimine-grafted multiwalled carbon nanotubes
for secure noncovalent immobilization and efficient delivery of DNA. Angew.
Chem. Int. Ed. 44: 4782-4785.

Waua, J., Paudelb, K.S,, Strasingerb, C., Hammellb, D., Stinchcombb, A.L., and
Bruce, ].H. 2010. Programmable transdermal drug delivery of nicotine using
carbon nanotube membranes. PNAS 107: 11698-11702.

Sun, L. and Crooks, R.M. 2000. Single carbon nanotube membranes: A well-
defined model for studying mass transport through nanoporous materials.
J. Am. Chem. Soc. 122: 12340-12345.

Mabhar, B, Laslau, C., Yip, R., and Sun, Y. 2007. Development of carbon nano-
tube-based sensors—A review. I[EEE Sens. |. 7: 266-284.

Septlvedaa, AT, Fachinb, F, Guzmén de Villoriab, R., Wardleb, B.L., Vianaa,
J.C., Pontesa, AJ., and Rochaa, L.A. 2011. Nanocomposite flexible pressure sen-
sor for biomedical applications. Procedia Eng. 25: 140-143.

Senturia, S.D. 2000. Microsystem Design. Kluwer Academic Publishers, New York.
Vashist, SK.,, Zheng, D., Pastorin, G., AlRubeaan, K., Luong, ].HT,, and Sheu,
F.-S. 2011. Delivery of drugs and biomolecules using carbon nanotubes. Carbon
49: 4077-4097.



7

Challenges in Processing of
Nanocomposite Membranes

7.1 Introduction

Nanocomposite materials have the potential to redefine the field of traditional
composite materials in terms of both performance and potential applications.
Polymer nanocomposites have tremendous market potential both as replace-
ment for current composites and in the creation of new markets through
their outstanding properties. Availability of nanomaterials, integration of
nanomaterials into membrane systems, and societal implications because
of health and environment risks posed by nanomaterials are the key chal-
lenges to the development of integrated nano-based membrane systems.!-1¢
Development of the process-manufacturing technologies in terms of quantity
and quality for commercialization is one of the biggest challenges. Despite
the bright future of nanocomposites, there are a few issues that warrant con-
cern about the mass commercialization of the nano-based systems. There are
four main issues dealing with the production and use of nanocomposites:

e Exfoliation
¢ Orientation
e Compatibility
* Reaggregation

When using clay fillers, it is necessary to separate the particles into the right
shape and layer structure which is called exfoliation. They need to be about
1 nm thin and 500 nm wide for achieving optimal gas permeability without
affecting the optical quality. Particle orientation also has an effect on the
success of a nanocomposite. Nanoparticles need to be dispersed through-
out polymer so that they are parallel to the material’s surface. This posi-
tion ensures a maximum forturous path for the gases when passing through
the polymer. Compatibility between the nanofillers and the polymer sub-
strate may cause issues as well, depending on how they interact with each
other. Certain nanofillers need to be prepared so that they can perform well
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with the substrate. Another concern is during the processing stage. There
is a possibility of reaggregation where the particles clump together. At the
same time, if it is subjected to force, there is a possibility of agglomerated
nanoparticles getting split. Therefore, premature failure takes place in the
final product. The alignment of nanoparticles in the composite matrix is
critical to maximize unidirectional properties such as strength and tough-
ness. As in the case for traditional composites, it is even more challenging
to determine the strength, composition, and functionality of the interfacial
region. In addition to the composite integrity, the nature of the nanoparticle
is also critical for property improvement. It is observed that single-walled
nanotubes (SWNTs) are relatively defect-free whereas, multiwalled nano-
tubes (MWNTs) typically have more defects, such as topological defects
(pentagon, heptagon) and structural defects (discontinuous, cone-shaped
walls, or bamboo structure). To improve dispersion and compatibility in
polymer matrices, nanotube is functionalized. There are still some concerns
such as whether functionalization of a nanotube will affect the properties to
improve the final product. Scale-up is needed to produce large quantities of
nanomaterials for manufacturing purposes. There is still a lack of real-time
characterization methods, instrumentation, tools, as well as a lack of afford-
able infrastructure (facilities, equipment, design tools, skilled personnel).
The mechanical and dispersion properties, and the alignment of nanotubes
are mainly involved in enhancing the properties of nanotube/polymer
composites. However, it is also hard to achieve this without a good inter-
facial bonding between nanotubes and matrix. It is yet to be established:
(1) whether the chemical bonding between nanotubes and matrix exists or
not and (2) do the nanotubes still maintain their extraordinary mechanical,
electrical, and thermal properties if chemical bonding exists between the
nanotube and the matrix?

7.2 Material Selection

Proper material selection for both the matrix and the dispersed phase is
fundamentally important in the development of nanocomposite membrane.
Polymer properties as well as inorganic phase properties can affect the
mixed matrix membrane morphology and separation performance.”” Usually
highly selective polymers can result in mixed matrix membranes with bet-
ter separation performance.’ Therefore, glassy polymers with superior gas
selectivity are preferred to highly permeable but poorly selective rubbery
polymers.??! Although glassy polymers are better than rubbery polymers
because of their rigid structure, adhesion between the polymer phase and
the external surface of the particles is a major problem when glassy poly-
mers are used in the preparation of mixed matrix membranes. In these cases,
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weak organic—inorganic interaction causes voids to form in the polymer—
filler interface.?”** Therefore, in the selection of the matrix phase, gas/liquid
separation properties and adhesion between the two phases are quite chal-
lenging. The dispersed inorganic phase as well as the continuous phase can
affect mixed matrix membrane separation properties and morphology. As
mentioned earlier, porous and nonporous fillers are the two major inor-
ganic phase materials that have been used for nanocomposite membrane
preparation.

When a porous material is used as a filler in the polymer matrix, its pore
size distribution, surface chemistry, and functional groups must be consis-
tent with the gas molecule pairs. For example, activated carbon is suitable
for carbon dioxide/methane separation because it has a higher adsorption
selectivity for CO, (polar gas) than for CH, (nonpolar compound), but this
filler is not suitable for oxygen/nitrogen separation.

By contrast, because the effect of the nonporous material on nanocompos-
ite membrane separation potential is different from porous inorganic materi-
als with sieving function, interaction between polymer chain segments and
nanofillers as well as functional groups on the surface of the inorganic phase
must be evaluated when these materials are added to a polymer matrix. For
instance, adding silica to a polyimide matrix can disrupt polymer chain pack-
ing and thus increase the oxygen and nitrogen permeation rates.?> However,
adding TiO, to the polyimide matrix can increase the CO,/CH, and H,/CH,
selectivity because interactions of CO, and H, with TiO, are stronger than
TiO,~CH, interactions.?

