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Preface

The main purpose of this book entitled, Polymeric Materials for Clean Water, is to
compile different approaches, which are used for water treatment and purification.
Most of the polymer researchers have found difficulties to search for information in
the ever-expanding polymer literatures published on the topic of uses of polymer
for a range of water purification technologies especially coagulation and floccula-
tion, adsorption, catalysis, disinfection, and filtration. Since scientists have expe-
rienced to locate a range of polymers used either as polymers themselves or often in
the form of composites that is buried in a long journal article, the contributors to
this book have compiled most of the important information based on searching the
literature that polymer chemists, polymer physicists, polymer engineers, material
scientists, nanotechnologist, water specialists, and environmental technologists are
likely to need. Chapter 1 introduces basic chemistry of polymers and summarizes
the following chapters of this book. For example, Chap. 2 describes the general
methods of polymer synthesis, and the advantages, possibilities, and drawbacks of
each method are discussed. Most of the modern methods of controlled polymer
synthesis leading to well-defined polymers with desired structure, composition, and
properties are nicely illustrated. Chapter 3 contains prominent polymer character-
ization techniques and the physicochemical properties of polymers. Albeit this book
emphasizes on water purification methods mediated by polymers, we have added
these in Chaps. 2 and 3 as they are important to understand by polymer research
community. Chapter 4 brings a range of polymers necessary to improve the
operational efficiency of coagulation and flocculation. Chapter 5 has focused on
polymer and polymer-based nanocomposite for adsorption of water pollutants.
Most of the polymer-based water purification catalysts are discussed in Chap. 6. An
extensive look has been taken to discuss most of the antimicrobial polymers used
for water disinfection in Chap. 7. Chapter 8 contains useful information of the uses
of polymeric materials for membrane development, necessarily applied in water
filtration. I am grateful if our contributors and readers send me any new information
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they accumulate in the course of their research, and any errors, misprints, omis-
sions, and other flaws which are required for future editions of this book. I would
like to thank all of the contributors to this book for their help and continued
patience. The staffs at Springer have provided excellent help and support in getting
all the work done, and I am grateful to them. I hope that the outstanding efforts of
all these people will find due appreciation among the users of this book.

Leipzig, Germany Rasel Das
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Chapter 1 )
Introduction Check or

Rasel Das

Abstract Polymer can be defined as a macromolecule, and due to its broad range
of properties, they could play an essential role in everyday life. This chapter defines
some terms of polymer and its chemistry for chain formation, mechanism of
polymerization, methods for polymer characterization, etc. It also highlights the
summary of each chapter of this book, i.e., the uses of both natural and synthetic
polymers for water purification.

Keywords Polymer - Definition - Syntheisis - Characterization
Water purification

1.1 Background

Most of the readers, especially the students, often confuse about the uses of term
polymer, polymer chain, and macromolecule. Polymer is a class of large organic
molecule. Alternatively, one can isolate them as a mixture of macromolecules with
molecular weight is >1000 g/mol. Macromolecule consists of repeated units whose
chemical structure is directly or closely linked to the monomers [1]. Many positive/
negative or both charge-containing monomers are assembled in a chain to form
their structure. The length of the polymer’s chain varies significantly. Most of the
polymers consist of thousands to millions of monomer units, and the length is
between 400 and 8000 ft. Based on charge of the monomers, a polymer can be
cationic, anionic, amphoteric (cationic and anionic), and nonionic. The amount of
charged monomers determines the polymer overall charge density and is usually
expressed by percentage. Based on chain orientation, polymers can be classified as
linear, branched, and cross-linked as shown in Fig. 1.1. The chain morphology
determines based on polymerization reactions. Polymerization starts by the addition
of monomer molecules on an active propagating center through the formation of
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Monomer

Linear Polymer chain

Branched
Polymer chain

Cross-linked
Polymer chain

Polymers bridge particles together

Fig. 1.1 Classification of polymers

successive new chemical bonds to produce a high molecular weight chain (i.e.,
macromolecule). Polymerization is a multistep procedure, so that the chain length in
each polymer is not uniform. The degree of polymerization typically corresponds to
the number of monomer units in a macromolecule.

Although “n” in Fig. 1.2 corresponds to a number of structural units per polymer
chain, it is not always matched to the number () that is actually employed in a
macromolecule. It depends on the chemical structure of the monomer unit.

The mechanism of polymerization is extensively discussed in Chap. 2. It includes
a range of polymerization reactions, e.g., radical polymerization, controlled/living
radical polymerization, ionic polymerization—anionic polymerization, living anio-
nic polymerization, cationic polymerization, and living cationic polymerization—
stereo regulation in radical and ionic polymerization, coordination polymerization,
ring-opening polymerization, and multimode polymerization. Among these, the
main methods of polymerization typically used in industry are radical, ionic (cationic
and anionic), and coordination polymerizations. The other techniques of polymer-
ization such as ring-opening polymerization, living radical polymerization are dis-
covered in recent years and are promising methods for wide industrial applications
and obtaining of novel materials.
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Fig. 1.2 Schematic representation of a polymer showing the two examples of the differences
between the degree of polymerization and the number n. Figure is adapted with permission from [1]

Chapter 3 describes a range of characterization methods including mass spec-
trometry (MS), matrix-assisted laser desorption/ionization (MALDI)-time-of-flight
(TOF)-MS, gel permeation chromatography (GPC), X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR), and
X-ray photoelectron spectroscopy (XPS). Among them MS, GPC, and NMR are
prominent characterization techniques used for analyzing polymeric materials. These
are used for measuring mass-to-charge ratio (m/z) of analyte ions. XRD is helpful for
solid-state analysis, e.g., degree of crystallinity and crystal structure as well as the unit
cell parameters. FTIR can be used for identifying the polymer functional groups,
while XPS provides information regarding the chemical composition of polymeric
materials. NMR provides information on the mobility of their molecules. This chapter
also highlights the physical properties of polymers including their hydrophobicity and
hydrophilicity states, functional groups, and flexibility of the polymer chain structure.
On the other hand, chemical properties, especially chemical reactivity, toxicity,
biocompatibility, chirality, adsorption capacities, chelation, and polyfunctionality of
polymeric materials, are also discussed.

A wide variety of cationic and anionic polymers are used for water clarification
(WC). WC is a process of water treatment where a range of suspended particles,
especially stable colloids, is removed from surface water. Whatever the purposes of
water purification, e.g., drinking, agricultural, industrial, WC is a must procedure
for water treatment. Most of the colloids present in surface water carry electric
charge potential. Due to this same charge potential, the colloids repulse each other
and floating throughout the water. It is difficult to form a large particle, which
typically formed upon agglomeration, and is difficult to precipitate from the bulk
solution phase. Therefore, a range of polymers is used as a coagulant, which
neutralizes these colloid charges, forming aggregated colloids followed by pre-
cipitation. Coagulation is the first step of WC, but the aggregated colloids (often
called mico-flocs) are too small to precipitate. So, a continuous stirring speed is
maintained to facilitate further collisions of mico-flocs to form a larger floc
aggregate to settle down in a basin. This process is called flocculation.
Diallyldimethylammonium chloride (DADMAC) is a cationic flocculant organic
polymer which has appreciable charge density for coagulation. The cationic
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polymer is named as primary coagulant, but they can also be used with other
coagulant aids. On the other hand, anionic and nonionic are not considered as
primary coagulants as their function basically as flocculants or coagulants aid. They
have almost no effect in the neutralization of negative colloid particles, but can help
to accelerate the bridging action of cationic polymer. It is because most of the
cationic polymers have low molecular weight as compared with the anionic or
nonionic polymers. Therefore, anionic or nonionic polymers are significantly
important along with cationic polymers, especially to treat industrial WC. Due to
uncoiled chain structure, which is exposed to a greater number of separate particles
when added to the water, anionic polymer can accelerate the best bridging action.
They can work as a primary coagulant when the colloidal particles are positively
charged. Using anionic or nonionic polymers for accelerating the action of cationic
polymers is cost-effective and overall could reduce treatment costs considerably.
Chapter 4 discusses in details about the uses of polymers for coagulation and
flocculation in wastewater treatment plant. Both the synthetic and natural polymers
are extensively discussed over there. Synthetic chemical coagulants are based on
organic polymers (or polyelectrolytes), while the natural-based organic coagulants
are derived from both plants and animals. Their mechanism of action in the pro-
cesses of coagulation and flocculation is discussed extensively.

Polymeric adsorbents and their derivatives (e.g., polymer-based composite) have
been developed for over seven decades and extensively used in polluted water
treatment, such as organic wastewater treatment and advanced removal of heavy
metals. Chapter 5 focuses on polymers that can be used as adsorptive materials in
the field of water treatment. This chapter describes in detail the uses of these
promising materials for the adsorption of various organic and inorganic pollutants
from contaminated waters, in terms of strong mechanical strength, excellent
hydraulics performance, high stability, and tunable surface chemistry. Therefore,
the physicochemical structure of polymeric materials determines the rate of
adsorption of target pollutant. In short, the skeleton chemistry, pore structure,
surface functional groups, and the encapsulated moieties control the maximum
adsorption capacity of an adsorbent. This chapter also highlights how to synthesize
a polymeric adsorbent and its nanocomposite, mechanism of action, used for the
removal of various organic and inorganic pollutants.

Chapter 6 focuses on the uses of polymer-based photocatalysts for water
purification. Some photosensitizers and hybrid photocatalysts along with their
properties and potential applications in degradation of water pollutants have been
presented either in pure or in composite forms. Since polymeric and hybrid pho-
tocatalysts are especially well suited for the removal of chemical compounds, this
chapter extensively discusses them.

Since microbial infection appeared as one of the most critical environmental
pollutions, water security has urged both researchers and industries to develop
cost-effective antimicrobial polymer system. Water disinfection using polymer is a
sustainable water treatment process. Among all the antimicrobial polymers, the use of
chemically modified chitosan or metal-complexed chitosan composites has been used
extensively in the field of water disinfection. This is due to its nontoxicity effect in
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nature, biocompatibility, and biodegradability. Moreover, using chitosan biopolymer
could enhance the efficacy of some existing antimicrobial agents, antifungal agents,
and minimize the environmental problems. Therefore, Chap. 7 describes all
the antimicrobial polymers in the beginning including poly[1,3-dichloro-5-methyl-5-
(4'-vinylphenyl) hydantoin] (poly1-Cl) and poly[1,3-dibromo-5-methyl-5-(4'-vinyl-
phenyl) hydantoin] (polyl-Br), polyamide, poly-(N-benzyl-4-vinylpyridinium
bromide) (PVP), polymeric silsesquioxanes chloride, polyepicyanuriohydrin, poly
(glycidyl methacrylate), but later focuses on the chitosan or its composites, particu-
larly synthesis, properties, and demonstration of water disinfection. Antimicrobial
polymers are typically used as a tertiary method of treatment in processes like
polymer-assisted filtration to solve our current water disinfection issue.

Due to more flexibility and less expensive material, many polymers have been
used for membrane fabrication and its possible uses in the filtration of organic,
inorganic, biological pollutants, etc. These membrane systems classify into reverse
osmosis (RO), nanofiltration (NF), ultrafiltration (UF), microfiltration
(MF) processes. The polymers used in these four processes include cellulose acetate
(CA), polyamide (PA), polyvinylidene fluoride (PVDF), polysulfone (PSF),
polyethersulfone (PES), polyvinyl chloride (PVC), polyimide (PI), polyacrylonitrile
(PAN), polyethylene glycol (PEG), polyvinyl alcohol (PVA), poly(methacrylic
acid) (PMAA), poly(arylene ether ketone) (PAEK), poly(ether imide) (PEI),
polyaniline nanoparticles (PAN), and polyethersulfone amide (PESA). Chapter 8
presents these all types of polymers, their uses for membrane casting, and
demonstration for their uses in water purification. Some polymers-based filters
suffer some drawbacks, such as chemical attack of polymers, membrane fouling,
and hydrophobicity. So, this chapter highlights some nanocomposites, i.e., poly-
mers mixed with nanomaterials through blending and surface modification tech-
niques. All of these methods are discussed in detail and also highlight further
improvements of polymeric membrane for developing third-generation filtration
techniques.

References and Future Reading

1. Hamaide T, Holl Y, Fontaine L, Six J-L, Soldera A (2012) Teaching polymer chemistry:
revisiting the syllabus. Open J Polym Chem 2:132
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Mechanisms of Polymer Polymerization gt

Dmitry F. Grishin and Ivan D. Grishin

Abstract This chapter is devoted to the observation of general methods of polymer
synthesis including radical, ionic, coordination, and metathesis polymerization. The
main advantages, possibilities, and drawbacks of each method are discussed.
A special emphasis was placed to the modern methods of controlled polymer
synthesis leading to well-defined polymers with desired structure, composition and
properties. Such methods are considered as a way to the novel polymer materials for
various high-tech applications.

Keywords Polymerization methods - Modern techniques - Controlled synthesis

2.1 Introduction

The development of novel high-tech industries is impossible without development
of new materials with desired and predetermined properties and parameters.
Synthetic polymers occupy a special place among such materials. Nowadays,
polymers often replace metals and other natural materials in many applications. For
example, they are widely used as constructing materials due to its high plasticity in
conjunction with high strength, low density, durability, and stability toward envi-
ronment. For example, more than 50% of materials used for production of a newest
Boeing 787 Aircraft are plastics and composites. The same thing is observed in
automotive industry. Fenders and other parts of car bodies produced by leading
brands are made from plastics. The leading experts in machinery construction agree
in opinion that the use of plastics as constructive materials will increase in near
future [1].

Polymerization is a process of forming compounds with high molecular weight
through the consistent addition of monomer molecules to active propagating center.

D. F. Grishin (X)) - 1. D. Grishin
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The monomers are generally small molecules which contain unsaturated bond or
cyclic fragments. A general scheme of formation of macromolecules from monomer
units may be described by the following equations:

nA=B — = {A-B} (2.1)

nAB —s {A-B-C

(2.2)

In this scheme n, a number of structural units per polymer chain are called a
degree of polymerization and serve as a merit of a polymer chain length.

Among the main methods of polymerization used in industry, the most essential
ones are radical, ionic (cationic and anionic), and coordination polymerizations.
The novel techniques of polymerization such as ring-opening polymerization, living
radical polymerization discovered in recent years are promising methods for wide
industrial applications and obtaining of novel materials. The main regularities of
different ways of polymerization in different conditions are described below.

2.2 Radical Polymerization

Radical polymerization is among the most important and widely used methods for
industrial production of polymers. Nowadays, about 50% of all polymers made by
chemical industry are produced by this method. A wide range of monomers is
capable to react via radical mechanism forming polymers with valuable properties.
Among them are ethylene, vinyl chloride, vinyl acetate, vinylidene chloride,
tetrafluoroethylene, acrylonitrile, methacrylonitrile, methyl acrylate, methyl
methacrylate, styrene, butadiene, chloroprene, and many others.

The mechanism of radical polymerization is a chain radical process consisted of
initiation, propagation, termination, and transfer reactions as key stages [2, 3].

(a) Initiation

It lies in generation of initial propagating chains and may proceed under thermal,
photochemical, radiation, or chemical impact. A reactive species of radical nature
capable for reaction with monomer appears in reaction media during this process.
The most common and simple way of initiation is based on conducting of thermal
decomposition of special compounds in the polymerization media. Such com-
pounds capable to generate active radicals under thermal treatment are called ini-
tiators. The general scheme of initiation may be represented by two stages. The first
one is decomposition of initiator giving primary radicals (R’) which interact with
monomer (M) with formation of propagating chains:
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[ 2R (2.3)
R 2Rm (2.4)

The concentration of initiating radicals R" depends on [I], the rate constant of
dissociation kq4, and initiation efficiency f. The initiator’s efficiency itself depends on
the ability of R to add to the monomer instead of undergoing termination. Thus, the
efficiency depends on monomer concentration and the ratio ki/ky,, where k; is the rate
constant of the initiation reaction and kj, is the rate constant of the propagation
reaction (see later). Only, some radicals R" succeed in the initiation step to form
RM’, which becomes the precursor of a polymer chain. Initiating radicals are
generated from a compound I with kinetics governed by k.

Among widely used initiators are different peroxides including alkyl peroxides
(e.g., tert-butyl peroxide), hydroxyl peroxides (e.g., tert-butyl hydroperoxide,
cumene hydroperoxide), peroxoesters (tert-butyl peroxobenzoate), peroxo anhy-
drides (benzoyl peroxide). Peroxides are capable to decompose under heating or
irradiation in accordance with scheme:

Ph—C-O-O-C-Ph ————» 2 Ph—ICII—O‘ — > 2Ph-'+ 2CO,

0 0
(2.5)

Diazocompounds are also widely employed as a source of radicals for poly-
merization. Among them, the azobisisobutyronitrile (AIBN) is the most commonly
used one. Its decomposition results in eliminating of nitrogen molecule and for-
mation of two carbon-centered radicals:

CHj CH, CHs
HyC—C—N=N-C-CH; — 2HC—C- + N2 (2)
CN CN CN

The choice of proper initiator is determined by temperature of polymerization
and desired rate of radical generation. For example, AIBN is usually applied at 50—
70 °C, benzoyl peroxide at 80-95 °C, while tert-butyl peroxide is most effective at
120-140 °C. Activating energy of initiation is close to bond dissociation energy in
initiator and usually has a value near 105-175 kJ/mol. A radical formed during the
decay of initiator molecule is attached to the double bond of monomer forming
propagating chain:

R + H,C=CHX — R—CH,— CHX (2.7)

In case of conducting of polymerization at high temperatures, the process may
proceed without specially introduced initiators. In this case, generation of radicals
occurs by decomposition of low amounts of peroxides formed as a result of slow
oxidation of monomer by air or other impurities. For several monomers such as
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styrene and its derivatives, a thermal self-initiation may take place at high tem-
peratures. Initiation of radical polymerization at room temperature or below may be
realized using redox initiating systems [4]. An oxidation-reduction reaction may be
conducted in polymerization mixture as in organic so in aqueous media. A typical
example of redox initiation in aqueous media is the reaction of hydrogen peroxide
with ferrous ion:

Fe’t + H,0, — Fe* THO + OH~ (2.8)

Another example of redox reaction used for initiation of radical polymerization
in organic media is interaction of benzoyl peroxide with methylaniline:
CHs~NH  Ph—C-0-0-C-Ph —» Ph—C-O" , Ph-C-OH _ CHyN
i} I
O (0] (6] O

(2.9)

Photochemical or photoinitiation occurs when radicals are produced by irradi-
ation of a reaction system with ultraviolet or visible light. In this process, a gen-
eration of free radicals may proceed either by direct dissociation of molecule after
light absorption or by interaction of excited molecules with a second compound. In
the latter case, a photosensitizing process takes place. The advantages of pho-
toinitiation are the possibility to turn on and off polymerization by turning the light
source on and off as well as to conduct process in special predetermined areas of the
sample. This method is widely used as in laboratory experiments so in industrial
scale, for example for surface and other thin-layer applications, in photoimaging
industry as well as in dental medicine.

Radical polymerization can also be initiated by ionizing radiation of high energy
(electrons, neutrons, o-particles, gamma, and X-rays). The interactions of these
radiations with matter are complex, but general direction is ionization of a com-
pound by ejection of an electron and forming radical cations which can propagate at
either the radical and/or cationic centers depending on reaction conditions or dis-
sociate to form separate radical and cationic species.

Activation energy of radiation-initiated as well as photoinitiated polymerization
is close to zero. The most frequently used radiation is electrons. A so-called electron
beam technology is used in coatings, microelectronics, and other thin reaction
systems. The advantage of this method lies in the greater depth of electron pene-
tration in comparison with UV or visible light. At the same time, higher equipment
cost and risk of ionizing radiations from a health—safety viewpoint limit application
of this method.

(b) Propagation

This is a key stage of polymerization process. It consists in the consecutive addition
of monomer units to the radical centers formed as a result of initiation:



2 Mechanisms of Polymer Polymerization 11

RM MRM; | (2.10)

The propagation rate is determined by concentrations of propagating radicals and
propagation rate constant k,. The latter depends on monomer structure (see
Table 2.1). The addition of a monomer unit results in a radical structurally similar
to the radical before the addition; therefore, there is no alteration in the stability of
the growing radical.