7.3 Interface Defects

The performance of composite materials is largely governed by how inti-
mately the filler material interacts with the surrounding polymer matrix.
Nanocomposites are no different in this regard. The high surface area
of nanoparticles leads to significant agglomeration, which is difficult to
overcome with traditional composite processing methods. The addition
of surfactants to composite materials significantly increases particle dis-
persion but also diminishes material properties. Usually, because of the
difference between the properties of polymer and inorganic phases and
the strong aggregation tendency of the fillers, making an ideal nanocom-
posite membrane, that is, a mixed matrix with no defects in the polymer—
particle interface, is very difficult. Weak polymer—particle adhesion results
in the formation of the defects at the polymer—inorganic interface. These
organic-inorganic interface defects can affect the overall membrane
properties. Interface defects can be classified into the following major
categories?”:
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Interface void around the particles
4

(a)

Inorganic Polymer matrix
filler
<€
(b) Rigidified polymer layer around the particles

FIGURE 7.1
Interface defects at polymer—particle interface: (a) interface void around the particle, and (b) rigidi-
fied polymer layer around the particle.

1. Interface voids or sieves-in-a-cage
2. Rigid polymer layer around the particles
3. Pore blockage

Stress arising during membrane making due to solvent evaporation leads to
rigidified polymer layer formation and interface void formation. Rigidified
polymer layer formation near the particle is due to uniform stress around the
particles. In this case, polymer chain mobility in the vicinity of particle sur-
face is less than polymer bulk. If the stress directions are not uniform around
the inorganic particles, interface voids will be formed in the particle-polymer
interface. Figure 7.1 shows the interface voids and the rigidified polymer
layer in the polymer—particle interface.?®

The interface defects occur due to nucleation of nonsolvent and /or polymer
lean phase around the inorganic phase during the phase separation process.
For successful mixed matrix asymmetric membranes, it appears necessary
that nucleation of solvents and nonsolvents at the nanoparticle (zeolite) sur-
face be restricted. One such approach is via increasing the hydrophobicity of
the zeolite surface by capping surface hydroxyls with hydrophobic organic
molecules. Poor polymer-particle adhesion, polymer-packing disruption
in the vicinity of the inorganic phase, repulsive force between continuous
and dispersed phases, different thermal expansion coefficients for polymer
and particles, and the effects of an elongation stress during fiber spinning
are the other causes for interface voids formation.?’3° The interface defects
may take place in the porous and impermeable nonporous particle interface
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when fillers are added to the polymer matrix in mixed matrix membranes.
Pore blockage is unique to porous fillers. In this condition, particle pores
are clogged with a sorbent, a solvent, a contaminant, or a minor component
in a feed gas or polymer chains, before, during, or after membrane prepa-
ration.?* Depending on the pore size of inorganic fillers, one can classify
them into total and partial pore blockages. It is obvious that when inorganic
filler pores are plugged completely, the gas/water molecules cannot pass
through the particle pores and the porous inorganic particles can act as an
impermeable filler.3* Whereas when pore blockage occurs partially, depend-
ing on the gas molecule dimension and blockage degree, penetrants of inter-
est enter or pass through the pores more slowly than usual.

As mentioned above, when polymer—particle interfacial adhesion is good,
a reduction in free volume occurs near the filler surface, known as polymer
rigidification because of uniform stresses that arise during membrane for-
mation.*® In this case, the rigidified polymer layer around the particles has
lower polymer chain mobility than the bulk polymer, and thus, diffusive
selectivity in this region is higher than the bulk polymer, whereas perme-
ability is lower. Therefore, lower permeability and improved selectivity in
the presence of the rigidified polymer layer can be expected in the resultant
mixed matrix membrane.?* It is reported that permeability reduction in the
rigidified region is one-third or one-fourth of the bulk polymer.?”

Usually, for confirmation of these phenomena in the mixed matrix, one
can use the glass transition temperature (T,) analysis. If the glass transition
temperature of the mixed matrix membrane is higher than that of the pure
polymer or if a second higher T, is observed, polymer chain rigidification has
occurred. However, nonselective interfacial voids may be formed because
of poor adhesion at the organic-inorganic interface.®®3 These voids can
reduce the apparent selectivity of the mixed matrix membrane and increase
the permeability.#-*2 In this case, gas molecules pass through the less resis-
tant interfacial voids instead of passing through particle pores, and thus, the
inorganic phase becomes unusable.**** When the void dimension is in the
molecular range (about 5 A), permeability increment and selectivity decre-
ment below that of the pure polymer are observed. In this case, morphology
is often termed a leaky interface for convenience.

The effect of pore blockage on the mixed matrix membrane comprising
porous fillers is dependent on the degree of pore blockage as well as the
molecular diameter of gases. Pore blockage of porous fillers is always accom-
panied by a gas permeability decrease, although its effect on selectivity
depends on the inorganic filler which is used as the dispersed phase. In this
case, pore dimension after blockage must be compared with molecular diam-
eter of tested gases. If the pore size of the porous filler before blockage is in
the range of molecular diameter of gases after blockage, it cannot allow both
gases to pass through the pore, and thus, pore blockage greatly decreases the
selectivity. When the original pore size of the fillers is larger than the molecu-
lar diameter of tested gases, pore blockage may increase the selectivity.
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7.4 Effect of Particle Size and Size Distribution

In addition to the interfacial defects, particle distribution in the matrix contin-
uous phase is another important factor which affects the mixed matrix dense
membrane performance. For industrial applications, asymmetric hollow-
fiber membranes are normally preferred compared to flat sheet dense mixed
matrix membranes due to the following properties:

e High productivity
¢ High mass transfer area per unit volume

e Convenient module fabrication

An integrally skinned asymmetric membrane has a very thin and dense
skin layer (0.1-1 um) with a thick and highly porous sublayer (100-200 um
with an average void size ranging from 0.01 to 1 um), where both layers are
composed of the same material and formed in a single operation.*>-# In this
kind of membrane, the skin layer acts as the selective barrier and the sub-
layer serves only as a mechanical support for the skin with negligible effects
on separation. Therefore, inorganic fillers must lie inside the selective skin
layer during the asymmetric mixed matrix membrane preparation. In other
words, dispersion of particles in the dense skin region of the membranes,
organic-inorganic adhesion, and skin layer pinhole and polymer-phase
defects are the important parameters that must be considered in the asym-
metric mixed matrix membrane development. The size of the particles in use
must be in the submicron range in order to fit inside the skin layer. That is,
using submicron size particles is essential in the formation of thin and ultra-
thin asymmetric mixed matrix membranes. In addition, smaller particles
provide more polymer/particle interfacial area and enhance polymer—filler
interface contact.®# The particle distribution in the asymmetric hollow-fiber
mixed matrix membrane is related to shear stress in the dope induced by
the spinneret during hollow-fiber fabrication. Near the spinneret die exit,
particles tend to move to the central part of flow with lower energy require-
ment and lower shear rates. Therefore, the particles will be concentrated in
the middle part of the resultant nascent fiber wall. Because the particles
do not lie in the skin layer of the nascent hollow fiber, they will become
unusable, as was discussed earlier. The elongation induced by the grav-
ity of the nascent hollow fibers while they are travelling through the air
gap can change the particle distribution profile and force the particles to
migrate outward to the outer skin and accumulate there. When the draw
ratio is increased, the particle distribution changes considerably from a
convex shape to a flat shape and then to a concave shape at high elonga-
tion draw ratios. That is, a high elongation draw ratio helps particles to
move radially to the bore and shell sides, and forces them to concentrate
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across the fiber walls. Therefore, the particle number per unit outer surface
area increases when the elongation draw ratio is increased. In addition, the
elongation draw ratio increment can eliminate the macrovoid formation
during dry-wet spinning because of the following reasons: It may make
polymer chains parallel and retard the penetration of external coagulants.
Radial outflow of solvents to both the inner and external coagulant sides,
induced by fiber elongation, hinders the capillary intrusion of coagulants
and eliminates the formation of macrovoids. Therefore, air gap and takeup
speed are critical parameters in attempts aimed at fabricating defect-free
mixed matrix membranes. In sum, for fabricating defect-free hollow-fiber
mixed matrix membranes, particle distribution in the skin layer and mac-
rovoid elimination can be controlled with an optimum elongation draw
ratio. Polymer—particle interfacial defects can be eliminated by employing
the above-mentioned methods.

7.5 Challenges in CNT-Polymer Nanocomposite Membrane

Carbon nanotubes (CNTs) can serve as a mere reinforcement material as
well as a material to serve as membrane channels in a nanocomposite mem-
brane system. There are four main aspects of effective reinforcement in CNT
composites that are mainly responsible to lead to high-strength composites.
Nonetheless, the issues pertaining to the formation of a membrane structure
are quite challenging. Good deagglomeration and dispersion of nanotubes
within matrix are essential for high-quality nanocomposites.

CNTs are more efficient as fillers compared to conventional microparticles.
Lower amount of nanotubes (frequently below 1%) is needed to strengthen,
stiffen, and impart electrical conductivity to the nanocomposite membrane.
Such very low filling is impractical in the case of conventional fibers/fillers
giving very weak effects or even deforcement instead of reinforcement.
However, it may not be possible (and not feasible) to use high CNT loadings
because it will lead to the onset of agglomeration; moreover, stiffness and
strength will not be enhanced.

Due to experimental difficulties, not many measurements of the interfacial
shear strength have been made. The interfacial shear strength (IFSS) for non-
covalently bonded phases lies in the region of 50-100 MPa, which indicates
rather good stress transfer. Nucleation of transcrystallinity by nanofibers
increases the IFSS.

Alignment of nanotubes in membrane is quite challenging. An addi-
tional effort is required to align the nanotubes, for example, nanotubes can
become predominantly aligned in a polymer subjected to elongational flow
(like in fiber spinning). External fields, such as magnetic field, can contrib-
ute in aligning the nanotubes. Alignment of nanotubes can further help in
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enhancing the mechanical properties in the direction of alignment. From
conventional considerations for microfibers, a fivefold increase in stiffness in
the alignment direction compared to stiffness of 3D randomly oriented short
fiber composite is found.

Some of the critical issues® that are encountered in the processing of CNT-
polymer composites are uniform dispersion®- and alignment of the carbon
nanotubes®> in the polymer matrix and functionalization of CNT for the
nanotube/matrix interfacial bonding. Different techniques have been used
to disperse nanotubes in polymer matrices, including solution chemistry to
functionalize the nanotube surface,®8 the use of polymers to coat the nano-
tube surface,” in situ polymerization of the nanocomposite,®¢! ultrasonic
dispersion in solution,®> melt processing,®-¢ the use of surfactants,®”8 elec-
trospinning,® electrode chemistry,”® and gelation/crystallization.” Nanotube
surface modifications include plasma treatment or chemical oxidation to
attach the functional groups. The nanotubes should bond better to the matrix
and overcome the van der Waals interactions between nanotubes.”? Good
dispersion alone shows moderate property improvements, but nanotube
alignment, or orientation, leads to further improvements. Using melt com-
pounding followed by melt drawing gives a significant increase in mechani-
cal properties.” In addition to mechanical properties, the inherent conductive
nature of carbon nanotubes has been utilized to induce alignment. For exam-
ple, the application of a magnetic field to a nanocomposite sample during or
after processing has shown nanotube alignment.”7

7.6 Interfacial Defects

Polymer—inorganic incompatibility, poor polymer—particle adhesion, poly-
mer packing disruption in the vicinity of the inorganic phase, stresses that
arise due to solvent evaporation during membrane formation, repulsive force
between continuous and dispersed phase, and different thermal expansion
coefficients for polymer and particle cause different interfacial defects and
nonideal morphologies in mixed matrix materials. Preventing agglomeration
resulting from intrinsic filler attraction is generally one of the major challenges
in nanocomposite preparation/processing. Functionalization and organo-
modification are efficient ways to achieve deagglomeration/dispersibility.
Dispersibility is a function of

e Selection of solvents
e Surfactant
e Sonication

e Mixing
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Whereas solvents, surfactants, and sonication refer to solution processing of
nanocomposites, the mixing refers to melt processing.

For avoiding these interfacial defects and fabricating defect-free mixed
matrix membranes, the following methods have been extensively tried:

¢ Casting at a temperature above the polymer glass transition tem-
perature, or using a polymer with low glass transition temperature
and making the membrane close to the glass transition temperature
of the polymer used as the matrix.

¢ Annealing already formed mixed matrix membranes above the
glass transition temperature. Annealing the defective membranes
does not necessarily lead to any significant improvement in the
membrane morphology.

e Incorporation of a plasticizer into the polymer solution, such as Fyroflex
RDP, dibutyl phthalate, and 4-hydroxy benzophenone to decrease the
polymer glass transition temperature and thus to maintain polymer
chain mobility and flexibility during membrane making.

¢ Surface modification of particles using coupling agents.®-%2 Thin-film
coatings on nanoparticles themselves can be used to improve disper-
sion into polymeric matrices. If functionally reactive, these coatings
can further be used to covalently bond the nanoparticles into the
polymer matrix. For example, such a technology can be used to coat
carbon nanotubes with a functional thin film, which will allow for
rapid dispersion and bonding into plastics. Carbon nanotubes are
yet to achieve their full potential due to dispersion problems.

® Preparation of membranes using melt processing. This method is
used to maintain polymer flexibility during membrane prepara-
tion. Melt processing is yet to establish itself as a feasible process for
industrially relevant membranes.®

* Using some copolymers such as polyimide siloxane. In this case,
rubbery sections (e.g.,, siloxane segments) enhance the interfacial
polymer—particle contacts, and thus void-free membranes can be
achieved.

* Modification of particles using a sizing technique. In this method,
physical deposition of the sizing agent such as polyvinylpyrrolidone
onto the surface of particles is employed by treating the particles in
a sizing bath solution.? Sizing technique, which is a surface coating
approach, deserves thorough consideration and can be incorporated
into mixed matrix membrane development.