Given that the propagation involves the addition of unsymmetrical alkenes,
regioselectivity is an important issue. As a general rule, the less substituted carbon
is more preferred to produce a bond. However, the more substituted carbon is not
totally discriminated. Thus, for a given monomer, different modes of bonding are
observed and their percentages depend on the nature of substituent in the monomer.
For a substituent providing a strong stabilization to the end-free radical (e.g., phenyl
ring in styrene), the regioselectivity increases; that is, the head-to-tail addition (path
(a) on Eq. 2.11) is predominant in comparison with the head-to-head addition (b):

R P
5 ew

In the case of radical polymerization, the monomer addition is practically not
stereoselective, as at the moment of the monomer additions, there is no preferred
conformation of the radical. Therefore, there is no regular conformation of
monomer units in the polymer chain. The sp? hybridization in the carbon atoms of a
double bond and the resulting n-bond favor a planar arrangement of the two carbon
atoms and the four immediate ligand atoms. On the other hand, the geometry of

Table 2.1 Propagation rate Monomer Chemical structure K,
constaonts of some monomers (I/mol s)
at25 °C 3l Vinylidene CH,=CCl, 9
chloride
Styrene CH,=CH-C¢H5 35
Chloroprene CH,=CCI-CH=CH, 228
Acrylic acid CH,=CH-COOH 650
Methyl CH,=C(CH3)- 1010
methacrylate COOCH;
Vinyl chloride CH,=CHCI 3200
Acrylamide CH,=CH-C(O)NH, 18,000
Acrylonitrile CH,=CH-CN 28,000
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alkyl radicals is considered to be a shallow pyramid (between sp® and sp’
hybridization); the energy required to invert the pyramid is very small. Only the
steric hindrance or electrostatic forces slightly affect the orientation of the monomer
substituent, and the resulting polymer is atactic; that is, it does have a random
spatial orientation of substituent near n-bond. The formation of isotactic or syn-
diotactic polymers is not possible during radical polymerization [3].

(¢) Termination and chain transfer reactions

The next step of radical polymerization is termination. The rate constants of this
reaction are very high (k, = 1 x 107 to 1 x 10® I/(mol s)), and the very low con-
centration of propagating chains is critical for the radical to survive some seconds or
fractions of a second before the encounter with another radical species [5].
A propagating chain can be deactivated through one of the several possible reac-
tions to become a polymer molecule. Termination is generally associated with
coupling (a) and disproportionation (b) reactions, but a propagating radical can also
participate in abstraction reactions resulting in growth deactivation (c); this type of
reaction is called chain transfer.

RM}n + RMn +1 RM,; 1 +1R (a)
RM,, +RM, ., — RM, " +RM, . H (b) (2.12)
RM,, +RH — RM,H + R’ (c)

The chain propagation stops when two radical species encounter each other and
recombine to form a larger chain or disproportionate resulting in two inactive
polymer chains. A chain termination rate is diffusion controlled and is determined
by how fast molecules move.

There is no effective method for the measurement of the termination rate.
Major difficulties in rate constant (k) determination arise from the diffusion
control of this reaction. Termination rate may depend on segmental and transla-
tion diffusion (and reaction—diffusion) of radical species occurring in an
increasingly viscous medium that change with monomer conversion. In other
words, because of the decrease of the diffusion coefficient with molecular size, the
termination rate coefficient is lower at higher chain lengths. The molecular weight
is self-regulated by the termination reaction and the inherent side reactions.
Externally, molecular weight can be also adjusted by the reaction conditions. So,
an increase of temperature causes faster radical initiator decomposition, resulting
in a lower molecular weight because more chains are created. The higher pressure
on the contrary increases the propagation and inhibits the termination resulting in
higher MW. The increase of the radical concentration has a similar effect to that of
the increase of temperature.

A propagating polymer chain can also terminate via chain transfer reaction to a
special compound—transfer agent (TA). This will lead to termination of the
propagating chain, along with the generation of a radical on the small molecule that
can initiate another propagating chain:
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. Kuta .
RMm+TA—>RMm+n+1T+A (213>

A+ M AM

On this equation A’ is the radical resulting from the activation of the small
molecule. Usually, the net effect of the chain transfer is negligible on the poly-
merization rate, since there is no net creation or destruction of radicals (their nature
changes but not their number), but it causes a decrease in MW. However, other
effects may occur depending on the relative values of ks and k5 with respect to
kp. The units of the rate coefficients are liter per mole per second or cubic meter per
mole per second. It is a common practice to report the ratio of the transfer rate
coefficient to the propagation rate coefficient, and this quantity is denoted as transfer
constant Cyta = kyTalky; it is defined to measure the ability of each substance to
produce a chain transfer reaction.

The small species TA can be a monomer (M), a solvent (S), a chain transfer
agent (CTA), an initiator (I), or an impurity (X) in the system.

Chain transfer to monomer: Table 2.2 lists values of transfer constants on
monomer (Cy;) for some common monomers. In the absence of other transfer
reactions, chain transfer to monomer will impose an upper limit to the maximum
molecular weight achievable in the polymerization of the corresponding monomer.
This does not mean that this reaction will in general be the controlling step
determining the molecular weight; indeed, bimolecular termination usually plays
this role. High values of transfer constants to monomer are associated with high
reactivity of the propagating radical.

Chain transfer to initiator: The values for chain transfer constants to initiator
(Table 2.3) are generally larger than those of transfer to monomer; however, the effect
of this reaction is attenuated by the fact that the initiator is present in very small
amount with respect to the monomer, as the rate of transfer to initiator is &y [P][L].

Chain transfer to chain transfer agents and solvent: When polymerization
takes place in a solvent, it is very important to be aware of possible chain transfer to
solvent reactions. On the other hand, there are many instances, especially in
industrial processes, in which it is convenient to include in the polymerization

Table 2.2 Values of chain Monomer Temperature Cum x 10*
transfer to monomer constant —
(Cn) for some polymerization Acrylonitrile 60 0.26-1.02
systems [3] Butyl acrylate 60 0.333-1.05
Ethylene 60 0444
Methyl methacrylate 60 0.07-0.18
Styrene 60 0.07-1.37
70 0.6-2.0
Vinyl acetate 60 1.75-2.8
Vinyl chloride 50 8.5
60 12.3
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Table 2.3 Values of chain transfer to initiator constant for some polymerization systems [3]

Initiator T (°C) C,
Styrene Methyl Vinyl
methacrylate acetate
2,2'-Azobisisobutyronitrile 60 0-0.16 0 -
(AIBN) 60 - 0-0.02 0.032-0.15
Benzoyl peroxide 70 0-0.18 - -
80 0.13— - -
0.813
60 - - 0.10
Lauroyl peroxide 70 0-0.024 - -
60 - 0.10-0.17 0-0.16
Palmytoil peroxide 70 0.142 - -
70 0.031 - -
Tert-butyl peroxide 80 0.0027 - -

recipe some species (so-called chain transfer agent—CTA) that have a high chain
transfer constant. Among different compounds used for that purpose, sulfur com-
pounds are by far the most popular chain transfer agents (Table 2.4).

The addition of a CTA is rather common, for example, in emulsion polymer-
ization where the compartmentalized nature of the reaction tends to produce very
high MW polymer due to the relative isolation of the propagating radicals in very
small particles. The rates of reaction of chain transfer to a solvent (S) and to a CTA
are conceptually the same: k., S[P][S] and k,CTA[P][CTA], respectively. The values
of chain transfer constants to solvent and to CTAs are usually reported in one table,
as they lie in a continuum going from low values for solvents to rather high values
for CTAs (Table 2.4).

Chain transfer to polymer: During radical polymerization, intermolecular
chain transfer, which involves two independent polymer chains (one active and the
other dead), can take place. It is also possible that intramolecular chain transfer
occurs (also called backbiting), in which the hydrogen abstraction occurs in the
same active chain, a few carbons (about five) before the active end of the growing
polymer. Intermolecular transfer will give rise to long branches, while
intramolecular transfer will be the origin of short branches. Both short and long
branches have a profound influence on the physical and rheological properties of
the polymer formed [6].

The experimental determination of the chain transfer to polymer constant is
difficult, as it does not necessarily result in a decrease of the molecular weight of the
polymer. Since it involves hydrogen abstraction, the activation energy of chain
transfer to polymer is relatively high (compared to propagation) [1]. Reaction
conditions that favor transfer to polymer are high temperatures and high conver-
sions (due to the high concentration of dead polymer present).
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Table 2.4 Values of chain transfer to the chain transfer agents and solvent for some
polymerization systems [3]

Solvent or CTA T (°C) Cs
Ethylene Methyl methacrylate Styrene
Acetone 60 - 0.195 0.32-4.1
80 - 0.225-0.275 -
130 160-168 - -
iso-Butanethiol 60 - 0.66-067 21.0-25.0
80 - - 17.0
130 5.8 - -
Carbone tetrachloride 60 - 0.42-20.11 69-148
80 - 2.4-24.4 133
140 1.600-180.000 - -
Chloroform 60 - 0.454-1.77 041-34
80 - 1.129-1.9 0.50-0.916
140 3.210-37.600 - -
Ethyl benzene 60 - 0.766 0.67-2.7
80 - 1.311-2.1 1.07-1.117
Hexane 100 - - 0.9
130 68 - -
Toluene 60 - 0.17-0.45 0.105-2.05
80 - 0.292-0.91 0.15-0.813
130 130-180 - -

(d) Inhibition of radical polymerization

An inhibitor is used to completely stop the conversion of monomer to polymer
produced. For example, some other compounds, such as phenols, quinones, or
hydroxyquinones, or even molecular oxygen, are also employed to inhibit the
polymerization. The mechanism of action of these compounds involves the trans-
formation of the propagating radical to an oxygen-centered radical that is unable to
initiate polymerization:

My o+ o:®§o  — NMnfo@*O. (2.14)

R

Some stable radicals, such as diphenylpicrylhydrazyl and 2,2,6,6-tetramethyl
piperidinyloxyl (TEMPO), can be used as inhibitors of the radical polymerization:

@ ON Q%MnozN
My N—NONOz - N—LONOz (2.15)
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(e) Kinetics of radical polymerization

The rate of initiation in case of using thermal decomposing initiator I may be
expressed by equation:

Vi = 2fkall] (2.16)

[I] is initiator concentration, f initiation efficiency which is generally equal to
0.5-1.0, and k4 constant of dissociation.

In assumption that reactivity of propagating radicals does not depend on its
degree of polymerization, the propagation rate may be expressed as:

Vp = kp[R|[M] (2.17)

where k;, is constant of propagation, [R] concentration of propagating radicals, and
[M] monomer concentration.

The rate of termination via bimolecular interaction leading to recombination or
disproportionation may be represented as:

_% = ko[R]? (2.18)

where k is termination constant (in assumption that it does not depend on chain
length).

In case of the absence of side reactions, the overall rate of polymerization is
equal to monomer consumption. So, we can conclude that:

dM] _ o
=" =hRIM| (2.19)

If polymerization proceeds without inhibitor or other molecules reacting with

radicals, the latter decay only by recombination or disproportionation, so:
MRy R P (2.20)

dr

As the radical concentration is very low (~107®M) and is very hard to be
determined, this term should be eliminated from equation. In order to do this, the
steady-state assumption is made that the concentration of radicals increases initially,
but almost instantaneously reaches a constant, steady-state value. In accordance
with this assumption, the rate of change of the concentration of radicals remains
zero during the course of the polymerization. Propagating of radical polymerization

fulfills the made assumption after a few seconds after beginning of reaction. In this
case:
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Vi = ko[R]? (2.21)
R] = kKO (2.22)

_$ _ p\/k% M (2.23)

Degree of polymerization is equal to the average number of monomer units
introduced into one polymer chain and characterizes the average molecular weight
of polymer sample. It is determined as a ratio of monomer molecules consumed
during polymerization to the number of formed polymer chains. At low monomer
conversions when monomer concentration is almost permanent and chain transfer
to polymer is negligible, it may be expressed as:

— Vp

P, VS Ve (2.24)
where V,, is rate of bimolecular termination and > V;, is sum of all transfer reaction
rates.

Polymerization at high monomer conversions. The considered kinetic equations
and regularities are true only for polymerization at initial stage of polymerization up
to 10-15% conversion. A further increase of monomer conversion results in sig-
nificant increase of viscosity of polymerization media which limits the diffusion,
mostly of propagating chains. High viscosity of media affects termination reaction
and results in its decrease up to two orders of magnitude. It leads to spontaneous
increase of molecular weight of forming polymers. A so-called gel effect, which is
also known as Trommsdorff or Norrish—-Smith effect [7, 8], is observed.

This consists in an autoacceleration of the reaction as the conversion increases,
and it is due to an effective decrease in the termination rate as the growing radicals
encounter more difficulty in diffusing in the increasingly viscous medium.

Some reviews on previous gel effect models or on the concepts on which they
are based have also been published [9, 10].

(f) Radical copolymerization

Conducting a simultaneous polymerization of several monomers in one vessel
results in formation of copolymers. Such macromolecules contain different
monomer units connected in certain sequence. Depending on this sequence random,
alternating, gradient, grafted, block copolymers are distinguished [1].

In case of copolymerization of two different monomers, four different elemental
reactions may take place in the assumption that reactivity is determined only by
ultimate unit:
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Propagating reaction (k) Reaction rate
~Ry +M; — ~Ryy (ki) ki [Ry]My]
~R;"+M; — ~Ryy (ki2) ki2[Ry][M;)
~Ry +M; — ~Ry (kai) ka1 [Ry'][My]
~Ry +M; — ~Ra (kn) k2[R |[M;)

where Mi is i-type monomer, ~Rj macroradical with Mj at the end, and Kij
constant for addition of Mj monomer to macroradical ~Ri.

This equation describes so-called ultimate unite model of copolymerization. In a
steady-state assumption, concentrations of propagating radicals ~R; and ~Rj’
are constant and their rates of interconversion are equal:

ki2[Ri'][Ma] = ka1 [Ry'][My] (2.25)

The rates of disappearance of the two monomers, which are synonymous with
their rates of entry into the copolymer, are given by:

—d[Ml]/dl = kll[Rl.][Ml]+k21[R2'][M1] (226)
—d[Mz]/dl = klz[Rf][Mz] +k22[R2'][M2] (227)

From these equations, a ratio of monomer units in copolymer macromolecules
may be written as:

@ _ d[M]] . [M]} ) Vl[Ml] + [Mz]

my  dMy]  [Ma] [Mi]+r,[My]

(2.28)

where ry = kll/k12 and ry = k22/]€21

This equation is known as the copolymerization equation or the copolymer
composition equation. The parameters r; and r, are termed the monomer reactivity
ratios. Each r as defined above is the ratio of the rate constant for a reactive
propagating species adding its own type of monomer to the rate constant for its
addition of the other monomer. These values depend on chemical nature of both
reacting monomers.

Values of r; and r, may be determined from experimental data. These values
allow to predict composition of copolymer and distribution of monomer units at any
composition of monomer mixture of two monomers. It should be mentioned that
r values for radical polymerization weakly depend on the temperature and
the nature of the solvent used for polymerization.

The properties of copolymers depend not only on its average composition but
also on homogeneity of monomer unit distribution. The polymers with the same
average composition but different types of monomer distributions are characterized
by different properties. For example, copolymers formed from two distinct mono-
mers with 1:1 ratio may be random, alternating (in case of strict alternation of
units), or block copolymer (in case of formation of blocks of units of both types).
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The composition homogeneity of polymers is a merit of deviation of composi-
tion of selected macromolecule from average composition of polymer sample.
Different polymer chains are initiated at different times during a polymerization and
propagate under different feed compositions as conversion progresses. This fact
results in different compositions of polymer chains formed by conventional radical
copolymerization. Some novel methods of polymer synthesis allow overcoming
this drawback of radical polymerization. Controlled radical polymerization is
among them.

2.3 Controlled/Living Radical Polymerization

One of the brightest and the most important latest advancements of the synthetic
macromolecular chemistry was the discovery of the method of controlled radical
polymerization (CRP). It significantly extended possibility of radical polymeriza-
tion for preparation of new polymer materials. This procedure combining in itself
the advantages, on the one hand, of free radical polymerization [11, 12] and, on the
other hand, of living anionic polymerization [13] became nowadays the most
effective instrument for the preparation of polymers with a targeted structure,
composition, and properties [14, 15]. Some definite examples of the practical uti-
lization of CRP methods for the synthesis of polymer materials in the industry are
compiled in surveys [15-18].

The main concept underlining the CRP consists in the replacement of the irre-
versible termination reaction of the propagating polymer chain that proceeds very
fast [with a rate constant 10°~10% 1/(mol s)] by a reversible interaction of the
macroradical with a specially added agents X (Eq. 2.29) [18-20].

Ky
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~P,, and ~P,’ are growing macroradicals; kg, k,, k,,, k; are reaction constants
of reversible termination, reinitiation, propagation, and irreversible termination of
the chain.

In this case after several acts of monomer addition, the propagating chain gets
into a dormant state which conserves for some time. After that, it activates again,
and the growth is resumed. The activity periods of the chain are ~ 1 ms, and they
alternate with the dormant periods which are much longer, ~ 1 min [18]. Thus, the
realization of the mechanism of the reversible stop of the polymerization in keeping
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with Eq. 2.29 actually permits increasing the time of formation of each polymer
chain from several seconds to days providing wide opportunities for synthetic
manipulations. In particular, this provides a possibility to obtain block copolymers
from a wide range of monomers or to prepare gradient copolymers forming at the
copolymerization of two monomers of a different reactivity. Another important
merit of the modern CRP methods is the opportunity to obtain polymers with a
narrow molecular weight distribution. As a result of the constantly occurring
transition of the polymer chains from the active state to the dormant and vice versa,
they grow simultaneously during the total polymerization time affording polymers
of uniform molecular weight. Therewith, the polydispersity index of the synthe-
sized polymers decreases with the growing conversion of the monomer.

Depending on the reaction underlying the transition of the active polymer chain
in the “dormant” state and on the kinetic model that can describe the process, all the
known ways of performing CRP may be tentatively divided into two large groups.
Processes belonging to the first group are based on the reversible termination of the
polymerization by the reaction of the growing radical with the specially introduced
regulating agents (Eq. 2.29). In this group, the polymerization should be placed
along the reversible termination mechanism [20-24] and the atom transfer radical
polymerization [14, 15, 17, 18, 23]. Another way of regulating polymerization
process is based on degenerative chain transfer reaction between active and dormant
at this moment chains along Eq. 2.30.

SVNP, + X—Ppawv == P, -X—Ppvv == s nPp—X + Ppove
M) d
N e +
kU ~ Ko ko - @ ky
sk, A 4 P,
s Py—Pp W Po—Pp v
(2.30)

Such mechanism of reversible chain transfer may be realized using dithiocar-
bamates [19, 25], cobalt compounds [26, 27] as chain transfer agents. The similar
mechanism is realized in radical polymerization in the presence of iodine com-
pounds (a so-called iodine transfer radical polymerization) [28].

(a) Reversible inhibition mechanism

The regulating agent X in polymerization with reversible inhibition (Eq. 2.29) may
be represented by stable radical or another compound capable of reversible reaction
with free radicals, in particular, a complex of transition metal that can form covalent
o-bonds with alkyl radicals. In the latter case, such processes are called by the term
organometallic-mediated radical polymerization (OMRP) [23, 24]. Polymerization
proceeding along this mechanism implies using complexes of cobalt [29, 30],
molybdenum [31, 32], titanium [24, 33], and some other metals [29, 34]. The main
drawback of this kind of processes is the necessity to use the complexes of tran-
sition metals in a stoichiometric quantity with respect to initiator leading to
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additional expenses due to the preparation of the agent and the purification of the
polymer from it.

The majority of works in the field of the radical polymerization with reversible
inhibition are describing the use as regulator (X, Eq. 2.29) converting the active
chain in the dormant state the nitroxyl radicals. This type of polymerization is called
nitroxide-mediated radical polymerization (NMP). First in the history, CRP agent
acting by the mechanism of the reversible inhibition was the nitroxyl radical
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) and its analogs [35]. In the last
years, a large number of nitroxyl radicals of diverse structures were developed
capable of acting as polymer chain growth and termination regulators. In particular,
the most efficient regulators of the vinyl monomers polymerization process among
the nitroxyl radicals are spin-adducts SG1 containing a phosphonate fragment in
their composition [36]. Nowadays, compounds of this type are used in industry for
the production of block copolymers applied as dispersants in cosmetics and other
production [16] (Fig. 2.1).

(b) Degenerative chain transfer mechanism

Polymerization with the reversible or degenerative chain transfer known as rever-
sible addition—fragmentation chain transfer (RAFT) [21] processes using, as a rule,
organosulfur compounds as regulators [25]. In this case, the reversible equilibrium
between the active and “dormant” chains is attained due to the chain transfer
reaction proceeding in the polymerization system in accordance with Eq. 2.31.
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The advantage of this method consists in the high rate of the process and the
very good control over molecular weight characteristics of the obtained polymers
reflecting in low values of the polydispersity indices. The use of RAFT agents
makes it possible to carry out the polymerization of a large number of monomers, in
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particular, those containing acidic groups. The latter is difficult to perform using
metal-based regulating systems.

A significant drawback of these systems is the necessity of using a stoichio-
metric quantity of the RAFT agent with respect to the amount of the growing
polymer chains and also its incorporation in the polymer chain during the synthesis.
This results in the formation of colored polymers containing sulfur in their com-
position. The other restriction of this method is the necessity to add a radical
initiator at the stage of the synthesis of block copolymers for the initial formation of
polymer chains leading to formation of a certain amount of homopolymer. Besides,
a certain defect is the unpleasant odor of the sulfur-containing reagents. Regardless
of the mentioned shortcomings, some processes applying RAFT agents found a
practical application in industry [37].