® Coating the surface of the inorganic particles with a dilute polymer
dope prior to dispersion in the bulk polymer is known as priming
method. This method can reduce stress at the polymer—particle inter-
face. This technique minimizes agglomeration of the particles and
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promotes interaction between the bulk polymer and the polymer
primed particles, thereby minimizing defective interfaces.
e Adding a low-molecular-weight additive to the membrane formu-

lation as a third component® for linking the polymer chain to the
inorganic particle crystal.

7.7 Challenges for Integrated Systems Nanomanufacturing

Nanomanufacturing® encompasses all processes aimed toward the build-
ing of nanoscale (in 1D, 2D, or 3D) structures, features, devices, and systems
suitable for integration across higher dimensional scales (micro-, meso-, and
macroscale) to provide functional products and useful services. It includes
both bottom-up and top-down processes. Table 7.1 gives examples of a few
nanomanufacturing processes. For application of nanomanufacturing to
critical national needs in energy, civil infrastructure, and reduction of green-
house gases, nanomanufacturing methods must provide a paradigm shift in
the way these products are designed and manufactured. They should ulti-
mately enhance the performance such that the properties demonstrated at
the nanoscale are truly scaled to large volume manufacturing lines and pro-
cesses. Furthermore, nanomanufacturing holds the exceptional promise of
creating completely new markets for the nascent manufacturing industries
of nanoparticles, nanostructures, and nanodevices.®88

7.7.1 Nanomaterials and Nanomanufacturing

Despite the rapid growth in the field of synthesis of nanomaterials, a thor-
ough scientific understanding of how to optimize these materials is still
lacking. Key short-term objectives include understanding the deformation

TABLE 7.1

Examples of Nanomanufacturing Processes

Bottom-up Processes Top-down Processes

Contact printing, imprinting E-beam, ion beam lithography

Template growth Scanning probe lithography

Spinodal wetting/dewetting Optical near-field lithography

Laser trapping/tweezer Femto- and attosecond laser

Assembly and joining (self- and directed =~ Material removal processes (mechanical,
assembly) chemical, and hybrids)

Electrostatic (coatings and fibers) Electro-erosive processes (electro, chemical,

and mechanical)
Colloidal aggregation Ultrasonic material removal
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mechanisms governing the interface between matrix and nanophase in
nanocomposites.® There is need for cost-effective, high volume synthesis,
and processing of nanoparticles, nanofibers, ultrathin/monolayer films, and
other building block structures from a wide range of materials.

To achieve high production and low defect rates, many of these systems
may require investigation into self-assembly by competing interactions (e.g.,
block copolymers—kinetics and thermodynamics).”® Self-assembly has limi-
tations for multiscale structures. Thus, processes may evolve to incorporate
molecular machines or nanorobots formed from bi- and multistable molecu-
lar systems. Nanotechnology may also play a major role in next-generation
catalysts. Improved catalysis is a key to better energy efficiency, reduced
environmental impact, and better process economics.

7.7.2 Prototyping, Scale-Up, and Integration

Complexities involved in large-scale manufacturing of nanomaterials, inte-
gration with macroscopic manufacturing steps, and assembly is shown in
Figure 7.2. At the first level, approaches are needed for the high-rate, high-
volume fabrication/synthesis of building blocks (e.g., dots, wires, tubes, par-
ticles, fibers, films) from a range of materials and with better control of size,
shape, and their polydispersity. Integrating these building blocks requires
an understanding of issues such as substrate and building block surface
modification for directed self-assembly. In addition to self-assembly;, it is rec-
ognized that product realization may come about as a combination of new
and traditional manufacturing processes” as well as bridging top-down

(Examples of Biomedical Electronics
product
realization)
Sensors NEMS Filtration

LT

Hierarchical assembly, integration with macroscopic
manufacturing steps (e.g., forming, consolidation)

Increasing TT
complexity
Substrates/breadboards

1

Production rate scale-up of building blocks
(e.g., dots, spheres, particles, fibers, wires, films)

FIGURE 7.2
Schematic of levels of complexity for nanomanfacturing integration and assembly. NEMS,
nanoelectro mechanical systems.
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and bottom-up approaches. Therefore, the integration of nanoparticle and
nanomaterial syntheses with subsequent manufacturing steps and the con-
solidation and forming of nanostructures into macroscopic objects is needed.

As the technology moves forward, better control over 3D assembly, inter-
connection of nanostructured devices (e.g., with microcircuits), manipula-
tion and rapid setup of material components in multistep fabrication are
important goals. Reliability of nanostructures relies on the control of surface
and interface composition and the structure to minimize defects and enable
subsequent processing (e.g., nanoscale planarization, polishing), and on the
ability to remove and repair defects in nanofabricated structures.

7.7.3 Measurements

To study features and phenomena at the nanoscale requires instruments capa-
ble of resolutions®? at the nano-, subnano-, and even picolevels. New instru-
ments are being developed for measuring thermal and mechanical properties
of nanostructures. The challenge in nanomanufacturing remains to develop
new experimental and analytical tools with a broader range of capabilities at
the nanoscale for chemical analysis, surface and subsurface defects, subsurface
properties, charge transport, and spectroscopy. These tools should also be capa-
ble of working in situ, in real time, and under the variable conditions of process-
ing with respect to temperature, pressure, and electrical and magnetic fields.
As new instruments are developed, new methods of calibration and standard-
ization as well as calibration standards must be developed to ensure the accu-
rate interpretation of results. Reproducible positioning and repositioning with
nanometer accuracy are needed for calibration, measurement, and assembly.

7.7.4 Theory, Modeling, and Simulations

As nanotechnology builds upon the unique properties that matter exhibits in
the form of small particles or structural clusters, research in nanomanufac-
turing is based on individual atomic/molecular (e.g.,, quantum) theories and
bulk continuum theories. Many of the existing models and assumptions are
not valid in nanoscale. There is a need for the development of new theories,
models, and simulations. Fundamentally, there are basic structure—property—
processing—performance relationships that must be established for nanoma-
terials and nanostructures® Of particular interest to nanomanufacturing
is process modeling in restricted spatial domains where boundary effects
become pervasive. These models include coupling of various spatial scales
and timescales, as well as coupling of physical/chemical phenomena, includ-
ing nonequilibrium phenomena with respect to transport and growth). Other
primary needs include developing potentials that are appropriate for nano-
structure interactions, utilizing approaches to benchmark their accuracy, and
exploring statistical mechanics approaches to thermodynamic properties and
phase diagrams. As knowledge in this area evolves, new design paradigms
will have to be created for nanomanufacturing.
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Nanocomposite Membranes: Health,
Environment, Safety, and Societal Implications

8.1 Introduction

Nanocomposite membrane has unprecedented potential of providing
technological solutions to many environmental problems, including climate
change, pollution abatement, and clean drinking water. Itis claimed that nan-
otechnology enables economic growth through more efficient and durable
products and new markets. However, the applicability of such a system has
to be perceived after due consideration of the process and product in totality
with serious attention toward the probable health and environmental risks.

It is perceived that nanocomposite membrane opts for cleaner production
through green chemistry, synthesis and processing of nanoscale materials
that will reduce consumption of raw materials and natural resources such as
water and energy, and improved chemical reactions and catalysis. However,
there is need for a proper life cycle analysis of the nanomaterials through
validated nano-specific risk assessment methodologies.

Although there are now only a limited number of products in the market
that contain engineered nanomaterials, the pace of nanotechnology develop-
ment indicates that the market soon is going to be flooded with nano-based
products. Hence, there is need to look into associated health and environ-
ment risks due to the following:

¢ Size of particles
¢ Increased reactivity and conductivity

* Routes of exposure

Due to very small size, nanoparticles can be inhaled or indigested and are
capable of crossing the blood-brain barrier that protects the brain against
contamination. Nanoparticles are more reactive and conductive than the
conventional particles of the same material. Nanomaterials present risk man-
agement issues that are not easily characterized because of the breadth of cat-
egories of such substances An understanding of the toxicity of nanomaterials,
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dose metrics, probable exposure pathways, and environmental fate is needed
for sound scientific information of the risk management process.

8.2 Risk Assessment

The general approach to assessing and controlling risk involves the identi-
fication of hazard potential of the substance and a structured approach for
determining the probability of exposure and the associated consequences.
Risk is usually controlled in practice by reducing the probability of expo-
sure, although the first principle of risk management is to substitute more
hazardous substance with less hazardous substance wherever possible. An
evaluation of hazard with respect to toxicity is required for determining to
what extent exposure should be controlled. Risk is controlled by limiting
release of the material to air or water, and/or by interrupting the pathways
by which the substance reaches the receptor where it could cause harm (e.g.,
an organ in the body), making an understanding of exposure pathways and
likely quantities essential to risk management. As mentioned, in any new
technology, foresight of possible risks depends on a consideration of the life
cycle of the material being produced. This involves understanding the pro-
cesses and materials used in manufacturing, the likely interactions between
the product and individuals or the environment during its manufacture
and useful life, and the methods used in its eventual disposal. It is impor-
tant to note that nanomaterials have large surface areas per unit of volume
and unique properties relative to conventional chemicals. Some of the spe-
cial properties that make nanomaterials useful are also properties that may
cause some nanomaterials to pose hazards to humans and the environment
under specific conditions. It will be necessary to consider these unique prop-
erties and their potential impacts on fate, exposure, and toxicity in develop-
ing risk assessments for nanomaterials.-®

8.3 Environmental Issues of Nanomaterials

The identification and characterization of chemical substances and materials
is an important first step in assessing their risk. Understanding the physical
and chemical properties in particular is necessary in the evaluation of toxi-
cological and ecological hazards and exposure. The diversity and complexity
of nanomaterials make chemical identification and characterization not only
more important but also more difficult. A broader spectrum of properties is
needed to sufficiently characterize a given nanomaterial for the purpose of
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evaluating hazard and assessing risk. Chemical properties such as molecular
weight, melting point, boiling point, vapor pressure, water solubility, reactiv-
ity, and stability are important for some nanomaterials, but other properties
such as particle size and distribution, surface/volume ratio, magnetic prop-
erties, coatings, and conductivity are expected to be more important for the
majority of nanoparticles.

A given nanomaterial can be produced in many cases by several different
processes yielding several derivatives of the same material. For example, single-
walled carbon nanotubes can be produced by four different processes that can
generate products with different physicochemical properties (e.g., size, shape,
composition) and potentially different ecological and toxicological properties.

Potential nanomaterials release sources include (1) direct as well as indi-
rect releases to the environment from the manufacturing and processing of
nanomaterials, (2) releases from refining processes, (3) chemical and material
manufacturing processes, (4) chemical cleanup activities including the reme-
diation of soil-contaminated sites, (5) releases of nanomaterials incorporated
into materials used to fabricate products for consumer use including phar-
maceutical products, and (6) releases resulting from disposal of consumer
products containing nanoscale materials. Figure 8.1 shows pathways for
nanomaterials to move in the environment.”

Several processes influence the fate of airborne nanomaterials in addi-
tion to their initial dimensional and chemical characteristics: the length of
time the particles remain airborne, the nature of their interaction with other
airborne particles or molecules, and the distance that they may travel prior to

Airstream
Release —

Airstream

0
to water

FIGURE 8.1
Potential exposure pathways for nanomaterials. (Data from Shatkin, J.A., Nanotechnology Health
and Environmental Risks, CRC Press, Boca Raton, FL, 2008.)
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deposition. The transport of nanosized particles in atmosphere takes place by
diffusion, agglomeration, and gravitational settling. With respect to the length
of time particles remain airborne, particles with aerodynamic diameters in the
nanoscale range (<100 nm) follow the laws of gaseous diffusion when released
to air. The rate of diffusion is inversely proportional to the particle diameter,
whereas the rate of gravitational settling is proportional to the particle diam-
eter.8 Airborne particles can be classified by their size and behavior into three
general groups: (1) Small particles (diameters < 80 nm) are described as being
in the agglomeration mode and are short-lived because they rapidly agglom-
erate to form larger particles; (2) large particles (>2000 nm) are described as
being in the coarse mode and are subject to gravitational settling; and (3) inter-
mediate-sized particles (>80 and <2000 nm) are described as being in the accu-
mulation mode and can remain suspended in air for the longest time, days to
weeks, and can be removed from air via dry or wet deposition.”!3

The transport behavior of nanomaterials released to soil is likely to vary
depending upon its physical and chemical characteristics. Nanomaterials
released to soil can be strongly sorbed to soil due to their high surface
areas and therefore be immobile. However, they are small enough to fit into
smaller spaces between soil particles, and might therefore travel farther than
larger particles before getting trapped in the soil matrix. The sorption char-
acteristics of any intentionally produced nanoparticle to soil will depend on
its size, chemistry, surface treatment, and the conditions under which it is
applied. Studies have demonstrated the differences in mobility of a variety
of insoluble nanosized materials in a porous medium.*!> Additionally, the
properties of the soil and environment can affect nanomaterial mobility. For
example, the mobility of mineral colloids in soils and sediments is signifi-
cantly affected by their charge. Surface photoreactions provide a pathway for
nanomaterial transformation on soil surfaces.