(c) Atom transfer radical polymerization

Another possible way of realization CRP is the use of organometallic catalyst and
organohalide as initiator. Atom transfer radical polymerization (ATRP) [17, 18, 23]
is based on the reversible halogen atom transfer (more seldom of other substrates)
between the metal complex catalyst and the growing polymer chain (Eq. 2.32).
+MEL M
R—Hal ‘—;X R + Mt™LHal —— P, T Mt"'L,Hal

M (2.32)
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Unlike the above-discussed methods, the ATRP is a catalytic process. The latter
fact makes it possible to use the metal complex in very small (catalytic) quantities
with respect to the initiator and the monomer. Another important point is possibility
of catalyst “tuning” for polymerization of a certain monomer. These two moments
make the radical polymerization via ATRP mechanism a convenient instrument for
the preparation of polymers of desired architecture both in the laboratory and in the
industry.

The conception of the controlled radical polymerization by the ATRP mecha-
nism was independently published in 1995 in two articles [38, 39]. The authors
proceeded from the reaction of the radical addition of tetrachloromethane to the
double bond of olefins, extending its opportunities to the production of macro-
molecular compounds. The catalysts of this reaction are complex compounds of
transition metals of the general formula Mt,L, (where Mt is transition metal in the
lowest, n, oxidation state and L is organic ligand). Their reaction with alkyl halides
results in a reversible process of halogen atom transfer to the metal complex
resulting in the formation in the system of alkyl radicals (Eq. 2.32). Performing this
process in the monomer environment makes it possible to carry out chain propagation
by fragments, i.e., to perform the radical polymerization in a controlled mode. Within
the last 20 years since the first publications on this topic, many catalytic systems and
compositions were developed capable of performing the polymerization by the
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above-described mechanism providing a possibility to synthesize polymers with a
very narrow molecular weight distribution. The majority of these systems are based
on the use in polymerization catalysis derivatives of copper [15, 27, 38], ruthenium
[28, 39], and iron [40, 41]. Some examples of application of systems based on nickel,
manganese, and other metals are also provided in the literature [23, 42].

An important achievement in the ATRP area was the development of methods
permitting the significant decrease in the concentration of the applied metal catalyst.
The content of residual metal amounts in the polymer in some cases is crucial for its
application in microelectronics and also in biologic and medicinal technologies.
Therefore, the development of CRP methods without using metal complexes is a
topical trend in the field of the controlled polymer synthesis. This new direction was
named metal-free atom transfer radical polymerization (MF ATRP) [43-45].

(d) Photoinduced ATRP

Same as in the case of the classic ATRP method, the control of the molecular
weight distribution is underlain by the reversible transfer of the halogen atom
between the “dormant” polymer chain and the catalyst, organic in this case. To
achieve the halogen atom transfer to the molecule of the organic catalysts, its
preliminary activation and transition into excited state are required. The latter is
attained by irradiation with light. The subsequent reaction between the alkyl halide
and the organic catalyst in the excited state can result in generation of active
radicals starting polymerization process. The reverse transition of the chain in the
dormant state occurs by the reaction of the propagating radical with the formed ion
pair Cat"Br~. The processes occurring at MF ATRP are shown in Fig. 2.2.

Among catalysts and regulators in this type processes, various condensed aro-
matic derivatives were applied. Among them are anthracene, perylene,
10-phenylphenothiazine (PPT) [44], and its derivatives. Therewith among the
mentioned compounds, the PPT is the most effective catalyst for the synthesis of
polymers with narrow polydispersity [45].

With the use of this procedure, the polymerization in the “living chains” mode
was successfully carried out for a series of acrylic monomers, including methyl

Fig. 2.2 General scheme of
photoinduced ATRP
mechanism
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methacrylate, acrylonitrile, 2-(dimethylamino) methacrylate, and other unsaturated
compounds. The polymerization process is characterized by the linear growth of the
molecular weight with conversion and also with passing through the origin the
linear dependence of the ratio of the log initial monomer concentration to its current
concentration indicating the constant number of growing chains in the course of the
polymerization. As mentioned above, it is the unambiguous proof of the polymer
synthesis in the mode of growing “living chains.” The range of molecular masses of
polymers prepared by this method is actually analogous to this parameter for the
macromolecules obtained under the conditions of classic ATRP involving the metal
complexes, yet the polydispersity index in a number of instances was considerably
higher showing the lower degree of the process control.

The main criterion providing the possibility to use a certain organic compound in
the processes of polymerization catalysis is its ionization potential since in the
course of the polymerization the catalyst first undergoes a transition in the excited
state and then in a cation radical, and this process is of reversible character. For
instance, the ionization potential of PPT is —2.1 eV. For comparison, the ionization
potential of iridium compounds used in the processes of photoinitiated ATRP [46]
has a close value of —1.7 eV. According to this parameter, not only heterocycles
but also polynuclear aromatic compounds may be interesting as catalysts for
MF ATRP.

Thus along with PPT and its derivatives, perylene was suggested for the use as
redox-active photocatalyst for MF ATRP 4 [47]. In the presence of this catalyst
polymerization afforded poly(methyl methacrylate), poly(butyl acrylate), poly-
styrene, and some other monomers also were polymerized with the controlled
values of the molecular weight and narrow molecular weight distribution. Along
with the low values of the dispersity index of the synthesized samples (M,,/
M,, = 1.29-1.85), a significant confirmation of the polymerization regime of “living
chains” is the presence of halogen atoms on the end of the polymer chain at the use
of the bromine-containing initiators traditionally applied in the ATRP processes. At
the same time, although the polymerization occurs at the constant concentration of
the active centers and possesses a number of above-cited characteristics of the
“living” radical polymerization, it is not possible to regard it as completely con-
trolled, since with the growing conversion the dispersity index of the obtained
samples increased and not decreased. Yet, it cannot be excluded that this is con-
nected with the low efficiency of the applied photoinitiator [47].

From the viewpoint of economic expenditures and ‘“green” chemistry, the
application of organic catalysts is more preferable than the use of metal-based
ATRP regulators containing expensive ligands in their composition. Besides, the
presence of even traces of metal in the synthesized polymer essentially limits the
usage of these materials in electronics, biomedicine, and in a number of the other
high-tech fields. Therefore the organic catalysts for controlled radical polymeriza-
tion by the atom transfer mechanism have obviously a practical interest and are an
important task for organic chemistry.
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The special feature of the metal-free ATRP process is the necessity to apply
photoinitiation. On the one hand, like the above-mentioned case of the controlled
radical polymerization by eATRP mechanism where the polymer synthesis is
performed with the initiation and under electric current in an electrochemical cell,
the photoinitiation can produce certain complications at the industrial implemen-
tation of this technology. On the other hand, this provides a possibility to control
the course of the process and its rate by changing the light flux. The intensive
development of this trend is favored by the occurring now active elaboration of new
light sources based on light-emitting diodes and semiconductor lasers which are
compact, highly powerful, and simple in handling.

Photocatalysis for the transmitting polymer chains from the dormant into the
active state can also be used in the case of the process occurring by the mechanism
of the reversible chain transfer. This CRP direction named in the literature PET for
photoinduced electron transfer (PET-RAFT) is also actively developing lately [48].
It is underlain by the application of the photoinitiation to the homolysis of the C-S
bond in the adducts (Eq. 2.33) leading to the formation of active radicals that in
their turn carry on the polymerization process by the mechanism of reversible chain

transfer.
PS8 S-S ~PrS_ 8

(2.33)

The application of the photocatalysis for performing the controlled radical
polymerization approaches the synthetic polymer chemistry to the processes of
biopolymers syntheses in living organisms under the sunlight. The application of
photocatalysis to CRP is a new important trend which later may underlie the
industrial production of functional polymers, in particular, for biomedical uses [49].

(e) Application of controlled radical polymerization in industry

In recent years, CRP firmly acquired a place on the market of the manufactured
polymer materials. Starting from the first advancements of DuPont and Daikin,
within the last two decades these methods were developed in a number of other
known companies including Arkema, Ciba, Kaneka, EKFA, BYK, Rhodia.
As mentioned above, the methods of the controlled synthesis of macromolecules
are used now in the production of new pigments, sealants, emulsion stabilizers, and
block copolymers with a special complex of properties and characteristics including
polymer photoresists. At the same time, the amount of commercial products
manufactured under the CRP conditions remains still small as compared to the
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overall volume of industrially produced polymers. This is due to certain objective
reasons, among which the high price of some regulators and the necessity to remove
them from the polymer product should be mentioned, and also some other facts
including lower polymerization rate and relatively high temperature of the process
where the controlled synthesis of macromolecules is possible. As known, just the
optimization of the ratio cost—quality at the manufacturing of a product is the key
condition for the process implementation in industry [50]. Undoubtedly, the syn-
ergetic utilization of the experimental data on the polymerization mechanism,
including the strict kinetic studies, results of computer simulation, and direct testing
of catalysts would favor the targeted search for new effective metal complex sys-
tems for controlled synthesis of macromolecules under the conditions of radical
initiation. In this connection, the designing of new effective catalysts, easily
accessible by preparation, and convenient for application is a topical and practically
important issue in the field of the controlled radical polymerization of a wide choice
of monomers.

2.4 Ionic Polymerization

Radical and ionic polymerization processes have a lot in common as they proceed
in a chain manner and include an initiation stage for formation of propagating
centers and termination reaction giving final product. At the same time, there are
some significant differences between these processes. Kinetics of ionic polymer-
ization is usually more complex than in case of radical polymerization as reaction
centers may exist in different forms: free ions, ion pairs, polarized complexes, and
so on. Shifting this equilibrium to one or another side by varying polymerization
conditions (temperature, solvent nature) allows influencing on kinetics of the pro-
cess and structure of forming polymers.

Termination is a mandatory elementary stage of radical polymerization and
usually proceeds through bimolecular reaction between two propagating macro-
radicals. Realization of the similar process in ionic polymerization is impossible
due to Coulomb repulsion of reaction centers bearing the like-signed charges.
Termination in ionic polymerization is realized with participation of molecules or
particles which do not take part in propagation. In some cases, thorough removal of
such particles from reaction media allows to realize “living” or “immortal” poly-
merization proceeding up to full consumption of monomer and capable of reiniti-
ation after addition of a fresh feed of monomer.

Depending on the sign of the ion at the propagating end of macroradical cationic
and anionic polymerization is distinguished.

(a) Anionic polymerization

In general, vinyl monomers capable of polymerizing by the anionic mechanism are
those with substituents capable to stabilize carbanions [51]. Among monomers that
tend to polymerize via anionic mechanism are ones bearing electron acceptor
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substituents at double bonds, for example 1,1-dicyanoethene, nitroethylene, acry-
lonitrile, methacrylonitrile, styrene, acrylates and methacrylates. Besides, anionic
polymerization may be realized in case of alkylene oxides, lactones, lactams, and
some carbonyl compounds such as aldehydes via cleavage of C=0 bond.
Disposition of vinyl and diene monomers toward anionic polymerization generally
increases with the increase of electron-accepting properties of substituents.
However, although ethylene does not have an anion-stabilizing substituent, it
undergoes polymerization to high molecular weight polymer under suitable con-
ditions with the use of the highly reactive initiator system comprising alkyllithium
and tetramethylethylenediamine [52].

Catalysts of anionic polymerization are electron-donating compounds: alkali
metals, its amides, and solutions in liquid ammonia and other solvents capable for
electron solvation, organic compounds of alkali metals, and so on.

The general mechanism of anionic polymerization under action of alkali
metal-based catalyst may be depicted by the following scheme:

Initiation:
RMt = R Mt™ (2.34)
o Mt+ . HZCI(‘.:H Rszc—C‘lH_Mt+ (2 35)
X X '

where X is -CgHs, -CN, -CH=CH,, —COOR, etc., Mt is metal atom.

Propagation:
- - +
R—HZC—CHM'(Jr + H,C=CH —— R_HZC'—(I:H'—‘HZC—?H Mt
I I

v v . . (2.36)

The length of polymer chain in anionic polymerization is determined by chain
transfer reactions (via abstraction of proton from solvent or monomer by reaction
center or by hydride transfer from propagating polymer chain to counterion or
monomer reactions) or by isomerization of reaction center resulting in decrease of
its reactivity. Chain transfer reaction on solvent proceeds during anionic poly-
merization of styrene catalyzed by solution of metal potassium in liquid ammonia:

WCHz_?H_K E NH; —= WCHZ_?HZ - KN (2.37)
Ph Ph

In some cases, termination reactions may be avoided in anionic polymerization.
It results in remaining of macroanions capable for propagation in reaction vessel
even after full consumption of monomer. The number of such “living” chains is
equal to the quantity of initially introduced catalyst with the deduction of chains
reacted with impurities. In a simple case, polymerization kinetics is determined only
by ratio by initiating (k;,) and propagating (k,) constants. If k;, > k, following
simple equations are true for polymerization rate and molecular weight:
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V, = ky[M][1o] (2.38)
> _ [Mo]
P, = nqﬁ (2.39)

where g is degree of monomer conversion, n number of reaction centers per one
macromolecule, and [M], and [I], initial concentrations of monomer and initiator in
polymerization media. In case of ki, >> k,, when all polymer chains start growing
simultaneously, formation of polymers with very narrow molecular weight distri-
bution (M,,,M,, < 1.1) may be achieved. The rate of anionic polymerization as well
as cationic one significantly depends on solvent nature and usually increases with
its dielectric constant.

(b) Living anionic polymerization

Anionic polymerization is the first chain polymerization, which could be conducted
without the occurrence of chain termination and chain transfer. Such polymeriza-
tion was given the name “living” by its discoverer M. Szwarc. The discovery made
it possible to exert immense control on polymerization, molecular weight and its
distribution, polymer end groups, and molecular architecture [13, 53]. Most of the
foundational works on living polymerization were done using styrene, butadiene,
isoprene, and methyl methacrylate as monomers.

In the first living polymerization described by Szwarc, styrene was polymerized
at room temperature in THF. Sodium naphthalene was used as the initiator by virtue
of its solubility and ability to initiate polymerization rapidly by electron transfer to
monomer, which is important for achieving polymer of narrow molecular weight
distribution (MWD) [13, 53, 54]. Although polymerizations of nonpolar monomers
such as styrene, butadiene, and cyclopentadiene initiated by sodium naphthalene in
ethereal solvents were discovered much earlier by Scott, the living nature of these
polymerizations was not recognized then [55].

Hence, the polymerization must be performed using thoroughly purified
monomers, solvents, and reagents in vessels from which air and moisture have
been scrupulously excluded. However, purposeful termination (“killing”) of the
polymerizations with appropriate reagents leads to technologically useful end-
functionalized polymers [54, 55].

Effect of additives: Polar additives such as ethers, tertiary amines, and sulfides
decrease or even eliminate aggregation of organolithium compounds effecting
increase in rates of initiation and propagation [56, 57]. These compounds interact
specifically by coordinating with lithium. The tetramethylethylenediamine is very
effective in this regard. It forms a monomeric chelated complex, which is soluble in
hydrocarbon solvents in all proportions. The complex is a powerful initiator, which
is attributed to not only its monomeric nature but also the ionic character of the Li—
C bond being increased to that of the corresponding ion pair. Dissociation to free
ions may also occur to some extent [13, 58, 59].
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N
A
( LiBu (2.40)

The effect of additives on initiation is much larger than on propagation, which
may be due to the higher degree of aggregation of the organolithium initiator
compared to that of the propagating chain end (vide supra). Thus, using anisole as
the additive, to the extent of five to 40 times the equivalent concentration of n-BuLi,
initiation of polymerization of styrene or dienes is completed in minutes at 30 °C,
while propagation remains virtually unaffected. However, different additives affect
the polymer microstructure and the chain end stability differently. Thus, whereas
the cis-1,4 structure in polyisoprene is not formed at all in THF, even when used in
small amounts, diphenyl ether and anisole do not affect the microstructure to any
great degree, even when used undiluted [60]. On the other hand, the chain end
stability is higher in anisole than in THF [61].

In contrast to the above nonionic Lewis bases, the ionic additives such as lithium
alkoxides retard polymerization initiated by organolithium compounds. This is
because they are aggregated more strongly than polystyryl- or polydienyllithium
propagating species. Mixed complex formed between the propagating species and
the more aggregated LiOR increases the state of aggregation of the former. As a
result, the reactivity of the propagating species decreases and retardation of poly-
merization occurs [62].

Stereospecificity: Polymerization of isoprene initiated by lithium or alkyllithium
initiators in bulk or in hydrocarbon solvents yields cis-1,4-polyisoprene with more
than 93% cis content similar to natural rubber. Initiation by other alkali metals such
as sodium and potassium gives trans-3,4- and trans-1,4-polyisoprenes [63, 64].
Polar compounds bring about changes in microstructure [60, 65]. For example,
1,4-addition does not occur in THF. When butadiene is used in place of isoprene,
the microstructure is again largely 1,4 but of mixed cis- and frans-geometry when
the initiator is lithium.

The all cis-1,4 structures of polyisoprene promoted by lithium or its alkyl
derivatives may be explained based on the coordination of the diene with Li* ion in
the chain end prior to incorporation into the chain.

H3C\
VAN
C'\ /C (2.41)
8+ Lj

8= G
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Although butadiene can also coordinate with Li* ion, the cis-configuration in the
last monomer unit is retained in polyisoprene due to the prevention of rotation by
the steric hindrance exerted by the methyl group. A polar solvent such as THF,
which strongly coordinates with Li* ion, precludes coordination with dienes
resulting in loss of microstructure control. In contrast, polymerization of polar
monomers in THF occurs stereospecifically. For instance, polymerization of MMA
in THF yields syndio-rich living polymer [66, 67].

Synthesis of block copolymers by means of living polymerization: The direct
method of synthesis of block copolymers involves sequential living polymerization
of the concerned monomers in the order of increasing electronegativity. This is
because the living polymer prepared from an electronegative monomer may not
succeed in initiating the polymerization of an appreciably less electronegative one
[52]. For instance, the synthesis of a diblock copolymer of styrene and MMA may
be successfully done when the appreciably less electronegative styrene is poly-
merized first using a monofunctional initiator but not when MMA is polymerized
first. However, the synthesis will not be clean in as much as the polystyryl anion or
the ion pair is too high in nucleophilicity to be incapable of inducing side reaction
in the polymerization of MMA. The problem is overcome by way of reducing
nucleophilicity, for example, by adding a few drops of 1,1-diphenylethylene to the
living polystyrene solution. This monomer does not homopolymerize but adds to
polystyrene living end giving the desired result [68].

In contrast, when two monomers differ in electronegativity only to a small degree,
for example, styrene and butadiene, or styrene and isoprene, their diblock copolymers
can be synthesized irrespective of the sequence followed. However, polymerizing
dienes first in a hydrocarbon solvent gives polystyrene block with broader MWD.
This is due to the greater degree of association of polydienyllithiums making initi-
ation of styrene polymerization slower than propagation. The shortcoming in this case
can be rectified by adding some polar solvent before polymerization of styrene is
undertaken. The polar solvent disintegrates the aggregates of both polydienes and
polystyrene living ends forming monomeric species.

This strategy is followed in the synthesis of the thermoplastic elastomers,
polystyrene-polybutadiene-b-polystyrene (SBS), or polystyrene-b-polyisoprene-b-
polystyrene (SIS) in hydrocarbon solvents [69].

The ABA triblock copolymers may be synthesized also by first synthesizing the
middle B-block with two living ends using a difunctional initiator and then
extending the polymer chain from both ends using monomer A. However, this
sequential method does not succeed if the monomer sequence does not observe the
increasing electronegativity rule, particularly when the electronegativity difference
is quite large. However, the alternative method described above can be used suc-
cessfully in this case also.

Synthesis of star polymers: Three methods exist for the synthesis of star
polymers during anionic polymerization [70]:
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1. Initiation by a multifunctional initiator
Mt Mt

*o- monomer *
Mt 4<_ — " Mt (242)

Mt
Mt

2. Termination by a multifunctional terminator

X .
X< roam T — S3MUXT (2.43)

3. Polymerization of a difunctional monomer initiated by a living chain
- Mt
\LQ—\\ + Mt I
Mt+ _"’\/\,\,\A . - Mt (244)
Mt

i
Mt

(c) Cationic polymerization

Cationic polymerization is a convenient tool for polymerization of vinyl and diene
monomers bearing electron-donating substituents at double bond, for example
isobutylene, o-methyl styrene, vinylalkyl esters, isoprene [71, 72].

The increase of donating ability of substituent results in increase of monomer
tendency to participate in cationic polymerization. Some carbonyl compounds (e.g.,
formaldehyde), alkyne oxides, and other heterocyclic compounds also may par-
ticipate in cationic polymerization. Cationic polymerization is catalyzed by
electron-accepting compounds such as strong protonic acids (H,SO4, HCIO,, etc.)
and Lewis acids (BF;, SnCl,, TiCly, AlBr;, FeCls, etc.). Catalysis of cationic
polymerization by Lewis acid usually requires a cocatalyst such as water, protonic
acids, alcohols, alkyl halides, ethers forming complexes with catalyst [73, 74].

Initiation of cationic polymerization of isobutylene in the presence of BF; and
traces of water as cocatalyst may be described by the following scheme:

BF; + H,0 — H* [BF;0H] (2.45)
H" [BF;0H] ™ + CH,=C(CH3), — (CH;),C " [BF;0H]" (2.46)

As a result of this process, an active carbonium cation and corresponding
counterion are formed. In the media with low dielectric constant, generated ions
form ion pairs which are rather stable. Propagation of polymerization chain pro-
cesses via consecutive addition monomer units to cation:
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.
(CH5),C* [BF;0H] ™ + CH,=C(CH;), — (CH;)C—CH,— C(CHs),[BF;0H]
(2.47)

Chain termination in cationic polymerization may be realized via various reac-
tions. At the same time, many of these reactions that terminate the growth of a
propagating chain do not, however, terminate the kinetic chain because a new
propagating species is generated in the process. Contrary to radical polymerization,
termination of cationic polymerization has the first order with respect to propa-
gating centers. Decay of active centers may proceed by interaction of macrocation
with counterion or by formation of covalent bond instead of ionic. The latter is
observed during polymerization of styrene catalyzed by CF3COOH:

+ -
~~CH,—CH o;/c_CF3 —~ ~CH,~CH-0-C~CF, (2.48)
Ph Ph O

Another mechanism of termination is transfer of ionic group from counterion to
growing carbocation:
~~CHy=C(CH,), " [TiClyOH] —— ~CH,~C(CHj,),0H + TiCl, (2.49)

A crucial role in cationic polymerization belongs to chain transfer reactions as it
determines the length of macromolecules formed during polymerization. Chain
transfer to monomer involves transfer of a B-proton to monomer with the formation
of novel propagating chain and macromolecule with terminal unsaturation.

+
~CHy—=C(CHy)," + CHp=C(CHy); ——= ~~CHz—CH(CHy); + CH,=C—CH,
CHj,

(2.50)

Chain transfer to counterion proceeds by transfer of B-proton to the counterion.
This process is reversible to initiation and results in regeneration of initiator which
can further interact with novel molecule of monomer. As in chain transfer to
monomer, the polymer molecule formed has a terminal double bond. Solvent
molecules also may participate in chain transfer reactions.

Almost every system for cationic polymerization consisted of monomer, cata-
lyst, cocatalyst, and solvent is characterized by special features. That is why it is
hard to propose unified kinetic scheme. For most systems, polymerization rate has
the first order toward catalyst concentration, while molecular weight is independent
on catalyst concentration.

In common, rates of elementary stages of polymerization may be expressed as:
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Initiation:
Propagation:

Vo = k[P |[M] (2.52)
Termination:

Vo = ko[P ] (2.53)
Chain transfer:

Ve = ke[P*]M] (2.54)

where [I] is initiator concentration; [M] monomer concentration; and [P*] con-
centration of active centers.

In a steady-state conditions, when Vi, =V, polymerization rate may be
described as:

Vy = =2 [M][1] (2.55)

The average degree of polymerization is expressed as the propagation rate
divided by the sum of termination and transfer rates:

I V.
P,=—2" 2.56
VO + Vtr ( )
or
1 ko ke
— = + — 2.57
P KMk (257)

Thus, polymerization rate depends on initiator concentration, while molecular
weight is independent on it.

(d) Living carbocationic polymerization

The reaction sequences in living carbocationic polymerization involving reversible
termination are represented by the following equations:

Initiation:

R—X+MtX, = R"MtX, , |~ (2.58)
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R"MtX,,;  +M —=RM*X, |~ (2.59)
Propagation:
RM; "X, 1" +M — RMy; 1 + X, 1~ (2.60)
Reversible termination:
RMi, 17 X,1~ = RM; | — X+MtX, (2.61)

In the scheme, RX is an organic halide initiator with a labile C—X bond and
MtX,, is a relatively weak Lewis acid. The ionic species has been shown as ion pair
since living cationic polymerization is best achieved with it rather than with free ion
(vide infra) [75-77].

The following conditions apart from the absence of transfer and termination are
required to be fulfilled in order to achieve polymer with low PDI:

(1) Initiation should not be slower than propagation.

(2) The deactivation equilibrium must be dynamic, and the exchange between
active and dormant states must be much faster than propagation so that a chain
undergoes a large number of activation—deactivation cycles during the whole
course of polymerization.

(3) In addition, adventitious initiation notoriously associated with carbocationic
polymerization should be absent or reduced to an insignificantly low level.

The living nature of carbocationic polymerizations of several monomers was
ascertained by various research groups from the following results:

(1) Monomer disappearance follows first-order kinetics.

(2) M, increases linearly with conversion.

(3) Initiator efficiency is close to unity.

(4) The PDI is low ca., ~1.1.

(5) Terminal unsaturation in polymer is absent.

(6) Block copolymers are obtained using the living polymers as macroinitiators in
the polymerizations of suitable monomers.

In some cases during homo- and copolymerization via ionic mechanism, a
formation of complex between active center and monomer molecule precedes its
incorporation into polymer chain. The lifetime of such complex may exceed a
lifetime of transition state in common chain reactions (10”"? s) indicating its high
stability. In such conditions, a case of a so-called coordination ion polymerization is
observed. Solvents have a high influence of stability of such complexes. This fact
causes a dependence of composition of copolymers obtained by ionic polymer-
ization on solvent nature. A coordination ion polymerization mechanism determines
stereoregularity during polymerization.
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2.5 Stereoregulation in Radical and Ionic Polymerization

In case of polymerization of nonsymmetric monomers of CH,=CHX or CH,=CXY
types, two neighboring units may be connected as in “head-to-tail” (a) so in a
“head-to-head” (b) manner:

x .
mCHzic::—CHzégm mCHz—*?—cIJ*—CHzm (2.62)
H Ho, H M b

“Head-to-head” addition in case of most vinyl monomers is connected with high
activation energy barriers and thus may be excluded from consideration. Polymer
chain constructed from monomer units connected in a “head-to-tail” order has a
chiral carbon atom in every monomer in it:

2
R1—(13—R2 (2.63)
H

In case of similar configuration of all chiral atoms, a polymer chain is called
isotactic (i). A syndiotactic (s) structure is characterized by strict alternation of
chiral atom configurations in molecule. If configuration of chiral atoms is random,
polymer structure is called atactic. The scheme below describes isotactic, syndio-

tactic, and atactic polymers drawn in the Fischer projections (Fig. 2.3).
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(2.64)

Configuration of monomer unit in propagating polymer chain in radical poly-
merization is determined only after addition of the following monomer unit. It is
concerned with possible rotation of terminal carbon atom-bearing unpaired electron
around terminal carbon—carbon bond.

Formation of syndiotactic sequences usually has lower activation energy in
comparison with isotactic ones. Thus, decrease of polymerization temperature tends

(a) (b) ©
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Fig. 2.3 Fischer projections for polymer chain with different structures: a isotactic, b syndiotactic,
¢ atactic
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to increase syndiotacticity. So, syndiotactic sequences are observed for about 80%
of units in poly(methyl methacrylate) obtained at 80 °C. Decrease of polymeriza-
tion temperature down to —70 °C results in increase of part of syndiotactic units up
to 100%. The same tendency for increase of syndiotactic fragments on temperature
decrease is observed in radical polymerization of other vinyl monomers. At the
same time, the mentioned difference in activating energies for iso- and syndiotactic
additions is rather small. According to this fact and rather high temperatures used
for radical polymerization, the polymers formed mostly have no stereoregularity.

Ionic polymerization is characterized by higher stereoregularity in comparison
with radical one. It governs not only by interactions between side substituents of
propagating chain and monomer but by participation in chain propagation of other
species, for example counterion. In case if ionic pair acts as an active center in
polymerization process, counterion is included in formation of transition state
forming during propagation. It may influence fixation of spatial configuration of the
end of propagating chain. In some cases, the influence of counterion comes only to
spatial effects. It may be considered as additional substituent at propagating end of
macromolecule. For example, cationic polymerization of vinyl isobutyl ether in the
presence of BF3.H,0O (with [BF;<:OH] as counterion) at —70°C leads to atactic
polymer, while using BF3:(C,Hs),0 catalyst (with [BF3:OC,Hs]™ as counterion)
results in isotactic polymer. In this case the increase of the volume of counterion
significantly increases the control over sterioregularity of the forming polymer.

For most catalytic systems, conducting stereospecific polymerization addition of
monomer to propagating polymer chain is preceded by formation of complex
between active center and monomer molecule. Coordination of monomer molecule
in complex determines stereospecific cleavage of double bond leading to specific
configuration of the next monomer unit. Such mechanism of macromolecule for-
mation is called coordinational-ionic.

2.6 Coordination Polymerization

Coordination polymerization is a process of polymer synthesis during which the
monomer and the active center are coordinated to the polymerization catalyst prior
to the incorporation of the monomer in the polymer chain. The polymerization
exhibits various degrees of stereochemical control on the structure of the polymer
depending on the nature of the catalyst and reaction conditions.

Ethylene, a-olefins, and conjugated dienes are the most important monomers
that are polymerized by this method. The field made a start in 1953 when Ziegler
discovered that ethylene is easily polymerized in a hydrocarbon solvent to high
molecular weight polymer at normal pressure and moderate temperature using
triethylaluminum or diethylaluminum chloride in conjunction with titanium tetra-
chloride as catalysts [78, 79]. In the following year, Natta discovered
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stereochemical control exerted by the catalysts on the structure of polypropylene.
The discoveries not only gave a new dimension to polymer science but also rev-
olutionized the polyolefin industry. Ziegler and Natta were honored with a Nobel
Prize in 1963, and the catalysts were named after them.

The first-generation Ziegler—Natta catalysts are comprised of two components:

(1) Transition metal compound of Group IV-VIII, which may be a halide, a
subhalide, an oxyhalide, an alkoxide, a B-diketonate, a cyclopentadienyl
dihalide, and so on;

(2) A Group I-IV base metal alkyl or hydride. The transition metal compound is
essentially the precatalyst, which is alkylated, and thus activated, by the base
metal alkyl to form the real catalyst. In the literature, however, the
two-component mixture is usually referred to as the catalyst or the catalyst
system, although sometimes the base metal alkyl is referred to as the cocatalyst
and the transition metal compound as the catalyst. The higher generations
Ti-based catalysts supported on activated magnesium chloride contain a third
and a fourth component, which are often Lewis bases, added to increase the
activity and the stereospecificity. These additives also influence the molecular
weight of the polymer to be formed. The first catalysts discovered, as already
introduced, are AlEt; + TiCly and AlEt,Cl + TiCl,. The two components of the
catalysts on mixing together in a hydrocarbon solvent react to yield the real
catalyst, which is insoluble in the medium leading to heterogeneous catalysis
[78]. The active sites of the catalysts are not identical. This was immediately
evident when the Natta group obtained a mixture of both crystalline (isozactic)
and amorphous (atactic) polypropylene in the polymerization of propylene
[80].

The real catalyst from triethylaluminum and titanium tetrachloride is formed in
reactions (2.28)—(2.31). At temperatures above ca., —30 °C and at low Al-to-Ti
ratios, TiCly is reduced to TiCl;, which precipitates as crystalline solid (indicated by
the subscript “s”), and AlEt; is converted to AIEt,Cl liberating an ethyl radical. The
latter undergoes disproportionation and coupling reactions forming ethylene and
butane, respectively. Further reaction of TiCl; crystals with AIEt,Cl occurs
resulting in the alkylation of Ti on the crystal surface (reaction 2.36). The alkylated
TiCl; crystals act as the real catalysts. In fact, mixtures of separately prepared
crystalline TiCl; and AIEt,Cl make very effective catalysts. Polymerization takes
place by insertion of monomer into Ti—C bond.

TiCl, + A(C,Hs); — TiCls,) + AI(C,Hs),Cl+ CoHy (2.65)

TiCly 4 Al(C,Hs),Cl — TiCls,) + Al(C,Hs)Cl, + C,Hy (2.66)
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. / C4H10 (2 67)
2C,H .
S T CH, + CoMe
TiCly(q) + Al(C,Hs ),Cl — Ti(CoHs)Cly() + Al(C,Hs)Cl, (2.68)

(a) Mechanism of coordination polymerization

Natta proposed a coordinated anionic mechanism, which involves coordination of
monomer to transition metal (as a rule titanium or vanadium) in an active site of the
catalyst followed by insertion of the coordinated monomer into the highly polarized
transition metal-carbon bond, which is formed in situ through the alkylation of the
transition metal in the precatalyst by the base metal alkyl cocatalyst, as discussed
earlier [81]. In support of the perceived insertion into the Mt—C bond rather than
into the base metal-carbon bond, Mb-C, it may be cited that some organometallic
catalysts containing only titanium as metal atom also exhibit isospecificity [82, 83].

However, insertion may occur in either of the two regiochemical modes shown
in Eq. 2.67 with propylene monomer. The mode of insertion depends on the nature
of the transition metal as well as that of the carbon, i.e., primary or secondary, in
the Mt—C bond. Insertion of propylene into titanium—carbon bond occurs over-
whelmingly in the 1,2 mode (95-99% depending on the nature of the catalyst) [84,
85]. The regiospecificity of the atactic polymer is only little lower than that of the
isotactic polymer. In contrast, insertion into vanadium—carbon bond shows high
preference for the 2,1 mode, when the carbon is secondary, and only a low pref-
erence for the 1,2 mode when the carbon is primary [86-88]. As a result, long
sequences of 2,1 insertions alternate with short sequences of 1,2 insertions. Overall,
the 2,1 insertions comprise ca., 85% of the total. It has also been established that 2,1
insertions into vanadium—carbon bond in the soluble vanadium-based catalysts are
syndiotactic, whereas 1,2 insertions are atactic [88]. Thus, the regioblocks of
syndiotactic propylene are also stereoblocks comprising long syndiotactic blocks
interposed by short aractic blocks.

Mt—CH,—CH-R 1, 2 insertion
|
1 2 3 CH;,

Mt—R + CH,=CH-CHj \ (2.69)
Mt—CH—CH,—R 2, Tinsertion
|

CHj,

The 2,1 insertions yield tail-to-head linkages between monomers (the unsub-
stituted end of the monomer being tail and the substituted end being head), whereas
1,2 insertions yield head-to-tail linkages. A regioblock structure is essentially a
multiblock of head-to-tail (H-T) and tail-to-head (T-H) polymers.
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The absolute configuration of the chiral carbon in each newly added monomer
unit (Eq. 2.70) depends on not only the regiochemistry but also the stereochemistry
of monomer insertion. As discussed above, the monomer insertion into the Ti—C
bond is regiochemically almost completely 1, 2. The stereochemistry of insertion is
always cis irrespective of the type of propagation, isospecific or syndiospecific [89,
90]. However, it depends on the prochiral face of the olefin involved in the reaction.
The difference in the stereochemistry of cis 1,2-insertion of a-olefin into the Ti—C
bond is shown in Eq. 2.70 for the involvement of the two different prochiral faces
of the olefin in the reaction.

T Hoo
Mt=CH,—C-CHp= G =—Mt—CH,— —CHy—Mt ——= ~C=CH,~C—CHy~Mt
R R R R
(R) ) (S) )

(2.70)

Thus, for isospecific propagation, the active center must discriminate between
the two prochiral faces of the a-olefin so that the same prochiral face is attacked in
each insertion step [91]. For this to happen, it must have center(s) of chirality.
Looking at the structure 5 of the active center, the B carbon atom (with respect to
the metal) in the chain head is chiral. Besides, the metal atom itself can be a center
of chirality. However, it should maintain its absolute configuration during the
insertion process. The latter can be achieved by the bound to the solid catalyst
surface [84].

HsC M
) R
~rns CH— CH2

,\\M/.éH (2.71)

Direct evidence demonstrating the chirality of the transition metal atoms in
isospecific catalysts was obtained from the observation that the heterogeneous
isospecific catalyst TiCl3/AIR3 polymerizes a racemic a-olefin to the corresponding
racemic polymer. Thus, the chiral metal, overall, is racemic [91]. In contrast, the
homogeneous aspecific catalyst Ti(CH,CHs)4/Al(CH,CcHs); produces a copoly-
mer of the two enantiomers of the racemic monomer, which cannot be resolved by
elution chromatography using an optically active stationary phase. On the other
hand, there are evidences which suggest that the chirality of the B-carbon atom at
the chain head is not essential for isospecific propagation.

The mechanism of insertion was proposed by Cossee and Arlman [92]. The
mechanism (Eq. 2.72) proposes a concerted four-center reaction involving titanium
and carbon atoms of the Ti—C bond in the titanium alkyl (polymer) and the two
n-bonded carbon atoms of the olefin. A four-membered ring transition state is
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formed, which is followed by migration of the alkyl (polymer) to one end of the
olefin. The m-bonding between titanium and the olefin effects weakening of the
labile Ti—C bond, which facilitates the migration of the alkyl (polymer) group.

_Cl _ClI
C|_T|_ r R — C| |\ C|_ I__ - B C| TI
4 o /\

CI R

(2.72)

The steric interaction between the approaching olefin and the ligands sur-
rounding the metal forces the monomer to assume a particular configuration.
However, the interchange of the position of the vacant d orbital and the metal
orbital involved in bonding with the alkyl (polymer), which occurs following alkyl
migration, may not present identical steric environment for the next monomer
insertion. This may cause a less regio- and stereoselective insertion. Thus to achieve
high isospecificity, the polymer chain has to migrate to the original position so that
the monomer occupies the same vacant site before each insertion step.

Chain transfer and regulation of molecular weight. Two types of thermal cleavage
may occur in olefin, for example propylene polymerization. The B-hydride elimi-
nation shown in Eq. (2.73) may proceed without assistance of the monomer [93].
However, the metal hydride produced may subsequently react with the monomer.
The two steps together represent monomer transfer. However, reaction (2.75) is
insignificant at low temperature with Ti-based catalysts. Reaction (2.75) also repre-

sents a monomer transfer, although the transferred monomer retains the double bond.
below 60 °C

Mt—CH,—CHuaw TR o
S T MieH s CHo—C (2.73)

CHs CHs
Mt—H + CH,=CH—-CH3; — Mt—CH,—CH,—CHj; (2.74)

CHj
>80°C |
Mt=CH,—CH~ + CH,=CH-CHy —— = Mt—CH,—CH=CH, * wCH-CH,
CH,
(2.75)
Another type of transfer is alkyl transfer:

Mtar + Mb—R ——> Mbw + Mt—R (2.76)

where Mt is the transition metal and Mb is the base metal.
Hydrogen is also used as a transfer agent to regulate the molecular weight [94].
The reactions involved may be represented as follows:
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Mtar + Hy —— How + Mt—H (2.77)

Mt—H + CH,=CH-CH; — Mt—CH,—CH,—CHj; (2.78)

(b) Metallocene catalysts

The original metallocene Ziegler—Natta catalysts are comprised of two components
—a Group IV metallocene, e.g., zirconocene or titanocene being one, and methy-
laluminoxane (MAO) being the other. The metallocene is actually the precatalyst,
which is activated by MAO to form the real catalyst. These are soluble catalysts,
and the active sites in the catalytic species are all of the same type. Hence, they are
referred to as single-site catalysts. These catalysts produce polyolefins with lower
polydispersities and more uniform distribution of comonomers in copolymers of
ethylene and o-olefins than are obtained using Ziegler—Natta catalysts. Besides,
they are much more active. The polymers exhibit better film clarity and tensile
strength, and contain lower amounts of oligomers. Metallocene catalysts were
discovered by Kaminsky and coworkers about 25 years after the discovery of the
classical Ziegler catalysts [95]. MAO is prepared by the controlled hydrolysis of
trimethylaluminum [96, 97]. It has the basic unit.

H3C_ O O, /O\ _CHj

Al
AT 279)
HyC CHy; CHs  CHy

These units associate to satisfy the unsaturated aluminum atoms through coor-
dination in the best way possible. Three to four such units form a cage structure,
which is believed to be its active form [98]. In analogy to methyl siloxane, the
compound is so named. The corresponding ethyl aluminoxane is not very active.
However, MAO is required to be used in very high excess, e.g., MAO: metal-
locene = 5000:1 (mol/mol).

Zirconocene/MAO catalysts exhibit very high activity. For example, biscy-
clopentadienyl-zirconium dichloride and MAO reportedly produced nearly 40
metric tons of polyethylene (molecular weight 78,000) per g zirconium in 1 h at
95 'C and 8 bar ethylene pressure. This sort of activity is ten to hundred times
larger than that observed with the classical Ziegler catalysts. Additionally, the
molecular weight distribution is narrower, M /M, ~ 2. Oligomers are formed only
in traces.