Transport characteristics of nanomaterials in an aqueous environment are
controlled by solubility or dispersability, interactions between the nanomate-
rials and natural as well as anthropogenic chemicals in the system, and bio-
logical and abiotic processes. There are limited data on the fate and transport
of nanoparticles, but the existing data show that their behavior can be very
different from much larger particles of the same materials. Nanoparticles
generally are retained in the water column due to diffusion and dispersion.
Waterborne nanoparticles generally settle more slowly than larger particles
of the same materials but can be removed from water by agglomeration or
sorption and sedimentation. Dispersed insoluble nanoparticles can be stabi-
lized in water by interactions with naturally occurring humic substances or
other species. Biodegradation or association with biological materials may
remove nanomaterials. Photocatalyzed reactions may alter the physical and
chemical properties of nanomaterials and therefore alter their behavior in
water. Processes that control transport and removal of nanoparticles in water
and wastewater are under investigation. Nanoparticle photochemistry has
good possibility of potential application in water treatment.
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Due to their high surface area-to-mass ratios, nanosized particles have the
potential to get adsorbed to suspended soil and sediment particles.!® Certain
organic and metallic nanomaterials may possibly be transformed under
anaerobic conditions, such as in aquatic sediments. Particles in the upper
layers of aquatic environments, on soil surfaces, and in water droplets in the
atmosphere are exposed to sunlight. Light-induced photoreactions often are
important in determining environmental fate of chemical substances.

The fate of nanosized particles in wastewater treatment plant is not well
characterized. Wastewater may be subjected to many different types of treat-
ment, including physical, chemical, and biological processes, depending on
the characteristics of the wastewater, whether the plant is a publicly owned
treatment work or on-site industrial facility.

Biodegradation of nanoparticles may result in their breakdown as typically
seen in biodegradation of organic molecules, or may result in changes in the
physical structure or surface characteristics of the material. The potential
and mechanism of biodegradation of nanosized particles have just begun to
be investigated. As is the case for other processes, the potential for biodeg-
radation will depend strongly on the chemical and physical nature of the
particle. Many of the nanomaterials in current use are composed of inher-
ently nonbiodegradable inorganic chemicals, such as ceramics, metals, and
metal oxides, and are not expected to biodegrade. However, a recent pre-
liminary study found that C60 and C70 fullerenes were taken up by wood
decay fungi after 12 weeks, suggesting that the fullerene carbon had been
metabolized.”” For other nanomaterials, biodegradability may be integral to
the material’s design and function. This is the case for some biodegradable
polymers being investigated for use in drug transport,'® for which biode-
gradability is mostly a function of chemical structure and not particle size.

Bacteria and living cells can take up nanosized particles, providing the basis
for potential bioaccumulation in the food chain.!” Aquatic and marine filter
feeders near the base of the food chain feed on nanosized and larger particles.
The bioavailability of specific nanomaterials in the environment will depend in
part on the particle. Environmental fate processes may be too slow for effective
removal of persistent nanomaterials before they can be taken up by an organism.

Certain nanomaterials are being designed for release as reactants in the
environment, and therefore are expected to undergo chemical transforma-
tion. One example of this is iron (Fe®) nanoparticles employed as reactants
for the dechlorination of organic pollutants.!> As the reaction progresses, the
iron is oxidized to iron oxide. Other metal particles are also converted to
oxides in the presence of air and water. Whether the oxides are more or less
toxic than the free metals depends on the metal.

Mathematical models are often used to generate estimated data, which can
provide a basis for making regulatory decisions. It is advantageous if such
models can be applied to provide estimated properties for nanomaterials,
because there are very little experimental data available for these materi-
als. Depending on the relevance of the chemical property or transformation
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process, new models may have to be developed to provide estimations for
these materials. However, mathematical models require experimental vali-
dation. Before the environmental fate, transport, and multimedia partition-
ing of nanomaterials can be effectively modeled, reliable experimental data
must be acquired for a variety of intentionally produced nanomaterials.

8.4 Health Risk

Some of the possible exposure routes for nanoparticles based on current and
potential future applications are illustrated in Figure 8.2.2° The material
may be inhaled directly if released in the air particularly by those involved
in manufacturing nanoparticles in the work place. The material may also
be inhaled by all those who are exposed to nanoparticles from sources
such as combustion. In addition to inhalation, exposure to nanoparticles
can occur from surface contact (such as in cosmetics) or from ingestion
(such as food or drink). In the future, medicinal applications may result in
particles being injected into the body. Other organisms such as bacteria and
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protozoa may take in nanoparticles through their cell membranes, and thus
allow the particles to enter a biological food chain.
The toxicity of nanoparticles depends on the following:

* The total surface area of nanoparticle to the target organ
e The chemical reactivity
¢ The ability to take part in reactions that release free radicals

e The physical dimensions of the particle that allow it to penetrate into
the organ or into cells

8.4.1 Toxicity of Nanomaterials

The nanoparticles have ability to induce the lung injuries because of their
small size, large surface area, and ability to generate reactive oxygen species
(ROS).% The short-term pulmonary toxicity studies in rats with ultrafine and
fine carbon black, nickel, and TiO, particles have established enhanced lung
inflammatory strength of the ultrafine particles in comparison with fine-sized
particulates of similar composition.?>>* Low-toxicity nanoparticles such as
carbon black and polystyrene stimulate the macrophages via ROS and cal-
cium signaling to make proinflammatory cytokines such as tumor necrosis
factor alpha.® The cationic nanoparticles, including gold and polystyrene,
have shown to cause hemolysis and blood clotting, whereas anionic particles
are usually quite nontoxic. High exposures to diesel exhaust particles (DEPs)
by inhalation caused altered heart rate in hypertensive rats interpreted as
a direct effect of DEP on the pacemaker activity of the heart.? Exposure
to single-walled carbon nanotubes results in cardiovascular effects.?” The
nanoparticles inhaled can gain access to the brain by means of two different
mechanisms: trans-synaptic transport after inhalation through the olfactory
epithelium and uptake through the blood-brain barrier.?#? In vitro studies
have shown that multiwalled carbon nanotubes are capable of localizing
within and initiating an irritation response in human epidermal keratino-
cytes, which are a primary route of occupational exposure.3%3!

The change in the structural and physicochemical properties of nanopar-
ticles with a decrease in size can be responsible for numerous material interac-
tions that could lead to toxicological effects;® for example, shrinkage in size
may create discontinuous crystal planes that increase the number of structural
defects as well as disrupt the electronic configuration of the material and give
rise to altered electronic properties. These changes could establish specific sur-
face groups that could function as reactive sites. Chemical composition of the
materials is particularly responsible for these changes and their importance.
The surface groups can make nanoparticles hydrophilic or hydrophobic, lipo-
philic or lipophobic, or catalytically active or passive. These surface properties
can lead to toxicity by the interaction of electron donor or acceptor active sites
(chemically or physically activated) with molecular oxygen (O,) and electron
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capture can lead to the formation of the superoxide radical, which generates
additional ROS through Fenton chemistry. Various studies have been carried
out to investigate the adverse effects of nanoparticle on the biological sys-
tems.*-% It has been demonstrated that carbon black nanoparticles produce its
increased inflammatory effects via mechanisms other than the leaching of sol-
uble components from the particle surface. Transition metals are an important
source of free radicals, which are important in PM10-stimulated lung inflam-
mation. Therefore, it is clear that nanoparticles may exert their increased pro-
inflammatory effects, at least in part, by modulating intracellular calcium.