Metallocene catalysts also proved to be much more active than the
vanadium-based Ziegler—Natta catalysts in the copolymerization of ethylene and
cycloolefins, such as cyclobutene, cyclopentene, and norbornene, without ring
opening of the cyclic olefins taking place [99].

For isotactic propagation of polypropylene chain, a chiral metallocene is
required to be used. However, the mobility of the ligands bonded around the metal
center must be either prevented or rendered slower than propylene insertion. This is
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achieved in ansa-metallocenes. In such a metallocene, the two cyclopentadiene
ligands sandwiching the metal are substituted to make them rigid. Furthermore,
they are linked with a -CH,—CH,— bridge. The cyclopentadiene ligands are thus, so
to say, strapped (ansa) around the metal. The ansa-zirconocene, ethyl(tetrahy-
droindenyl),zirconium dichloride, [Et(THind),ZrCl,], has three stereoisomers, R, S,
and meso. The meso isomer produces the atactic polypropylene, whereas the R or
S isomer produces the isotactic polymer. Suitable substituents in the indenyl rings
and bridges linking the latter have led to catalysts, which produce polypropylenes
with very high isotacticity ca., 99% [97].

For syndiotactic propagation, the catalyst should have Cs symmetry [100]. It has
a bent sandwich structure, which provides two different bonding positions for the
inserting monomer. Syndiotacticity is believed to originate from active site iso-
merization with each monomer addition.

Late transition metal catalysts hold promise of producing polyethylene or poly
(a-olefin)s with novel microstructure leading to novel properties and applications.
Besides, due to the low oxophilicity they have much greater functional group
tolerance than early transition metal ones have and, accordingly, are suitable for the
copolymerization of ethylene or a-olefins and polar comonomers.

o-Diimine complexes of Pd(II) and Ni(II) and pyridyl bisimine complexes of
cobalt and iron proved effective catalysts in the polymerization of ethylene,
a-olefins, and cyclic olefins or copolymerization of olefins and polar monomers
[101-104]. The catalyst activity may be tuned by appropriately changing the
substituents.

/ N
X;Pd__ /I X=Cl, Br (2.80)

The pyridyl bisimine complexes of cobalt and iron [103-105] are also a
promising catalysts for such reactions. One of the most active iron-based catalysts
has bulky aryl substituents in the imine groups as shown in complex.

By using different R and R’ groups, the activity of the catalyst and the molecular
weight of the polymer can be further tuned. A five-coordinate pseudo-square
pyramidal conformation for the complex has been suggested from crystallographic
studies. The aryl groups on the imino nitrogens stand nearly perpendicular to the
ligand coordination plane [102]. Bis-chelate formation is prevented by the bulky
substituents on the imino nitrogens resulting in high activity for ethylene poly-
merization [103]. The polyethylene obtained is strictly linear and of high molecular
weight in contrast to the highly branched polyethylene obtained with Pd diimine
catalysts discussed above. The late metal catalysts, however, have not yet found
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commercial use in polyolefin production. Many of these catalysts initially exhibit
very high activity, which goes on decreasing during the course of polymerization.

(c) About living polymerization of alkenes

Natta and coworkers provided the first indication of living polymerization of
propylene conducted at —78 °C using the soluble catalyst VCl + AIEt,Cl [106].
The molecular weight of the syndio-rich polypropylene increased linearly with time
over a period of 25 h. Later, Doi et al. found the molecular weight polydispersity to
be between 1.4 and 1.9, which is rather high for a living polymer. They, however,
succeeded to obtain syndio-rich polypropylene of low PDI (PDI = 1.07-1.18)
replacing VCl, with V(acetylacetonate); [107, 108]. The molecular weight of the
polymer increased linearly with time over 15 h. The living character is appreciably
lost by working at temperatures, which are even slightly greater than —65 °C.
However, only one polymer chain forms per twenty-five vanadium atoms. The
situation improves to yield one polymer chain per vanadium atom by replacing
acetylacetonato with 2-methyl-1,3-butanedionato ligand.

Living polymerization by metallocene catalysts has also been achieved.
Monomer transfer is prevented by resorting to low reaction temperature, while alkyl
transfer is eliminated by using boron-based activators [109]. Various other catalysts
including the late transition metal ones and activators have yielded living poly-
merizations. However, because of the low turnover (moles of monomer polymer-
ized per mole of catalyst) the living coordination polymerization is yet to be
adopted by the industry.

2.7 Ring-Opening Polymerization

A wide variety of cyclic compounds each containing at least one heteroatom or an
unsaturation center in the ring undergoes ring-opening polymerization (ROP), as
shown schematically in reaction

n(Q) —— M x—- (2.81)

where X is a heteroatom or a double bond.

The mechanism of ring opening, however, is different for the two groups of
monomers [110]. Whereas a heteroatom—carbon bond is opened in the heterocycles
through a nucleophilic reaction, the double bond is opened through an olefin
metathesis reaction in the cycloalkenes. The polymerization of the latter group of
monomers is specifically referred to as ring-opening metathesis polymerization
(ROMP). The difference in mechanism notwithstanding, many of the polymeriza-
tions of both groups of monomers are living in nature exhibiting chain growth
without termination and irreversible chain transfer.

The polymer produced by ROP structurally resembles a condensation polymer.
Indeed, some of these polymers are also produced by step polymerization (nylon 6
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and silicone polymers being typical examples). However, ROP has several superior
features. Step polymerization yields polymer of only moderate molecular weight
and that too only at very high extents of reaction. For example, the DPn reaches
only 200 at an inordinately high conversion of 99.5% that requires a long time to
reach. Besides, an extremely high degree of monomer purity, accurate stoichio-
metric balance between the monomers, prevention of loss of monomers, and the
absence of side reactions are absolute necessities. In contrast, ROP easily yields
high molecular weight polymer at appreciably lower conversion and lesser time,
and under fewer demanding conditions. Besides, many of these polymerizations, as
pointed out above, are living and, accordingly, have the attractive features that go
with it. Several polymers produced by ROP have found important biomedical
applications besides various other applications: poly(ethylene oxide) and its block
copolymers, polyglycolide, polylactides, polyanhydrides and their block copoly-
mers, homopolypeptides and block copolypeptides, silicones, and polyphosp-
hazenes being some examples.

Polymerization of heterocyclic monomers typically takes place anionically and/
or cationically with propagating species containing charged heteroatom, e.g.,
alkoxide, carboxylate, sulfide, silanoate, in anionic ROP, and cyclic tertiary oxo-
nium, sulfonium, iminium, siloxonium, and some other heteroatomic monomers, in
cationic ROP. These anionic and cationic species are much less reactive than
carbanionic and carbenium ionic species, respectively. The mechanism of poly-
merization involves nucleophilic substitution. In cationic ROP, the heteroatom in
monomer acts as a nucleophile. It attacks an o-carbon atom of the propagating
cationic species resulting in chain extension with ring opening

CH, . CHy . CH,
< x + X ) — » wX-CH, H,C—X
/ U cH,

X is a heteroatom.

In anionic ROP, the picture is reversed. The nucleophilic propagating anionic
species attacks an a-carbon atom in the monomer resulting in chain extension with
ring opening

(2.82)

)
o)
o

e X T 4 XS >—> e X=CH, H,C—X (2.83)
~_

(a) Cyclic olefins polymerization via metathesis mechanism

Under the influence of suitable transition metal catalysts, cyclic olefins undergo
ring-opening metathesis polymerization (ROMP), which involves cleavage of carbon—
carbon double bond and intermolecular reassembly of the opened fragments forming a
linear polymer with the unsaturation now linking the opened rings [111, 112]:
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O L (2.84)

Polymerization of a cycloalkene, e.g., cyclobutene, cyclopentene, cycloheptene,
or cyclooctene, produces the corresponding polyalkenamer. Cyclohexene does not
polymerize for unfavorable thermodynamics of polymerization.

Early catalysts constituted of transition metal compounds in their high oxidation
states such as MoCls and WClg used in combination with strong Lewis acids
cocatalysts, aluminum alkyls/alkyl halides [113, 114]. However, these catalysts are
ill-defined since the true catalysts formed, in situ, the alkylidene complexes (vide
infra), decompose in the course of polymerization under the conditions used.
Nevertheless, some of these catalysts found applications in the production of some
commercially important polymers, notably polynorbornene and polyoctenamer.

n O —_— %CH—(CHz)G—HC%:n (2.85)

The well-defined soluble initiators that give rise to living ROMP are mostly the
Grubbs initiators, which are metallacycles and alkylidene complexes of Ti and Ru,
respectively, and the Schrock initiators, which are alkylidene complexes of Ta, Mo,
or W.

Mechanism of ROMP may be described by the following stages:

OO0 . O _ O
LaMt=R + \— . Lthl:LR L,,Mltln\ (2.86)

L,Mt=R R

Initiation:

Propagation:

R
N0 = o

R

Initiation involves coordination of the cyclic olefin monomer to the transition
metal alkylidene (directly supplied or formed in situ from the initiator) and sub-
sequent formation of a four-membered metallacyclobutane intermediate by [2 + 2]-
cycloaddition. The latter undergoes retro [2 + 2] cleavage forming a new metal
alkylidene linked to one end of the ring-opened monomer. Propagation involves
repetition of the above steps on the metal alkylidene chain end.

The more active metal alkylidene complex initiators for ROMP are complexes of
W, Ru, Mo, and some other metals. There exists great scope of tuning the initiators
by the appropriate choice of ligands to effect living ROMP. Thus, the activity of the
highly active tantalum-based initiator is decreased by replacing phenoxide ligands
with bulky and electron-rich diisopropylphenoxide ligands [115]. Similarly, the
activity of the W- and Mo-based initiators can be modulated by modifying the
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alkoxide ligands some of which are shown in the figure [116]. Electron-
withdrawing ligands increase the activity. However, the Ru-based initiators exhi-
bit the opposite behavior [117].

OAr PCy3
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A0 TR Ru="
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(2.88)

(b) Living character of ROMP

Ring-opening metathesis polymerizations effected by suitable Grubbs or Schrock
initiators exhibit living character. They yield polymer of predicted molecular weight
and low polydispersity (PDI < 2). The molecular weight increases linearly with
conversion. The polymer formed may be chain-extended with other monomers of
higher ring strain to yield block copolymers. The polymer can be “killed,” for
example, by Wittig-type reaction using aldehydes or ketones [117]. At the same
time, ruthenium alkylidene-ended polymer is not attacked in these conditions. It
may, however, be “killed” by alkyl vinyl ethers.

R
— 1
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R
L Mt:é/\%:/ R © 7.89
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The catalyst’s tolerance to the functional groups of the monomer is very important. In
general, functional group tolerance of Ti- and Ta-based initiators is low, whereas that of
W-, Mo-, or Ru-based initiators is high [117]. The Ru-based ones are the best, and the
Mo-based initiators are better than the W-based ones. Both the Mo- and W-based
initiators are, however, not tolerant to aldehydes and ketones. As a result, the living
polymers prepared by using them may be “killed,” for example, by benzaldehyde.

The low oxophilicity of Ru makes the Ru-based initiators extraordinarily tolerant
toward functional groups and stable in protic solvents. Thus, such initiators are
capable of polymerizing livingly a wide variety of functionalized norbornenes and
cyclobutenes with such functional groups as hydroxyl, amino, amido, ester, and
keto. Also, importantly, the polymerizations can be carried out in protic media.
Even, water-soluble Ru-based initiators have been developed by incorporating
charged groups in the phosphine ligands. These initiators are capable of polymer-
izing water-soluble norbornene derivatives at moderate temperatures ca., 45 °C in
the presence of a protonic acid.

(c) Polymerization of bridged cyclic monomers

The simplest bridged cyclic monomers are the bicyclic monomers, which have three
atoms common to the two rings as in norbornene (bicyclo [2.2.1] hept-2-ene) and
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7-oxabicyclo[2.2.1] heptane. In these monomers, there are three bridges joining the
two bridgeheads. Of these three, the one containing the heteroatom or the C=C
bond opens for polymerization. Thus, norbornene polymerizes to form linear
polymer with a cyclopentane ring in the repeating unit [118], whereas 7-oxabicyclo
[2.2.1] heptane polymerizes to give linear polymer with a cyclohexane ring in the

repeating unit [119].
QO — O, 20
O,
G — 1+-Of, o

2.8 Multimode Polymerization

The various methods of controlled/living polymerization described upper represent
a powerful tool for producing macrostructures with various topologies including
block, star, and graft copolymers through the sequential monomer addition. At the
same time, each of described methods is limited by a certain scope of monomers
capable to undergo polymerization with chosen system. Multimode polymerization
proves to be a promising way to overcome the limitations of each method on
synthesizing different block copolymers by using a single type of propagating
species. In recent years, numerous block copolymer structures with both linear and
branched macromolecular architectures were obtained by the combination of
uncontrolled and/or controlled polymerization reactions. There are two general
ways of multimode polymerization. The first one is based on using heterofunctional
initiators, while the second implies transformation of end group in primary obtained
macroinitiator to start polymerization via another mechanism.

(a) Multimode polymerization using heterofunctional initiators

This process is based on the use as initiators molecules containing two or more
different initiation sites (A and B) that are capable of initiating concurrent poly-
merization mechanisms independently and selectively [120]. This technique allows
to combine mechanistically incompatible monomers in one macromolecule without
the necessity of intermediate transformation increasing selectivity. A requirement
for effective realization of this mechanism is the high stability of each initiating
center in polymerization conditions. The synthesis of block copolymers via
heterofunctional initiators may be conducted as in sequential reaction steps, so in a

one-pot reaction in case of controllable kinetics and the absence of side reactions.
sequential reactions
+ My *+ Mg

AmanB ————=  PpmwawB ———=  PpwPy

T (2.92)

* My *Mg

one-step reaction
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The significant breakthrough in the field of multimode polymerization is caused
by intensive development of controlled polymerization techniques. In spite of this
fact, pioneer works in this field appeared 20 years earlier. The use of bi- and
polyfunctional radical initiators characterized by the simultaneous presence of at
least two labile functional groups capable to generate active radicals at different
conditions allowed obtaining polymers with ultrahigh molecular weight [121]. In
case of sequential decomposing of active groups possessing different thermal or

photochemical stability, a formation of block copolymers is possible:

MMA Styrene
RO—O—EIJ—R1-N=N—R1-§|:—O—OR . PMMAvO—%—R1-N=N—R1-9—OJ~PMMA - =
o o (0] (o}

—> PMMA M’O—%}—R1—M PSt

(2.93)

Such types of polyfunctional initiators mostly contain azo- or peroxy groups and
may be classified as bi- and polyperoxides, bi- and polyazo derivatives, and azo
peroxides. The block copolymers obtained by this method are always contaminated
by homopolymer and require additional purification via extraction.

Combination of ionic and radical polymerization opens opportunities for com-
bining various types of monomers in one molecule. For example, such procedure
may be applied to specific systems with cationic polymerizable monomers (THF,
cyclohexene oxide, epichlorohydrin) and the free radical polymerizable monomers
(styrene, methacrylates), respectively [122, 123]:

o]
4 + Styrene
CI—E—R1-N=N—R1-§I:—CI I OwO—%—R1-N=N—R1-%}—Ow G
Io) Ie) AgBFy,, -AgCl o} o}
BF, BF,
—_— OWO—ICI:—R1—MPSt
(0]
BF,
(2.94)

The development of various methods of controlled polymerization significantly
expanded the scope of multimode polymerization. It made possible to obtain
well-defined block copolymers with desired molecular weight and composition.
Combination of nitroxide-mediated and cationic polymerization allowed synthetizing
block copolymers based on vinyl ethers acting as polymer surfactants and antibac-
terial agents [124]. The alkoxyamines containing carboxylic group are capable to
initiate as living cationic polymerization (in conjunction with Lewis acid) so con-
trolled radical polymerization (through decomposition via labile C-O). Such com-
pounds may be successfully applied for the synthesis of various block copolymers:
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Living cationic polymerization may be combined with other CRP techniques, for
example with ATRP [125]. The macroinitiators used in this case contain labile
carbon-halogen bond capable to interact with metal halide to generate active radical
species. In some cases, controlled cationic and radical processes may be conducted
simultaneously in one reaction pot as in case of block copolymerization of
g-caprolactone with methyl methacrylate [tao2015].

Polyfunctional initiators may also include metal centers active in ring-opening
metathesis polymerization (ROMP). Combination of metathesis and cationic
ring-opening polymerizations was successfully applied for one-pot synthesis of
poly(norbornene)-block-poly(lactide) copolymers [126]. The use of bifunctional
poly(ethylene glycol) macroinitiator allowed to obtain ABC triblock copolymers, a
perspective material for novel nanoporous membranes [127]:

e ﬁ FOOh N

(2.96)

In turn, ROMP may be also combined with controlled radical polymerization
techniques to obtain various block copolymers. A dual initiator proposed by Grubbs
etal. [128] may be applied for simultaneous ROMP and ATRP, while some unsaturated
alkoxyamines show high performance in dual ROMP-NMP polymerization [129].

Considerable progress in area development of controlled polymerization tech-
niques resulted in an exponential growth of the use of dual initiators. The scope of
application of dual and heterofunctional initiators is virtually unlimited due to the
wide possibilities for a combination of different techniques in various ways.

(b) Multimode polymerization via end-group transformation

The described multimode initiator technique is limited by stability of each initiating
center in polymerization conditions. In some cases, the synthesis of such initiators
is also a challenging task. Another way of conducting multimode polymerization is
a so-called end-group transformation approach. In this case, the propagating center
of the first block is converted into a functionality that is capable of initiating the
polymerization of the second monomer.

Such a way is very promising for a combination of various techniques with
living anionic polymerization. For example, conducting of living polymerization of
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isoprene with further termination by diphenylethylene, CS,, and organohalide
results in formation of macrochain transfer agent (macro-CTA). The latter is cap-
able to participate in controlled radical polymerization via RAFT mechanism [130]:

o)
m
. 1.s-Bu 2;’/:22 s JO\_/OH S
2_\\ C-S-R ———————» ~wewwnC-§ R
3.CS, 4.RBr /Z_’tm
HO (o) @]

(2.97)

Using similar strategies, synthesis of various block copolymers has been also
achieved, e.g., poly(ethylene-co-butylene)-block-poly(styrene-co-maleic anhy-
dride), [131] poly(lactic acid)-block-poly(methyl methacrylate) [132], poly(lactic
acid)-block-poly(N-isopropylacrylamide) [133]. The described synthetic approach
may be applied for a combination of cationic polymerization with RAFT. So, the
polythiourethane obtained by controlled cationic ring-opening polymerization was
converted into macro-CTA and used in preparation of block copolymers with
MMA, styrene, and N,N-dimethylacrylamide [134].

Macromolecules obtained via cationic or polycondensation polymerization
methods bear active hydroxyl groups at the end. The latter can be easily converted
into initiating sites for ATRP or other CRP methods. Telechelic poly(arylene ether)
s synthesized via polycondensation were transformed into macronitiators for
ATRP. The obtained ABA triblock copolymers with a series of monomers are
promising materials for membranes for proton-exchange and CO, separation. [135].

Polymers obtained by ATRP contain halogen atom at the active end of
macromolecules and in turn may be converted into macroinitiators for other con-

trolled polymerization techniques, for example via “click” reactions [136]:

X
aN; = N

Pi—Br ——> P,—N, — Fm—N’\iNk (2.98)
X

Using this method, poly(2-(dimethylamino)ethyl methacrylate) obtained by
ATRP was successfully chain-extended by e-caprolactone via CROP mechanism
[137]. Macromolecules bearing azide end groups may be also used as a building
blocks in synthesis of star copolymers via arm-first method. In this case, polymer
chains obtained by controlled polymerization “clicked” to the core leading to
well-defined macrostructures [138].

The described examples of multimode polymerization clearly illustrate its power
for producing well-defined copolymers with different compositions and architec-
tures. It allows combining all possible monomer units in one polymer chain leading
to vast variety of novel polymer materials with unique properties demanded in
high-tech industries.
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2.9 Summary and Future Directions

Synthetic chemistry of polymers has passed a long path of growth and developing.
Starting from laboratory scale polymerization experiments, it has grown to routine
industrial mean of polymer production from one side and to powerful tool for direct
synthesis of novel well-defined materials from another. The dominant role in
development of new effective ways to polymers with desired properties belongs to
catalytic systems mostly based on transition metals and methods of “living”
polymerization (living cationic, anionic, radical, and ring-opening polymerization).

Living polymerization conquers a firm place in the modern polymer market.
Starting from pioneer manufactures by DuPont and Daikin, it was picked up and
developed by other leaders of chemical industry such as Arkema, Ciba, Kaneka,
EKFA, BYK, Rhodia. Today, living methods of polymerization are used for
industrial production of pigments, sealants, emulsion stabilizers, surfactants, block
copolymers with desired properties including photoresists.

At the same time, the number of industrial products obtained by controlled
polymerization methods remains small in comparison with overall bulk of polymer
production. It is determined by a scope of different reasons including high reagent
costs and purification necessity, lower polymerization rate, and rather high tem-
peratures for effective polymerization. The founding of happy medium between
product quality and its cost is a key factor for successful production of novel
product into industrial scale [50]. The synergetic use of experimental data on
polymerization mechanisms, including strict kinetic studies, computer modeling,
and native catalyst testing, will result in development of novel effective catalytic
systems for controlled polymerization. In this case, the search of novel more
effective and convenient systems is a challenging task in the area of controlled
polymerization.
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Chapter 3 M)
Polymer’s Characterization e
and Properties

Olumide Bolarinwa Ayodele and Peter Adeniyi Alaba

Abstract This chapter discussed the characterization and properties of polymeric
materials. Prominent characterization techniques used for analyzing polymeric
materials are mass spectrometry (MS), nuclear magnetic resonance (NMR), and gel
permeation chromatography (GPC), which are used for measuring mass-to-charge
ratio (m/z) of analyte ions. Other methods used for this purpose include
matrix-assisted laser desorption/ionization (MALDI), electrospray ionization (ESI),
and secondary-ion mass spectrometry (SIMS). X-ray diffraction (XRD) is used for
solid-state analysis such as degree of crystallinity and crystal structure as well as the
unit cell parameters, while Fourier transform infrared spectroscopy (FTIR) is used
for identification of the polymer functional groups. NMR helps to identify and
characterize various polymers and also provides information on the mobility of their
molecules, while X-ray photoelectron spectroscopy (XPS) provides information
regarding the chemical composition of polymeric materials. The physical properties
such as hydrophobicity, functional groups, and flexibility of the polymer chain
structure and chemical properties such as chemical reactivity, toxicity, biocom-
patibility, chirality, adsorption capacities, chelation, and polyfunctionality of
polymeric materials are also discussed.
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3.1 Introduction

The focus of this chapter is characterization and properties of polymeric materials.
Characterization and properties of polymeric materials is a vital aspect in the
analysis of organic materials. The analytic methods used for polymeric materials is
based on viscoelastic properties, precisely, dynamic mechanical testing. In addition,
techniques for determination of colloidal scale structure like molecular weight and
chain structure for high molecular weight polymeric materials such as small angle
scattering (SAS), gel permeation chromatography (GPC), and other various meth-
ods were discussed.

Polymeric materials are extremely hydrophilic; they swell intensely in aqueous
solution and are insoluble in organic solvents. Due to their gel structure, polymeric
materials are characterized by their mechanical and chemical stability, density,
thermal transition, water retention infrared (IR) spectroscopy, and high-resolution
solid-state nuclear magnetic resonance (NMR). Furthermore, since most polymeric
materials are utilized in the solid state, traditional characterization techniques aimed
such as thermal analysis, optical and electron microscopy, and X-ray diffraction
(XRD) are usually employed. These techniques are rich channels of information
regarding polymeric materials, especially for their molecular and structural
mobilities. Hartmann—Hahn cross-polymerization (CP), combined magnetic angle
spinning (MAS), and polar decoupling (PD) have been extensively used in the
study of NMR for solids, including gels and cross-linked polymers. The technique
is sensitive to different molecular mobilities and used for characterization and
identification of the structure of various polymers. The individual relaxation times
provide information regarding local mobility. This chapter discussed the
state-of-the-art analytical techniques for polymeric materials. These include XRD,
FTIR, NMR, XPS, VSM, as well as the chemical properties of biopolymer-based
and magnetic polymer-based materials, which individually probe a particular aspect
of the materials.

3.2 Polymer Characterizations

3.2.1 Mass Spectrometry

Mass spectrometry (MS) is now acknowledged as an essential polymer character-
ization method along with NMR and GPC. Mass spectrometer measures the
mass-to-charge ratio (m/z) of analyte ions. The sample to be analyzed by a mass
spectrometer must be in the gas phase and charged. MS of polymers and polymeric
surfaces is a comprehensive field of ongoing polymer-based researches. Several MS
techniques are used for probing polymers and polymeric surfaces including a
number of polymer compositions and surfaces that needed to be investigated
carefully [13]. The most popular types of MS instruments used for polymers and
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surfaces analysis are Fourier transform (FT, also called ion cyclotron resonance—
ICR), quadrupole, time-of-flight (TOF), and magnetic sector. Recently, there is a
thrilling innovation in mass spectrometer called orthogonal TOF instruments, which
is used in the study of electrospray ionization (ESI) [17].

Normally, MS of polymers or surfaces seems rather unsuitable since MS tech-
niques involve gas-phase ions for the analysis to be successful. However, polymers
are made up of bulky, entwined macromolecules, which could not be readily
transformed to gas-phase species. Despite this natural incompatibility of polymers
and gas-phase ions, MS techniques have been designed to provide ample infor-
mation about polymeric adsorbents. The usual MS techniques, such as GCMS and
pyrolysis, give information regarding the contaminants, repeat units, and additives
in polymeric adsorbents.

Since soft ionization techniques, such as fast atom bombardment (FAB) and field
desorption (FD), were developed, the capability of MS to analyze intact oligomers
of light molecular weight (LMW) polymers has been extended. However, the recent
developments of matrix-assisted laser desorption/ionization (MALDI), ESI, and
secondary-ion mass spectrometry (SIMS) have declined the utilization of FAB and
FD. But the utilization of MS for polymer characterization has significantly
increased. For instance, Li et al. [22] utilized MALDI-TOF-MS to examine the
LMW chitosan and chito-oligomers prepared by enzymatic hydrolysis of chitosan.
The MALDI-TOF-MS result shows that signal strengths of the chito-oligomers are
similar, regardless of their structure. The MALDI-TOF-MS spectrum of LMW
chitosan with molecular weight of 1.5 x 107> reveals that the products were mostly
of chito-oligomers, particularly with degree of polymerization (DP) ranging from 3
to 8 [23]. Along with the techniques developed to analyze bulk polymers, SIMS has
been developed and applied to characterize polymer surfaces.

3.2.2 Gel Permeation Chromatography (GPC)

GPC also referred to as size-exclusion chromatography (SEC), which is used in the
determination of number average MW (M,,), weight-average molecular weight (My,),
and MW dispersion (M,,/M,) of polymers [22]. The limitations of the GPC tech-
niques include the fact that the elution volumes have to be calibrated to the MW for
different polymers, and in addition, the process exhibits a very low mass resolution.
On the other hand, MALDI technique exhibits a high mass resolution, high sensi-
tivity, and high mass accuracy, but it discriminates samples and exhibits incorrect
average MW for samples with extensive polydispersity [13]. Coupling GPC with
MALDI is a normal synergistic approach toward maximizing the performance of
these techniques for polymers characterization. This combination could be achieved
in three different ways:
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(a) Individual collection of the GPC elution fractions and subsequent usage of
MALDI technique to analyze the fractions, thereby improving calibration for
GPC. This approach is used to characterize samples like coal derivatives [18],
poly(dimethylsiloxane) (PDMS) [28], poly(methyl methacrylate) (PMMA)
[29], polyester copolymers [27, 30], and a variety of synthetic polymers such as
methacrylate copolymer, polybutylacrylate, polyester, polycarbonate, and
polystyrene [33]. During the analysis of these samples, GPC offers narrow
fractions to MALDI toward calibrating the GPC experiment. This offers a major
improvement rather than creating narrow standards appropriate for calibration
of GPC.

(b) Continuous collection of eluent (GPC fractions) on the right target prior to
MALDI. This could be achieved by efficient spraying of the column eluent onto
the target that contains the MALDI matrix. Equipment suitable for this includes
the conventional liquid chromatography transform (LCT) from Lab
Connections Inc. [14], robotic interface [32], or with home-built units [49]. This
approach supports sample mass analysis, which is suitable for samples with
broad polydispersity.

(c) Analysis of the GPC eluent by direct on-line MALDI [16, 41]. Fei and Murray
[11] employed this technique for low molecular weight poly(ethylene glycol)
(PEG) and poly(propylene glycol) (PPG) standards. The column eluent is
channeled to the mass spectrometer as an aerosol, which contains both the
analyte and the matrix.

3.2.3 X-ray Diffraction (XRD)

XRD analysis helps to provide important solid-state structural properties like degree of
crystallinity. Polymers could be semicrystalline, highly crystalline, or amorphous
microcrystalline, or a combination of the three forms. The composition of these forms
depends on the polymer formulation and synthesis route, which in turn influences the
mechanical properties such as creep, buckling, tensile strength, and compression.
Hence, it is essential to determine the degree of crystallinity accurately [31]. The XRD
profile of polysaccharides exhibits distinct peaks, two peaks at approximately
20 = 11.6° and 20.1° at (100) reflection [44] for chitosan. Chitosan has two different
orthorhombic crystal forms with diffraction angles on the (100) plane. One of the
orthorhombic (form I at the weak reflection peak 11.6°) exhibits a unit cell with
a=776A,b=1091 A, and c = 10.30 A. Form II has the strongest reflection peak
20.1°, which exhibits a unit cell with @ = 4.4 A, b = 10.0 A, and ¢ = 10.3 A. XRD
analysis is always conducted using with Cu Ko radiation (1 = 1.5406 A). Figure 3.1
presents the XRD analysis of chitosan, polyelectrolyte complexes (PEC), and poly
(methacrylic acid) (PMAA). When the polysaccharides are functionalized with
polymers such as poly (2-methacryloyloxyethyl) trimethyl ammonium chloride
(PDMC), they become amorphous due to the destruction of their ordered laminated
structures [45, 46].
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Fig.3.lX—ray L L L L L L
diffractograms of chitosan (a),
PEC [rCOOH/NH, = 5.6

(b) and *COOH/NH, = 11.1
()], and PMAA (d). Figure is
adapted from De Vasconcelos
et al. [44]
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3.2.4 Fourier Transform Infrared Spectroscopy (FTIR)

Polymeric adsorbents exhibit numerous functional groups, which are suitable for
adsorption. FTIR analysis is used for confirming the presence of adsorption site in
the polymeric adsorbent [34]. Several researchers have carried out FTIR analysis on
polymeric adsorbent [35, 36]. Prominent adsorption bands responsible for
adsorption are C—O—C groups at ~ 1273 cm™' and C=0 groups at ~ 1731 cm™".
Furthermore, when the adsorbent is covalently bonded with graphene oxide (GO), a
band at ~ 1636 cm ', which is assigned to -CONH- emerges for magnetic
polymers modified (MP) with GO and functionalized with amine (NH,-MP@GO)
[48]. Table 3.1 presents FTIR vibration assignments of some selected polymeric
adsorbent. Functionalization of magnetic polymers with amino group enhances
their adsorption capacity toward heavy metal ions removal from polluted effluents.
Shen et al. [39] studied the effect of incorporation of amino groups on
nano-magnetic polymer adsorbents (NH,-NMPs) toward adsorption of Cu(Il) and
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Fig. 3.2 FTIR adsorption spectra of a OA-M, b M-co-(GMAMMA), and ¢ TEPA-NMPs [51]

Cr(VI) from water. Their result shows that the incorporated amino groups played a
vital role in adsorbing the metal ions, and the higher the amount of amino groups in
the sample, the higher the maximum adsorption capacity (gqu). [50] used gly-
cidylmethacrylate (GMA) as a functional monomer in preparation of core—shell
nano-ring magnetic molecularly imprinted polymer (MIP) functionalized with
amino group. The incorporation of magnetic properties into GO synergistically
combines the high adsorption capacity of GO with the convenience magnetic
controllable separation as well as the high ¢, of amine [36]. Marrakchi et al. [24]
also reported that amino group containing polymeric adsorbent (chitosan) at acidic
pH exhibits remarkable performance. The presence of hydroxyl and amino group in
polymeric adsorbents gives them the capacity to adsorb a variety of contaminants
such as metal ions, dyes, proteins, and phenolic compounds [4]. Figure 3.2 presents
FTIR spectra for functionalized Fe;O, magnetic polymers for removal of Cr(VI)
from wastewater.

3.2.5 Nuclear Magnetic Resonance (NMR)

NMR is a viable technique for analysis, identification, and characterization of
various kinds of polymers. It also provides information on the mobility of mole-
cules to be characterized [9]. Chitosan is a derivatized biopolymer from chitin by
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Fig. 3.3 Chitosan PCCHO0005 (DDA ~ 87%) 1H NMR spectrum at 70 °C [21]

partial deacetylation. IH NMR is used to determine the degree of deacetylation of
chitin to form chitosan (Fig. 3.3), and the degree of deacetylation (DDA) could be
computed as follow:

HI-D
DDA(%) = (2 ) x1
(%) (Hl-D+H-Ac/3> x 100

where H1-D is the integrals of peak of proton H1 of deacetylated monomer, and
H-Ac is the integrals of peak of proton H1 of the peak of the three protons of acetyl
group.

NMR is also efficient in the determination of polysaccharides’ degree of sub-
stitution [6] as they possess numerous reactive groups (acetamido and/or hydroxyl
groups) situated at the 2-, 3-, and 6-positions in the glucose unit. The structure of
modified or functionalized polymeric materials by grafting, cross-linking, etc.,
could also be confirmed by using C-solid-state NMR analysis. This indicates that
NMR can confirm reactions like hydrolysis of the epoxy groups to diols [37].
However, static NMR is inadequate due to a number of interactions in polymeric
adsorbents including chemical shift anisotropy and dipole—dipole interaction, and
large heterogeneity, which resulted in redundant broad proton NMR spectra.
Furthermore, analyzing with carbon—proton dipole interaction by using
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cross-polarization/magic-angle spinning with dipolar decoupling (CP/MAS) tech-
nique is excellent in the analysis of rigid structures, but exhibits poor performance
as the sample mobility increases [5]. Consequently, 2D heteronuclear and
homonuclear spectroscopy using high-resolution magic-angle spinning (HRMAS)
is developed. In this new technique, the sample will be rotated at the magic angle,
54.7°, and HRMAS probe head will be used [25]. Martel et al. [25] used this
technique to determine the chemical shift of B-cyclodextrin (CD)-linked chitosan
derivative. They discovered about three resonances ranging from 4.8 to 5.7 ppm,
which are ascribed to anomeric protons. This implies that there are a number of
glucosidic derivatives (CD-substituted unit, glucosamine units, and acetylated units
of the polymer chain) as well as the glycosidic and triazinyl-substituted glycosidic
units of the grafted derivative.

Furthermore, solid-statte HRMAS NMR with dipolar decoupling (DD-MAS)
method with or without CP is efficient for both rigid and mobile phases [5, 8]. '*C
DD-MAS reveals signals arising mainly from the mobile component. This analysis
is performed by varying the time between scan (D1), which correlates with the
relaxation time T to illustrate how rigid the sample is [8]. This was effectively
demonstrated in the study of Crini et al. [5] when they used epichlorohydrin to
cross-link cyclomaltoheptaose (-cyclodextrin). They observed different kinds of
structure for the sample, polymerized epichlorohydrin and cross-linked B-CD, with
different molecular mobility. The molar ratio of the sample under consideration is
20 (epichlorohydrin/CD) at 50 °C for 2 h using 50 wt% NaOH. Prior to the analysis
of the cross-linked sample, they investigated the free B-CD sample. Table 3.2
presents the chemical shift data and the 3¢ spin-lattice relaxation (7 in s) that
determine the molecular mobility and homogeneity of ion exchangers obtained for
the dry and hydrated states of B-CD and the polymeric adsorbent. The adsorbent is
made up of 80 wt% epichlorohydrin, and its signals are overlapped by the C-2, -3,
and -5 peaks of the parent B-CD. The signals in the region between 60 and 70 ppm
increase (Fig. 3.4), while B-CD C-1 carbon signals decrease because of the
hydroxymethyl group at C-6 in the glucose unit of B-CD or because of hydrox-
ymethyl group of epichlorohydrin.

3.2.6 X-ray Photoelectron Spectroscopy (XPS)

XPS spectra could be used to determine the chemical composition of polymers. The
compositions are identified by their binding energy, since each component and
functional group has a specific binding energy. For instance, ester carbon (O—-C=0),
C-N, ether (C-0), and aliphatic carbon (C—C/C-H) have binding energies of 288.7,
288.2, 286.3, and 284.9 eV, respectively, in C1S XPS spectra. The XPS peaks at
532.1, 398.8, and 284.5 eV are attributed to oxygen (O 1s), nitrogen (N 1s), and
carbon (C 1s), respectively, [50].
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Table 3.2 '3C spin-lattice relaxation (7, in s) of the carbon atoms of B-CD and B-CD-based

polymeric adsorbent of both dry and hydrated (33% w/w of water) samples [5]

Carbon atoms of the Chemical B-CD Polymeric
polymer unit shift (ppm) adsorbent
Dry Hydrated | Dry Hydrated
T, T, T, T,
C-1 103.9 13.6
C-2 102.9 20.9
C-3 102.1 21.2
101.6 22.5 34
100.4 22 1.6
99.6
C-4 84.3 16.9
82.8 15.5
81.3 17.6 27.6 16.4 1.2
78.0 18.5
74.7
C-2 76.9 11.6
C-3 76 10.8
C-5 74.8 12.2
73.4 114
72.9
72.4 13.5 227 9.9 0.6
71.9
70.6 0.6
69.8
C-6 63.9
62.5 nd* 04
61.4
60.1 33

“nd not determined

Recently, Mines et al. [26] employed XPS to verify the presence of polymer and
its corresponding functional groups on the surface of activated carbon functional-
ized with covalent organic polymer. They observed a polymer shell attached to the
carbon surface, which was validated by increase in the amount of the surface
nitrogen from 0.00 to 32.80%. The nitrogen content is about one-third of the total
grafted polymer. Moreover, a detailed observation of the Cls scan of the XPS
measurement shows the presence of three separate peaks of C-N at 287.4, C=0 at
286.3, and C at 284.3 eV, while the reference carbon shows only the plain C peak

(Fig. 3.5).
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3.3 Polymer Properties

3.3.1 Physical Properties

The remarkable sorption performance of polymeric materials such as polysaccha-
rides is generally due to: (1) high hydrophilicity of the polymer, since they contain
hydroxyl groups of glucose units, (2) the presence of numerous of functional groups
such as hydroxyl, primary amino, and/or acetamido groups), (3) high chemical
reactivity of these groups, and (4) flexibility of the polymer chain structure [4, 12].
However, starch-based materials are constrained due to their hydrophilicity. One of
the notable polymeric materials is cyclodextrin, which is a product of this chemical
derivation. It exhibits a remarkable physical property by forming inclusion com-
pounds with several molecules, particularly aromatics. The interior cavity of the
molecule offers a somewhat hydrophobic environment where polar contaminants
can be trapped. On the other hand, some polymeric materials such as the
styrene-divinylbenzene (SDB)-based (XAD-2 and XAD-4) are hydrophobic or
nonpolar copolymer resin, which attracts hydrophobic organic matters as well as
organic species that are sparingly soluble [10, 15]. Hydrophobic materials are
attractive to compound like the phenolics from wastewater. Furthermore, poly-
methacrylate matrix-based materials such as XAD-7, which exhibits intermediate
polarity, can also attract organic species [15]. Moreover, for cross-linked polymeric
materials, the molecular attraction ability is limited to not only the hydrophilicity
but also the cross-link density [40]. Delval et al. [8] developed cross-linked
starch-based materials functionalized with amine group, which they used for
removal of various dye from aqueous solution. They reported that the materials
exhibit remarkable sorption capacities for acid, disperse, and reactive dyes, but are
weak toward sorption of basic dyes. This remarkable performance is attributed to
cross-link density of the materials.

The adsorption performance of polymeric materials is also influenced by the pH
of the aqueous solution because the degree of dissociation, the surface charge, and
the number of ionic species of contaminants [24] as well as the surface properties of
the material depend on pH. Therefore, it is essential to consider the effect of pH of
the solution toward understanding the link between the molecules of the contam-
inant and the surface of the adsorbent as the adsorption proceed.

3.3.2 Chemical Properties

Polymeric materials exhibit remarkable properties such as non-toxicity, high
chemical reactivity, biocompatibility, chirality, adsorption capacities, chelation, and
polyfunctionality. For instance, biopolymer like chitosan is soluble at acidic pH,
thus cannot be used as an insoluble sorbent under these conditions. However, it
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Fig. 3.4 a CP/MAS spectra of dry B-CD; b CP/MAS spectra of dry B-CD Polymer 4; ¢ MAS
spectra of dry B-CD Polymer 4 [5]

may become suitable after some physical and chemical modifications and func-
tionalizations [4]. Amino-functionalized magnetic polymer is synthesized using
Fe;0,4 as the magnetic core exhibits a high chemical stability. The study of [50]
reveals that the core—shell nano-ring magnetic MIP functionalized with amino
group using glycidylmethacrylate (GMA) as a functional monomer is chemically
stable. The stability was tested in acidic media with pH ranging from 0 to 3 for 12 h
as well as in alkali media with pH ranging from 11 to 14. The result showed that
synthesized polymeric material remains intact since the Fe;0,4 did not leak out of
the core, thereby retaining the magnetic property [50]. Meanwhile, the amino
groups are easily protonated to predominantly form -NH,* at lower pH (making it
difficult to form hydrogen bond (—O-H---N) with the contaminant) and —NH,
(forming hydrogen bonds (—O—H-:-N)). Deprotonation of hydroxyl group occurs at



3 Polymer’s Characterization and Properties 71

Intensity (counts/s)

— .