Nanomaterials themselves constitute a new generation of toxic chemicals.
As particle size decreases, in many nanomaterials the production of free
radicals increases, as does toxicity. Studies have shown that nanomaterials
now in commercial use can damage human DNA, negatively affect cellular
function, and even cause cell death. There is a small but growing body of sci-
entific studies (termed as nanotoxicology), showing that some nanomaterials
are toxic to commonly used environmental indicators such as algae, inver-
tebrate, and fish species.?®-#! There is also evidence that some nanomaterials
can impair the function or reproductive cycles of earthworms, which play a
key role in nutrient cycling that underpins ecosystem function.*

When introduced into the lungs of rodents, certain carbon nanotubes cause
inflammation, granuloma development, fibrosis, artery plaque responsible for
heart attacks, and DNA damage.**-% Two independent studies—(1) carbon
nanotubes introduced into the abdominal cavity of mice* and (2) induction
of mesothelioma in p53+/- mouse by intraperitoneal application of multiwall
carbon nanotube*—have shown that some carbon nanotubes can also cause
the onset of the mesothelioma cancer previously thought to be only associ-
ated with asbestos exposure.#64”

Very little is known about the safety risks presented by engineered nano-
materials. Given their unique properties, particularly their high reactivity and
electrical conductivity, safety concerns are focusing on whether nanomaterials
can cause fires or explosions. Nanoparticles behave differently compared to
conventional particles. Small amount of release of nanoparticles can pollute
the water supply or damage crops and get into the air, soil, or water.

Laboratory and production staff may also be exposed to health and safety
risks during the manufacturing of nanomaterials. People in these occupations
should be aware of the potential risk and hazards of using nanomaterials and
take appropriate measures to mitigate the risks.

Owing to the interdisciplinary nature of nanotechnology and nanocompos-
ite membranes, it is viewed as an enabling technology for the existing tech-
nologies in the field of water purification, textile, aerospace, health care, and
electronics. Keeping in view the unique behavior of nanomaterials in the envi-
ronment, nanotechnology may pose challenges to the existing waste manage-
ment systems. Knowledge on the mobility, persistence, and bioaccumulation
potential in the environment is scarcely available. Hence, risk assessment on
the possible impact of nanowastes is critical and needs to be pursued.
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8.5 Societal and Ethical Issues

Nanocomposite membrane is made of nanomaterials embedded in mem-
brane material. Nanotechnology plays an important role in the development
of nanocomposite membrane. As yet the potential impact of nanomaterial
exposure on humans or the environment is poorly understood. Data on their
possible impact are needed for expanded development and use of nanotech-
nology. The environmental fate and toxicity of a nanomaterial are critical
issues with respect to material selection and design for several applications.
Systematic investigations of the oxidative, photochemical, and biological
stability of nanomaterials (dendrimers, carbonaceous nanoparticles, metal
oxides, etc)) in natural and engineered environmental systems need to be
carried out. Assessing the risk of using nanomaterials presents unique chal-
lenges due to scarcity of published data. As with any new technology that
offers significant benefits to humankind, there are some risks of adverse and
unintended consequences with nanotechnology. Interdisciplinary aspects of
ethical and social dimensions of nanotechnology must be explored in detail.

New technologies come into being through a complex interplay of technical
and social factors. The process of innovation that will produce nanotechnology
and diffuse its benefits into society is complex and only partially understood.
The greatest difficulty in predicting the societal impacts of nanocomposite
membrane technology is the fact that once the technical and commercial fea-
sibility*® of the innovation is demonstrated, subsequent development is much
in the hands of users as in those of the innovators. The diffusion and impact
of technological innovations often depend on the development of complemen-
tary technologies and the user network.

To assess societal issues with respect to the development of nanocompos-
ite membrane technology, the entire system through its life cycle should be
examined.®® Initially, the impact of nanocomposite membrane is likely to be
limited to a few specific products and services. Nanocomposite membrane
may be introduced in an accelerated manner to those markets where con-
sumers are willing to pay a premium for new or improved performance.
Nanocomposite membrane technology will coexist with conventional mem-
brane technologies rather than suddenly displacing them.

An important aim of a societal impact investigation of nanotechnology
is to identify harms, conflicts over justice and fairness, and issues concern-
ing respect for persons. For example, changes in workforce needs and
human resources are likely to bring benefits to some and harm to others.
Other examples of potential issues include safeguards for workers engaged
with hazardous production processes, equity disputes raised by intellectual
property protection, and questions about relationships between govern-
ment, industry, and universities. In addition, attention needs to be given to
the individual responsibility of engineers, scientists, and others involved in
the processes of generating powerful new nanotechnologies. Professional
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societies have a role to play in providing opportunities for discussing and
devising guidelines that incorporate relevant ethical principles into emerg-
ing issues. Perhaps most importantly, ethics must be incorporated effectively
into the curriculum for training new nanoscientists, nanotechnologists, and
nanofabrication technicians.

It is important for the social scientists* to study the processes by which
nanocomposite membranes are developed. The knowledge gained will help
them as well as policy-makers and the public to understand how nanoscience
and nanotechnology are advancing for making the membranes, how these
advances are being diffused to the ground level, and how to make neces-
sary course corrections. Insight into the innovation process will also grow.
A challenging, but important, area for social science research is the social
acceptance, resistance, or rejection of nanotechnology. Representative sam-
ple surveys, supplemented by focus groups and open-ended interviews, can
measure affective, cognitive, and psychosocial parameters. As more and more
new nanotechnologies are developed and actually appear in the market, the
degree of social acceptance will become ever more important. Indicators to
measure social acceptance of nanotechnology will be needed in the following
areas: economic, political, religious, and cultural.

Investment in nanotechnology along with carefully addressing the issues
related to adverse impact on human health and the environment is both
necessary. Nanotechnology will present opportunities to integrate science
and technology with social science and humanities. Education must pro-
vide mechanism for updating scientists and engineers on new technolo-
gies as well as help organize intelligent debates about societal effects of
nanotechnology.>

8.6 Public Awareness and Participation

Although there may not be any moral or ethical duty, requirement, or obli-
gation for government and industry to engage the public before adopting
and marketing a technology, there are many pragmatic reasons to do so.
Research and development is expensive and time consuming with multiple
opportunity trade-off costs. Unless public resources are shifted to purchase,
install, and maintain new technologies such as water treatment, they can be
cost prohibitive for many markets. In addition, public money often tracks
public sentiment. Public acts as consumers and shareholders of industries in
the business of providing potable water. Public support for high-cost facili-
ties involves public contracts and bonds. Neutral attitudes, if not palpable
opposition, should be serious concerns to public service providers.>

It would be easy to argue that the assessment and control of the impacts
of nanotechnologies including nanocomposite membrane technology—as
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a highly technical and complex subject—should be an expert-led process,
restricted primarily to the peer community of scientists and engineers within
academia, industry, and government. However, some of the social and ethi-
cal concerns, that certain applications of nanotechnologies are likely to raise,
stretch well beyond the basic science or engineering of the matter. In this
respect, it is recommended® that the government communicate with, and
involve as far as possible, the public in the decision-making process in the
area of nanotechnologies. This view is also in line with that of the European
Commission,® set out in its communication “Towards a European Strategy for
Nanotechnology,” in which coherent action “to integrate societal consider-
ations into the R&D process at an early stage” is endorsed.
Possible approaches to dialog are as follows:

¢ Participatory and constructive technology assessment with
stakeholders>

® Scenario analysis with stakeholders to identify significant
uncertainties®

* Direct public engagement such as citizen juries or panels for iden-
tifying at an early stage broad desired futures for nanotechnologies,
significant ethical concerns, or the acceptability of key applications
and options

e Formal approaches for framing problems, as well as for identifying
preferred options and their attributes

* Multistage methods, which combine different approaches to fram-
ing, option appraisal, and final choice in a sequence of linked activi-
ties, with different groups of stakeholders and the public at various
stages®

® Research into public attitudes, both qualitative and quantitative, to
generate good-quality social intelligence® about nanotechnologies
and public concerns

For nanotechnologies, decisions will need to be sensitive to public opinion
where significant ethical issues arise. For example, the concerns about the
future trajectory of the technology and some of the issues associated with
the convergence of nanotechnologies with other technologies, and in partic-
ular developments in bio-nanotechnologies, are likely to raise novel ethical
questions in the future requiring wide public debate. There is need for peri-
odic reflection on possible emerging ethical questions and initiating appro-
priate forms of dialog with stakeholders or the public as appropriate, as the
technology matures and its tangible applications become clearer.
Awareness or educating people is a particularly important task high-
lighting the positive aspects of the nanochnologies. At a broad societal
level, there is a need for a mature debate addressing different aspects,
including issues associated with the convergence of nanotechnologies.
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Thus, information exchange should aim at more than just educating the
public.%

Unlike with some of other mature technologies, nanotechnologies have
so far not generated conflict among stakeholders. As more and more appli-
cations emerge, the situation might change. Government agencies need to
play an important role in supporting public dialog about nanotechnologies.
Public debate and technology assessment need to be carried out as widely
as possible. It is recommended that the public dialogue be initiated on the
development and associated issues of nanotechnologies.

8.7 Regulatory Issues

As nanotechnology and nanocomposite materials continue to be developed
for commercial domain and as financial aspects become more important,
legal environmental aspects and issues are likely to play an important role.
Particularly as nanotechnology may be increasingly used in commercial prod-
ucts, financial aspects will become more important. Government agencies
may also increasingly become involved with integrating nanotechnology into
a broader legal framework, which allows for a variety of different concerns to
be addressed. It is certain that as nanotechnology and nanocomposite materi-
als get more and more included in commercial products, government agen-
cies may bring out legislation targeted to issues specific to nanotechnology.

The bright prospects of nanotechnology has potential to encourage scientists
and technologists to use their intellectual abilities for developing the science
and engineering used in producing nanotechnology products such as nano-
composite membranes for different applications. Stringent laws may come
into play to deal with environmental aspects. A number of issues are relevant
for assigning liability for the harm in such circumstances, with criminal laws
focusing on punishment by the state and civil laws mostly focusing on provid-
ing private compensation to injured parties. Nanoscience and nanotechnology
are pursued in different research institutions and industrial sectors for various
applications and end use. Thus it is likely that regulators may need to consider
the impact that nanotechnologies may have on each of their areas of coverage.®’

Regulation requires assessment of hazard and assessment of the likeli-
hood or duration of exposure. These factors combine to produce the risk to
any exposed biological or human population. The overall aim is to deter-
mine the risk management measures needed to eliminate risks or reduce
them to acceptable levels.

Several regulatory options are available such as the following:

e Workplace controls
¢ (lassification and labeling measures
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Control of emissions to air, water, and land

Waste disposal restrictions

Marketing and use restrictions
Prohibition

Regulatory measures are not static; the regulator collaborates with research
institutions and industries in seeking to identify further measures that are
reasonably practicable to reduce risks. The most likely place of exposure to
nanoparticles and nanotubes is the workplace, including academic research
laboratories. There is need to formulate the responsibilities for health and
safety that employers have toward employees and members of the public, and
employees have to themselves and to each other. The chemical industry is
likely to be the major producer of nanomaterials, currently in the form of bulk
nanoparticles such as titanium dioxide and eventually more advanced func-
tional materials as research and development progresses. Although nanomate-
rials currently account for only a tiny fraction of the total quantity of chemicals
manufactured, production is expected to increase over the coming years.

Manufacturers of consumer products may utilize the advantages derived
from nanomaterials in their products to give improved performance and
additional functionality. Here the nanoparticles will essentially be free
rather than fixed, although their reactivity (and thus toxicity) may be influ-
enced by coatings.

Research is being pursued to explore the possibility of using nanomate-
rials in medical diagnosis and treatment. Although such materials would
be subject to the stringent regulatory regime that governs all new interven-
tions in medicine, some of the special properties of nanoparticles may lead
to the possibility of unforeseen toxicity if introduced into the body in large
numbers.

There is knowledge gap that must be addressed for evolving appropriate
regulation, with respect to hazard exposure and measurement. Possible toxic
hazards associated with nanoparticles and nanotubes may be viewed in light
of two important facts: (1) such materials are currently being produced in
very low volumes and their use involve as yet little or no exposure to popu-
lation outside the workplace, and (2) the well-publicized adverse effects of
particulate air pollution are related to exposures of very high concentrations
of particles, usually in susceptible individuals. Thus, any assessment of risk
needs to take into account not just the toxic potential but also likely exposures.

Even when, as in the present, the magnitude and mechanism of risks associ-
ated with the production, use and disposal of nanoparticles, nanotubes, and
nanocomposites remain uncertain, it should nevertheless be possible to man-
age the overall level of risk through careful control of exposure. Indeed, the
history of the regulatory process shows that delays have in the past occurred
from a desire to understand detailed mechanisms of toxicity before firm
action to reduce exposures is taken. Steps can be taken by regulators to control
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possible risks from new manufactured nanoparticles without the need for a
curtailment of development activity. Such steps may be taken along with the
efforts for further understanding of the possible mechanism of toxicity.

Because of the small size of manufactured nanoparticles and nanotubes, there
are several technical challenges surrounding the measurement of their physi-
cal and chemical properties. These challenges become particularly important
when measurement is required in real-world situations, compared to carefully
controllable laboratory conditions (as might be used for quality control or toxic-
ity experiments). Such measurement problems arise in the field as fluctuating
environmental conditions (e.g., wind speed, temperature, humidity) can mod-
ify readings, and background nanoparticles already present in the environment
(e.g., from pollution) may mask the manufactured nanoparticles of interest. In
addition to the development of measurement techniques for regulatory pur-
poses, there is a growing need for international measurement standards for
nanoscalar metrics of dimension, chemical composition, force, and electrical
quanta. Monitoring of nanoparticles will also require a high level of traceability
to ensure that any future agreed exposure levels are accurately adhered to.
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