292 290 288 286 284 282 280
Binding Energy (eV)

Fig. 3.5 XPS Cls scan of AC-COP (for interpretation of the references to color in this figure
legend, the reader is referred to the Web version of the article [26])

pH above the optimum, making formation of hydrogen bond (-O-H---N) so difficult
[35]. However, for amino-functionalized magnetic polymer-modified GO, a high
adsorption capacity is possible at any pH because of the m—mn stacking interaction
between the GO sheet and the contaminant [3], and the carbonyl (—C=0) also could
form hydrogen bond (—C=0---H) with the contaminant molecule easily [36].

Biopolymers like chitin and starch exhibit a good chemical reactivity due to their
numerous reactive groups (acetamido and/or hydroxyl groups) situated at the 2-, 3-,
and 6-positions in the glucose unit. With these groups, direct substitution reactions
(etherification or esterification reactions) or chemical modifications (enzymatic
degradation, oxidation or grafting reactions, hydrolysis), usually called chemical
derivatization, to yield various derivatives of polysaccharide for particular domains
of applications are imminent.

The derivatives of chitin and starch can be classified into three main classes of
polymers [4]:

(i) modified polymers such as cationic starches, carboxymethylchitin,
(i1) derivatized biopolymers such as cyclodextrins, chitosan and their derivatives,
and
(iii) polysaccharide-based materials like resins, membranes, gels, composite
materials.

The chemical substitution reactions of chitin and starch have several challenges.
The challenges are attributed to the presence of several functional groups, which
take part in chemical reactions depending on the experimental conditions [19].
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The modification of the existing polysaccharides is one possible method of
obtaining more polar polymer.

The likely chemical derivatization of chitin and starch is also an interesting
property since it is established that the grafting of ligands can enhance their activity
[20, 42].

Incorporation of a number of hydrophobic functional groups either as pendant
groups or into the backbone of the network structure is possible toward preparing
materials with enhanced activity [38]. Derivatized polysaccharides such as chitosan
and cyclodextrin can be prepared by chemical modification of chitin and starch,
respectively. Chitosan, chemically referred to as poly(N-glucosamine), is a linear
polycationic polymer, which comprises residues of 2-acetamido-2-deoxy-b-p-glu-
copyranose and 2-amino-2-deoxy-b-pD-glucopyranose [4, 43]. Chitosan has gained
immense popularity as a complexing agent; it is cheaper than activated carbon. It
also possesses high number of hydroxyl and amino groups, which are capable of
extracting several molecules such as phenolic compounds, metal ions, and dyes [1,
2]. This made chitosan a subject of significant interest in diverse fields.
Cyclodextrins, a derivative of starch, which has about 21 hydroxyl groups per
molecule, is partly reactive, making it possible for further modification using
cross-linker such as epichlorohydrin (EPI) to improve its performance [7, 47].

3.4 Summary

Information on the physical, chemical, and characterization of polymeric materials
is necessary to derive the relationship between their physicochemical and chemical
properties. Such relations are vital toward rational design of economical but yet
efficient polymeric materials. Particularly, we discussed GPC, XRD, Fourier
transform infrared spectroscopy (FTIR), NMR, X-ray photoelectron spectroscopy
(XPS), and physical and chemical properties of biopolymer-based and magnetic
polymer-based materials, which individually probe a particular aspect of the
materials. Therefore, a combination of these techniques is vital toward achieving a
balanced description of the complexity of polymeric materials. Moreover, a proper
understanding of the characteristics and properties of polymeric materials will
enable researchers to design a suitable material for whatever industrial application
they are required.
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Chapter 4 M)
Polymers for Coagulation ki
and Flocculation in Water Treatment

Oladoja Nurudeen Abiola

Abstract The desires to improve on the operational efficiency of coagulation/
flocculation (CF), a unit process in water and wastewater treatment, and to obviate
the other challenges synonymous with the use of inorganic coagulants (i.e. alu-
minium- and iron-based alum) impelled the search for alternative coagulants that
can ameliorate the identified shortcomings. Amongst the array of synthetic and
natural origin materials that have been screened as alternatives to the conventional
inorganic alum, polymeric coagulants have shown better promise. The inherent
structural features of polymeric coagulants enhanced the CF process operation and
economy. This treatise is an exposition on the variables that define the choice of
polymeric coagulant as an alternative to the conventional inorganic coagulants. The
theoretical bases for the choice of the different polymeric coagulants were dis-
cussed. Using the identified active coagulating species in the different polymeric
coagulant as a premise, the underlying CF mechanisms in the use of this genre of
coagulants were expounded. The research gap in the use of polymeric coagulant as
substitute to the conventional inorganic coagulant was also highlighted.

4.1 Introduction

Coagulation/flocculation (CF) is a two-stage process that involves the destabiliza-
tion and agglomeration of dispersed, dissolved, colloidal and suspended particles in
the dispersion medium. In the conventional municipal wastewater treatment plants,
the coagulation stage, where the coagulants are mixed into the water to be treated, is
preceded by screening and other pre-treatment methods (Fig. 4.1).

Ordinarily, large suspended particles in an aqua system would settle without any
form of treatment, if the system is stagnant and left undisturbed. In the case that the
conditions required for the settling of these dispersed particulate matters are not
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Fig. 4.1 Schematic representation of a typical conventional water treatment plants showing the
different unit operations

met, the settling becomes unattainable. The settling of the dispersed particulates
also becomes tasking if colloidal particles formed the large chunk of the dispersed
phase in the aqua matrix. Consequently, water clarification using sedimentation
alone is an unfeasible approach and a new functional approach, known as
coagulation/flocculation, that enhanced the settling rate of the dispersed fractions of
the aqueous system was developed. In the CF process, the stable dispersed particles
are transformed to unstable and insoluble agglomerates, which are denser than
water and then settle easily.

The process of CF involves series of chemical and mechanical operations that
entails the addition and mixing of coagulant with the water matrix. These processes
occur in two distinct stages that are termed as coagulation and flocculation. The first
stage is the coagulation stage that involves rapid mixing of the coagulant with the
water to be treated, which leads to the formation of micro-flocs, while the second
stage (i.e. the flocculation stage) is the slow agitation stage that involves the
aggregation of the micro-flocs to form the well-defined macro-flocs.

4.2 Polymeric Materials

Polymeric materials are made up of molecules which have long sequences of one or
more species of atoms or groups of atoms linked to each other, usually by covalent
bonds. The polymeric materials are also referred to as “macromolecules” and they
are formed by the covalent linkage of small molecules, known as monomer,
through a process known as polymerization. The long-chain skeletal framework of
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polymers sets them apart from other materials and gives rise to their characteristic
properties.

The skeletal framework of polymers occurs in linear, branched and network
forms. While linear skeletal structure can be represented by a chain with two ends,
branched polymers have side chains, or branches, of significant length which are
bonded to the main chain at branch points (also known as junction points), and are
characterized in terms of the number and size of the branches. Network polymers
have three-dimensional structures in which each chain is connected to all others by
a sequence of junction points and other chains. Such polymers are said to be
cross-linked and are characterized by their cross-linked density or the degree of
cross-linking, which is related directly to the number of junction point per unit
volume. Nonlinear polymers (i.e. branched and network polymers) are formed
either by polymerization or prepared by linking together (i.e. cross-linking) of
pre-existing polymer chains. Variations in skeletal structure give rise to major
differences in properties.

4.3 Polymers in Coagulation-Flocculation

From the perspective of the chemical composition, the common coagulants used in
CF operations can be broadly classified as organic and inorganic based. The
inorganic-based coagulants include alum (aluminium sulphate), sodium aluminate,
ferric sulphate, ferrous sulphate, ferric chloride, etc. The organic-based coagulants
are mainly polymeric materials and can be further classified as synthetic- and
natural-based coagulants. Synthetic chemical coagulants are based on organic
polymers (or polyelectrolytes) while the natural-based organic coagulant is derived
from both plants and animals.

In water and wastewater treatment operations, organic polyelectrolytes are used
either for the CF operation or for sludge dewatering. Relative to the use of the
inorganic coagulants in water treatment, the use of polymeric coagulants signifi-
cantly reduced the coagulant dose requirements, the sludge volume, the ionic load
cum the residual aluminium concentrations in the treated water and the process
economy (i.e. cost savings of up to 25-30%) [33, 47]. The use of polymeric
coagulants also enhanced the rate of floc settling and improved the floc textures in
low-temperature coagulation or in soft coloured waters [14]. Since larger and
stronger flocs are obtained from the use of organic polyelectrolytes, the capacity of
a treatment facility and the rate of solid and water phase separation is substantially
increased. In addition, the dosage of other ancillary chemicals required for water
treatment is reduced and the coagulant is applicable in the treatment of broader
range of water and wastewater.

Despite the numerous advantages of organic polyelectrolytes in CF operations,
the use is also bedecked with challenges. Some of the derivatives of synthetic
polymers are found to be non-biodegradable and the intermediate products of their
degradation are hazardous to human health as their monomer is neurotoxic and
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carcinogenic [48]. Consequent upon the challenges synonymous with the use of
synthetic polymeric materials in CF operations, the option of deriving polymeric
coagulants from natural-based materials is now being explored. It was posited [51]
that the polymeric coagulants derived from plants and animals are promising
alternatives to the conventional coagulants because they are highly biodegradable,
non-toxic and non-corrosive. They produced less voluminous sludge and do not alter
the pH of the treated water. Furthermore, since the plants are locally grown, the
natural plant-based coagulants are more cost-effective than imported chemicals [49].

4.3.1 Synthetic Polymeric Coagulants

The classification of the synthetic organic polymers used in water and wastewater
treatment operations is based on the ionic charge present, e.g. cationic, anionic and
non-ionic polyelectrolytes. Cationic polyelectrolytes formed the largest number of
polymeric coagulants that have been used in CF operations. Bolto [3] provided a
review of the varieties of cationic polymers used as coagulants in water and
wastewater treatment operations. Most often, the cationic polyelectrolytes used
possess quaternary ammonium groups that have a formal positive charge, irre-
spective of the pH value, and are referred to as strong polyelectrolytes [2].
Polymeric coagulants whose cationic properties are expressed only in acidic
medium and considered weak polyelectrolyte are also used. Examples of cationic
polyelectrolytes that have been used in CF operations include poly (diallyldimethyl
ammonium chloride), epichlorohydrin/dimethylamine polymers, cationic poly-
acrylamides, etc.

Amongst the naturally occurring cationic polymers, chitosan is the most com-
monly used in CF operations. It is a partially deacetylated chitin and consists of a
1:4 random copolymers of N-acetyl-a-D-glucosamine and o-D-glucosamine.
A review on the applications of chitosan in water industries was provided by Pariser
and Lombardi [44]. Another natural cationic coagulant that is gaining popularity is
the aqueous extract of the seed of Moringa oleifera, whose active coagulating
ingredient has been identified as a cationic, low molecular mass peptide, whose
isoelectric point of charge is above 10 [17, 18, 32]. Research reports [38, 50]; Jahn
et al. [20, 30-32] have shown the performance efficiency of this seed extract in CF
operations.

Relative to the synthetic polymers, polysaccharides are fairly shear stable and
are biodegradable, but exhibit lower coagulation and flocculation efficiencies
which always necessitate the use of higher dosage for optimal performance. Pal
et al. [43] posited that in order to develop coagulants with better features than that
of both the synthetic and natural polymeric coagulants, the best features of natural
polymers can be combined with that of synthetic polymers via chemical modifi-
cation. Naturally occurring non-ionic polymers have been transformed to cationic
polymers through chemical modifications of the surface functional groups.
A prominent example is the conversion of starch, a polymer composed of
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o-D-glucose units, to a cationic derivative by the reaction of the primary OH group
with different cationic moieties. Incorporation of synthetic polymers via graft
copolymerization reaction of synthetic polymers onto amylopectin, guar gum,
glycogen and starch produced polymeric coagulants that are more effective than
the original starting polymers because of the dangling polymer chains [2]. Kraft
lignin, a coagulant with cationic character, has also been produced via the surface
modification of lignin [27].

The commonly used anionic polymeric coagulant in water and wastewater
treatment usually contains weakly acidic carboxylic acid groups; thus, the charge
density is pH dependent [2]. A common example is anionic polyacrylamide. The
anionic natural polymers are the sulphated polysaccharides or their derivatives,
which include heparin, dextran sulphate, mannan sulphate, alginates, carrageenans,
Gellan, gum Arabic and xanthan and chondroitin sulphate. These anionic
polysaccharides found application more in medicine than in the water industries
[59]. Few natural anionic polymers that have been tested in CF operations include
tannins and modified natural polymer lignin sulphonate [28, 46].

Non-ionic polyacrylamide is a good example of the synthetic non-ionic poly-
electrolytes while examples of natural non-ionic polysaccharides include amylose,
amylopectin, cellulose, guar gum, etc. Natural, non-ionic polysaccharides that have
been used in the water industries include starches, galactomannans, cellulose
derivatives, microbial polysaccharides, gelatins and glues. Consequent upon the
non-ionic nature of these polysaccharides, they are often used as coagulant aid
instead of being used as the primary coagulant.

4.3.2 Natural Polymeric Coagulants

Aside the few natural polymeric coagulants, whose characteristics are well known,
array of bio-based polymeric coagulants has also been derived from a range of
biomaterials. It includes the fruit seeds of plant species, bone shell extracts, plant
bark resins and extracts of the exoskeleton of shellfish (Fig. 4.2).

Choy et al. [7] provided a detailed review of the research report on twenty-one
(21) types of plant-based coagulants derived from fruit waste and other biomate-
rials. The performance efficiencies of these green bio-based coagulants, the merits
and demerits were enunciated. In another treatise, a review of fourteen
(14) plant-based natural coagulants derived from common vegetables and legumes
was provided [6]. The challenges of the different research efforts that focused on the
use of bio-based coagulants were analysed as a prelude to further research efforts.
Progress on the use of natural polymeric materials for water and wastewater
purifications has also been chronicled by Oladoja [35]. Perspective on the promise
and limitations of these bio-based polymeric coagulants were presented in this
treatise. A synopsis of selected materials from which natural polymeric coagulants
have been derived is presented in Table 4.1 [37].
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Fig. 4.2 Photographic images of biomaterials from which natural polymeric coagulant have been
derived (Plantago major fruit (a), Bean seeds of Phaseolus vulgaris (b), Opuntia Species (c),
Ipomoea quamocalit (d), Prosopis juliflora (e), Moringa Oleifera Pod (f), Cassia obtusifolia plant
(g), Sterculia lychnophora (h), Annona muricata (i))

4.4 The Underlying Mechanisms of the Process of CF

Premised on the classifications posited by Crittenden et al. [8], CF of the dispersed
phase in an aqua system can be achieved via any or combination of the following
operational mechanisms:



4 Polymers for Coagulation and Flocculation in Water Treatment 83
Table 4.1 Selected biomaterials studied as natural polymeric coagulants [37]

S/N Scientific Common Family name Country of References

names names origin

1 Coccinia Ivy gourd, Cucurbitaceae Central Africa, Lim [24],

indica scarlet gourd, India and Asia Shaheen
small gourd, et al. [52]
kowai fruit,
scarlet-fruited
gourd
2 Hibiscus Okra, lady’s Malvaceae Old World Small [54]
esculentus finger, gumbo, tropics (West
gobo Africa)
3 Luffa Smooth luffa, Cucurbitaceae Old World Lim [24],
cylindrica egyptian luffa, tropics; Small [54]
vegetable probably Asia
sponge, sponge
guard
4 Arachis Peanut, Fabaceae South America Lim [24],
hypogaea groundnut, Boshou
monkey nut, and Corley
pinder, goober [4], Fageria
et al. [13]
5 Cicer Dal seeds, Fabaceae Mediterranean Lim [24],
arietinum chick pea, region Ahmad
bengal gram, et al. [1]
garbanzo bean

6 Dolichos Horsegram, Fabaceae Old World Brink [5]

biflorus kulthi tropics

7 Glycine max Soybean, soya Fabaceae Eastern Asia Frederic
bean [15]

8 Guar gum Guar bean, Fabaceae India Peter et al.
cluster bean, [45]
guaran

9 Lablab Hyacinth bean, Fabaceae Old World Small [55]

purpureus bonavist bean, tropics
chink, country
bean, dolichos
bean
10 Phaseolus Azuki bean, Fabaceae Unknown Jansen [21]
angularis adsuki bean, exact origin
red bean

11 Phaseolus Urad bean, Fabaceae India Lim [24]

mungo black gram,
black lentil,
black matpe,
urd bean

12 Pisum Green pea, pea, Fabaceae Southwestern Lim [24]

sativum field pea, Asia
garden pea,

stringless snow
pea

(continued)
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Table 4.1 (continued)
S/N | Scientific Common Family name Country of References
names names origin
13 Vigna Cow pea, Fabaceae Southern Lim [24]
unguiculata black-eyed pea, Africa
southern pea,
cowgram
14 Phaseolus Common bean Fabaceae Central or Fageria
vulgaris South America et al. [13]
15 Cereus Cadushi, giant Cactaceae South America Diaz et al.
repandus club cactus, 9]
hedge cactus,
peruvian apple
cactus
16 Stenocereus Pitaya agria, Cactaceae America Fuentes
griseus sour pitaya et al. [16]
17 Opuntia Prickly pears, Cactaceae Americas Zhang
ficus-indica tuna, nopal et al. [61]
Miller et al.
[29]
Mane et al.
[25]
Shilpa
et al. [53]
18 Oryza sativa Rice Poaceae China Thakre and
Bhole [58]

(a) Double-layer compression

This mode of coagulation mechanism is initiated when a highly charged ionic

species is used as the coagulant. This ionic coagulant tinkers with the overall ionic
activity of the system and the electric double layer that encapsulates the dispersed
particles is compressed and the repulsive energy barrier that keeps the particles
apart is suppressed (Fig. 4.3a). In this case, molecular attraction is promoted and
the formation of micro- and macro-flocs is enhanced.

(b) Charge neutralization

In this case, the oppositely charged ionic species derived from the coagulant is
adsorbed onto the surface of the dispersed particulate matters. The negatively
charged dispersed particles are neutralized by the positively charged coagulants and
molecular attraction ensued (Fig. 4.3b).

(c) Adsorption and bridging

This mode of coagulation mechanism is common with polymeric coagulants.
The skeletal framework of the polymeric coagulant induced the bridging of the
dispersed particles, thereby bringing them together (Fig. 4.3¢c). Owing to the nature
of the skeletal framework of polymeric coagulants, they are capable of extending
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(@) (b)

Bulk Liquid

e

(d)

Fig. 4.3 a Schematic representation of double-layer compression mechanism, b schematic
representation of charge neutralization mechanism, ¢ schematic representation of adsorption and
bridging mechanism, d schematic representation of sweep coagulation mechanism

into the solution to capture and bind multiple dispersed particles together to form
denser and settleable flocs.

(d) Sweep coagulation

This mode of coagulation mechanism occurs through the enmeshment of the
dispersed particulate matters into the matrix of the insoluble metal hydroxide
formed from the hydrolysis of the metal coagulant (Fig. 4.3d). Relative to the
charge neutralization mode of coagulation mechanism, sweep coagulation provides
an improved coagulation and greater pollutant removal [12].

An overview of the underlying principles of the different coagulation mecha-
nisms showed that the nature of coagulant influences the adopted operational
coagulation mechanism. Alum coagulants (i.e. aluminium or ferric) can only
operate via any or combination of sweep coagulation, charge neutralization and
double-layer compression, but cannot operate using the adsorption and bridging
mechanism. On the other hand, polymeric coagulants cannot operate using sweep
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coagulation, but it can operate with adsorption and bridging, double-layer com-
pression or charge neutralization. Amongst the underlying operational mechanisms
synonymous with polymeric coagulants, adsorption and bridging mechanism are
the most preferred, but the occurrence of additional operational mechanism that
includes double-layer compression or charge neutralization is only possible when
the skeletal framework of the polymeric coagulant is highly charged.

4.5 A Peep into the Peculiarities of Polymeric Coagulants
and the Operational CF Mechanism(S)

In CF operations using polymeric coagulants, the skeletal frameworks provide large
number of active sites for particle adsorption and charge neutralization. It has been
posited that the two most important features that defined polymeric coagulant as a
good coagulant/flocculant are the large molecular weight and, in the case of
polyelectrolytes, the charge density [2]. The large molecular weight ensures a
broader distribution of the polymer chain, thereby promoting the bridging of the
dispersed matters in the aqua matrix while the high charge density promotes the
additional effects of charge neutralization. The high charge density effects underlie
the preference and prominence of cationic polyelectrolytes to the other genre of
polyelectrolyte coagulants in CF operations.

Generally, the active coagulating ingredients in natural bio-based coagulants are
polymeric in nature but the molecular compositions and the skeletal framework are
diverse. Thus, the variations in the molecular compositions and the skeletal
framework are expected to influence the coagulation efficiencies and the underlying
mechanisms of coagulation in different polymeric coagulants. The treatise [37] that
provided mechanistic insights into the coagulation abilities of polysaccharide-based
coagulants lend credence to the effects of the nature of the active coagulating
ingredients on the CF abilities of polymeric coagulants.

The coagulation ability of chitosan, a linear copolymer of p-glucosamine and
N-acetyl-p-glucosamine, was attributed to the high cationic charge density and
ability to specifically bond to solid particles [37]. Owing to the high content of
amine group on the polymer framework, it is positively charged at the pH value of
natural water; thus, it effectively destabilizes and coagulates negatively charged
suspended and colloidal matters and then flocculates them.

The seed gums obtained from diverse fruit seed (e.g. Trigonella foenum-grae-
cum, Cyamopsis tetragonoba, Ceratonia siliqua, Solanum lycopersicum, Coffea
arabica, Convolvulaceae, Asteraceae, Arecaceae etc.) have been studied as green
bio-based polymeric coagulants. Thus far, the coagulating abilities of seed gums
were attributed to either the presence of galactomannans or uronic acids. Since
these two active coagulating ingredients are polymeric, the underlying coagulation
mechanism by seed gums was ascribed to the bridging and adsorption mechanism,
which is the coagulation mechanism specific to polymeric coagulants.
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Galactomannans is a water soluble, macromolecular, hydrocolloid, having galac-
tose and mannose in 1:2 molar ratio (Fig. 4.4a) while uronic acid (Fig. 4.4b) is a
class of sugar acid with both carbonyl and carboxylic acid functional groups.

Different wastes from fruits, e.g. Carica papaya, Feronia limonia, Mangifera indica,
Persea americana, Phoenix dactylifera, Prunus armeniaca, Tamarindus indica, have
been screened as possible sources of natural polymeric coagulants and the coagulating
abilities observed were attributed to the presence of long polymeric chain of unidentified
natural polymers (i.e. proteins and polysaccharides) in the fruit wastes.

Mucilages derived from array of plants (e.g. Opuntia ficus-indica cactus,
Hibiscus esculentus, Plantago species, Malva sylvestris) have been evaluated in CF
operations. Mucilage, an hydrocolloid, is a complex polymer of carbohydrate with
highly branched structure [26] that contains varying proportions of L-arabinose, D-
galactose, L-thamnose, and D-xylose, as well as galacturonic acid in different pro-
portions. Premised on the chemical compositions of mucilage, the polysaccharide
fraction was considered to be the active coagulating ingredient. This general
assumption on the nature of the active ingredient present in mucilage was allayed by
the findings of Miller et al. [29] who posited that there are fractional components of
the Opuntia spp., outside those reported, that contributes to the coagulation activity.
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Fig. 4.4 a Illustration of the chemical structures of different galactomannans, b chemical structure
of uronic acid (glucuronic acid)
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The coagulating abilities of different fruit seeds (Nirmali, maize, mesquite bean,
Cactus latifaria, Cassia angustifolia, leguminose, Aesculus hyppocastanum, Quercus
robur, Quercus cerris, Quercus rubra, Castanea sativa, Moringa Oleifera, etc.) have
been evaluated in CF operations. Premised on the position that the active coagulating
species in Moringa Oleifera is a cationic protein, researchers have often concluded
that the active coagulating species in other fruit seed coagulants are also proteins.

Tannins, a water-soluble polyphenolic compound, have been investigated as
either the primary coagulant or coagulant aid in water treatment (Ozacar and Sengil
[40], [22, 36, 39, 41]. Polyphenols are characterized by the presence of manifold of
phenol in the structural units. The anionic nature of tannin is caused by the phenolic
groups, which is a good hydrogen donor. Consequent upon the anionic nature of
tannins, they are used as natural anionic polyelectrolyte in CF operations.

The use of starch and starch-rich materials either as coagulant or coagulant aid
[10], [34, 57] has been reported. Starch is a mixture of two polymers of anhy-
droglucose units (i.e. amylose and amylopectin) [60]. Albeit, there are reports on
the coagulating ability of starch but Oladoja [35] disagreed with this assertion on
the premise that the poor cationic charge density of starch precludes it from being a
primary coagulant and that the process that was assumed to be coagulation—floc-
culation was just an adsorption process.

Polysaccharides that have coagulating properties have been extracted from
bacteria (e.g. Alcaligenes cupidus KT-201, A. latus B-16, Bacillus sp. DP-152,
Bacillus firmus, Arthrobacter sp. Raats, Enterobacter cloacae WD, Streptomyces
sp. Gansen and Cellulomonas sp. Okoh, Bacillus sp. Gilbert and
Pseudoalteromonas sp. SM9913). The determination of the chemical composition
and the surface charge of these polysaccharides showed that they are acidic and the
component acid is posited to be one or more of the acidic groups of pyruvate,
succinate, uronate, acetate or sulphate [42, 56].

Another natural polymer, alginates, which occur as structural component in
marine brown algae (phaeophyceae) and as capsular polysaccharides in soil bacteria
have been evaluated as a green polymeric coagulant in CF operations. Alginic acid
is a linear copolymer with homopolymeric blocks of (1-4)-linked B-p-mannuronate
and its C-5 epimer o-L-guluronate residues. Alginates react with polyvalent metal
cations, especially calcium ions to produce strong gels or insoluble polymers [11],
King [23]. The mechanism of coagulation is postulated to be guided by either
charge neutralization cum particle bridging or sweep coagulation during the for-
mation of calcium alginate gel, which is especially more effective at high calcium
concentrations [19].

4.6 Research Gap

An overview of the different polymeric coagulants that have been screened for
water and wastewater treatment showed the abundance of efforts that have been
expended in this regard. Despite the retinue of laboratory reports that showed the
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comparable efficacy of the polymeric coagulants with the conventional inorganic
coagulants, the use of the conventional inorganic coagulants, whose operational
efficiency is laced with array of inadequacies are still in vogue.

Amongst the two classes of polymeric coagulants (i.e. synthetic- and natural-
based coagulants), the use of synthetic coagulants is gradually becoming more
acceptable in the water industries but the inherent challenges synonymous with the
use are also a debilitating factor, despite the high operational efficiency that has been
reported for its use. Considering the fact that the natural polymeric coagulants are
highly biodegradable, non-toxic, non-corrosive, produces less voluminous sludge
and does not alter the pH of the water under treatment, they have been found to be
the promising alternative to the conventional inorganic coagulants. Despite the
favourable features of the natural polymeric coagulants, the use has been restricted to
few indigenous people in the under-resourced regions of the world.

In a comprehensive review [35] on headway on natural polymeric coagulants in
water and wastewater treatment operations, detailed viewpoints on the research gap
that accounted for the poor transition of laboratory findings to field trials and
real-life applications in this field of research were chronicled. The synopses of these
viewpoints, which gave an insight into the research gap that is militating against the
real-life applications of natural polymeric coagulants in water and wastewater
treatment, are presented below:

(a) The need to develop efficacious scientific strategies to isolate the active
coagulating ingredient from the crude extracts to prevent the unusual overload
of the treated water with organic matters.

(b) Development of proven scientific approach for the proper identification of the
active coagulating component.

(c) Improperidentification of the active coagulating species often leads to conflicting
coagulation mechanisms proposed for coagulant derived from the same source

(d) Information on the overall quality characteristics of the treated water, which is
pertinent to the evaluation of the overall safety of the treated water are rarely
provided in reports from bench-scale studies.

(e) In most cases, the proposed coagulation mechanism by authors is based on
speculations and data obtained from unrelated literature and not on any rigorous
scientific expedition.

(f) The development of effective advocacy strategies for the dissemination of research
findings to the appropriate governmental and non-governmental agencies, who
served as an interface between the end-users and the researchers, is required.

4.7 Summary

The shortcomings identified with the use of the conventional inorganic coagulant
were the impetus for the development of polymeric-based coagulant in water and
wastewater treatment. The inherent skeletal framework of the polymeric coagulant
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that positioned them as efficacious coagulant is the large molecular weight and, in
the case of polyelectrolytes, the charge density. Premised on the skeletal framework
of polymeric coagulants, they cannot operate via the CF mechanism that bothered
on sweep coagulation, but it can operate with mechanism that is governed by
adsorption and bridging, double-layer compression or charge neutralization.
Bridging the identified research gaps in this field of research would enhance the
chances of getting research efforts in this field transposed from bench-scale to
real-life applications.
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Chapter 5 )
Polymer and Polymer-Based gt
Nanocomposite Adsorbents for Water
Treatment

Bingcai Pan, Xiaolin Zhang, Zhao Jiang, Zhixian Li, Quanxing Zhang
and Jinlong Chen

Abstract In the past decades, polymer and polymer-based nanocomposite adsor-
bents have been emerging as promising materials for the removal of various pol-
lutants from contaminated waters, in terms of strong mechanical strength, excellent
hydraulics performance, high stability, and tunable surface chemistry. In general,
the adsorption of target pollutant is highly dependent upon the physicochemical
structure of adsorbent materials, such as skeleton chemistry, pore structure, surface
functional groups as well as the encapsulated moieties. This chapter reviews the
synthesis, structure, and adsorption mechanism of polymer and polymer-based
nanocomposite adsorbents utilized for the removal of various organic and inorganic
pollutants. Also, the application of these materials is particularly concerned.

5.1 Introduction

Adsorption is listed among the most effective and simplest approaches to removing
and recycling toxic pollutants from water/wastewater. A great amount of materials
including activated carbon [1-3], cellulose [4], alginate [5, 6], and diatomite [7, 8]
have been employed to achieve this purpose. Among these adsorbents, activated
carbon might represent the most attractive and popular one to trap a variety of
traditional pollutants such as phenols, dyes, and organic acids [9-13]. However,
several intrinsic drawbacks of activated carbon, such as costly regeneration, high
attrition rate, and indiscriminate adsorption toward organic pollutants, raise an
imperative requirement to develop other more efficient adsorbents for water treat-
ment [14—18]. Generally, in order to achieve wider application, the new adsorbents
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should exhibit some promising properties like high adsorption capacities, strong
mechanical strength, easy operation, and satisfied reusability.

Since the birth of synthetic ion exchanger, polymer adsorbents of cross-linked
nature have been emerging as promising adsorbents for over seven decades due to
their high surface area, satisfied mechanical strength, tunable surface chemistry, and
pore size distribution [19]. Target pollutants in water can be sequestrated by polymer
adsorbents via various mechanisms including electrostatic attraction [20], pore
filling [21, 22], hydrogen bond formation [23, 24], n—n interactions [21], and
hydrophobic interaction [25]. By utilizing well-designed polymer adsorbents,
organic pollutants like aromatic or polyaromatic hydrocarbons [26, 27], alkanes, and
their derivatives [28] can be efficiently removed from aqueous systems. Particularly,
bifunctional polymers were developed by modifying hyper-cross-linked resin with
charged groups like amine groups, rendering the resultant adsorbents extremely
efficient to sequestrate highly water-soluble organic pollutants including aromatic
sulfonates [20, 29], aromatic acids [30-32], and phenolic compounds [30, 33].
Unlike activated carbon, the exhausted polymer adsorbents can be steadily refreshed
for cyclic use under mild conditions [34]. In addition, nanotechnology has opened a
door for rational design of highly efficient water purifiers. Inorganic nanoparticles
(NPs) present as zero-valent metals, metal oxides, and metal phosphates exhibit
preferable adsorption toward heavy metals, arsenic, phosphate, and fluoride arising
from large surface-to-volume ratio and high reactivity [35]. However, ultrafine
nature of NPs intensively hindered their application in scaled-up water treatment,
because NPs faced some challenges such as tendency to aggregate, difficulty in
operation, and possible risk when released into the environment [36]. In the past
decade, a variety of polymer-based nanocomposites were developed by encapsu-
lating inorganic nanoparticles (NPs) inside porous polymer hosts to incorporate high
reactivity of NPs and easy operation of bulky polymer hosts [37—43].

This chapter focuses on the advance in polymer and polymer-based nanocom-
posite adsorbents utilized as water purifiers, discussing their structure, reactivity
and selectivity, reusability, adsorption mechanism, as well as their application in
practical water treatment. Also, the forthcoming development in the field was
forecasted.

5.2 Polymer Adsorbent for Organic Pollutants

Typically, organic pollutants are captured by polymer adsorbents resulting from
micropore filling, hydrophobic interaction, electrostatic attraction, hydrogen
bonding, and even complex formation [27, 44]. Nonpolar polymer adsorbent has
emerged half a century before and nowadays, a large number of polymeric
adsorbents have been developed for the removal various organic pollutants from
aqueous solutions [30, 32, 33, 45, 46]. To further improve the adsorption capacity
and reactivity, hyper-cross-linked polymer adsorbents possessing abundant micro-
pore and macropore simultaneously were developed [47]. Also, polyacrylic ester
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Fig. 5.1 A typical flowchart of industrial wastewater treatment by polymeric adsorbents.
Redrawn from [50]

resins were developed in order to obtain new polymer adsorbents with improved
hydrophilicity [48]. More recently, bifunctional polymer adsorbents were synthe-
sized by chemical modification of traditional polymer adsorbents to realize specific
adsorption toward some highly water-soluble organic pollutants [49].

As for the operation mode of polymer adsorbent, fixed-bed process is frequently
adopted for their scaled-up application in chemical wastewater treatment, as illus-
trated in Fig. 5.1. In brief, after simple pretreatment like filtration, wastewater
containing different pollutants undergoes adsorption with polymer adsorbents
packed in the bed. Sometimes, the effluents require further treatment such as bio-
chemical process, advanced oxidation process, and membrane filtration to meet
stringent discharge standard. The loaded organic matters can be desorbed from the
exhausted adsorbents during regeneration process, where organic solvents, acid, or
alkaline solution are widely employed. Usually, the resultant dilute eluate is
recycled as regenerant for next run, and the concentrated eluate can be recycled for
recovery and reuse [47, 50].

5.2.1 Nonpolar Polymer for Hydrophobic Organic Pollutant

Due to nonpolar and hydrophobic characteristics, polystyrene resins were widely
used for the removal of hydrophobic organic pollutants [28]. The polystyrene resin
adsorbents can be obtained via free radical polymerization reactions using styrene,
divinylbenzene and peroxysulfate or 2,2'-Azobis(2-methylpropionitrile) (AIBN) as
the monomer, cross-linker, and initiator, respectively [19, 51], and the synthesis
reaction often occurs in the presence of porogen like toluene [52], xylene [53], and
linear polystyrene. The residual monomer, cross-linker, or porogen would be
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removed by extraction with organic solvents (e.g., ethanol) prior to practical use,
generating abundant macroporous structure. The resultant adsorbents were denoted
as macroporous resins. The formation of porous structure was rather complicated,
depending on numerous parameters such as interaction between monomer and
cross-linker, mole ratio of cross-linker to porogen, polymerization initiator con-
centration, and polymerization temperature [54]. For instance, it was generally
believed that higher cross-linker concentration would result in higher specific
surface area and narrow pore size. Macroporous resins have been commercially
available for decades, such as XAD-2 (4, 1600) from Rohm and Haas Co. (USA),
Diaion HP-20 from Mitsubishi Chemical Co. (Japan), and X-5 from Nankai
Chemical Plant (China). In general, these adsorbents are highly durable owing to
the robust nature of polystyrene, and they also possess high surface area and
thereby high adsorption capacity. Note that only a little fraction (<5%) of the inner
pores of these adsorbents is microporous (d < 2 nm), and most of them fall within
the scope of macroporous (d > 50 nm) and mesoporous (2 < d < 50 nm) ranges.
For instance, one of the most widely used adsorbent, Amberlite XAD-4, possesses
~ 880 m*/g of BET surface area and its average pore diameter is ~ 11 nm [47].
The small amount of microporous structure suggests that micropore filling plays
insignificant role in adsorption of organic pollutants onto these adsorbents, though
high adsorption capacity still can be achieved due to high surface area. Adsorption
affinity between pollutants and macroporous resin may be somewhat weak in the
absence of specific interactions. Consequently, continuous efforts have been made
to enrich microporous structure of these adsorbents to enhance their adsorption
performance, as discussed below. In addition, polyacrylic ester resins are also
utilized for hydrophobic pollutants sequestration. Table 5.1 summarizes represen-
tative examples using nonpolar polymers for decontamination of aqueous solutions
from hydrophobic organic pollutants.

Unlike activated carbon, polymer adsorbents can be tailor-made and the
adsorption process is often reversible; i.e., the adsorbate could be efficiently des-
orbed under mild conditions for resource recovery or further treatment. Such
property renders nonpolar polymers extremely attractive for resource recycling of
highly concentrated organic wastewater discharged from industries. For nonpolar
polymer adsorbents, organic solvents such as methanol, alcohol, and acetone are
among the most commonly utilized regeneration agents in terms of their strong
dissolving ability toward a variety of hydrophobic matters.

5.2.2 Polar Polymer for Hydrophilic Organic Pollutant

Table 5.2 summarizes the recent literatures reporting polystyrene or polyacrylic
ester adsorbents employed for the removal of hydrophilic organic matters (such as
phenol, aniline, and chlorophenol) from water. Clearly, most polystyrene resins
exhibit relatively poor adsorption toward hydrophilic pollutants in comparison with
polyacrylic ester ones, attributing to polar nature of the latter. Polyacrylic ester
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Table 5.1 Nonpolar polymer adsorbents used for the removal of hydrophobic organic pollutants
from waters

Adsorbent Type Pollutant Capacity References
XAD-2 Polystyrene Benzene 730 mg/g [55]
XAD-4 Polystyrene Benzene 1400 mg/g [55]
XAD-2, 4 Polystyrene Chlorobenzene 825 mg/g [55]
XAD-4 Polystyrene Chlorobenzene 2060 mg/g [55]
NDA-16 Polystyrene Chloronitrobenzene 325 mg/g [56]
XAD-1600 Polystyrene Dichloromethane 27 mmol/g [28]
XAD-2 Polystyrene Carbon tetrachloride 1250 mg/g [55]
XAD-4 Polystyrene Carbon tetrachloride 2600 mg/g [55]
XAD-2 Polystyrene Di-2-pyridyl ketone 2.2 mglg [57]
salicyloyl hydrazone
XAD-4 Polystyrene Diethyl phthalate 649 mg/g [58]
HCP-1.3 Hyper-cross-linked | Benzene 30.0 mmol/ | [59]
g
NDA-150 Hyper-cross-linked | Diethyl phthalate 825 mg/g [60]
XAD-7 Polyacrylic ester Dichloromethane 17.8 mmol/ [28]
g
XAD-7 Polyacrylic ester Di-2-pyridyl ketone 10.4 mg/g [57]
salicyloyl hydrazone
XAD-7 Polyacrylic ester Diethyl phthalate 480 mg/g [58]

resins can be available via free radical polymerization reactions, which are similar
to polystyrene ones, except that acrylate instead of styrene is utilized as the
monomer, and their chemical structure is illustrated in Fig. 5.2 [48]. Acrylate is
more reactive than styrene during polymerization reaction, resulting in superior
mechanical stability of polyacrylic ester resin over polystyrene ones [61].
Polyacrylic ester adsorbents have been successfully applied for the removal of
highly water-soluble compounds from water/wastewater, typical of which are
reactive dyes and some sulfonated compounds (Table 5.2). Besides, the exhausted
polyacrylic ester adsorbents can be regenerated more easily than polystyrene
adsorbents. For instance, the 2-naphthalene sulfonate loaded polyacrylic ester resin
(NDA-801) could be fully refreshed after simple wash by hot water (348 K) [48].
By using the process depicted in Fig. 5.1, polyacrylic ester adsorbents are capable
of decontaminating highly concentrated organic effluents and recycling valuable
hydrophilic organic matters. Nowadays, lots of polyacrylic ester adsorbents are
commercially available, including Amberlite XAD-7, -7HP, and -8 from Rohm and
Haas (US), Wofatit EP62 and Y59 from Chemie AG Bitterfeld (Germany), and
NDA-7 from Jiangsu NJU Environ. Co. (China).

The adsorption of hydrophilic compounds by polyacrylic ester resin involves
multiple interactions including hydrophobic interaction, electrostatic attraction,
hydrogen-bonding formation, and even chemical adsorption depending on solution
chemistry [44]. It is well recognized that hydrophobic interaction plays a significant
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Table 5.2 Polystyrene or polyacrylic ester adsorbents used for hydrophilic organic removal from

water
Adsorbents Type Pollutant Capacity References
XAD-2, 4 Polystyrene Phenol 0.4-2.5 mmol/g [62]
XAD-4 Polystyrene phenol 0.60 mmol/g [63]
XAD-4 Polystyrene p-Cresol 1.18 mmol/g [63]
XAD-4 Polystyrene p-Chlorophenol 1.43 mmol/g [63]
XAD-4 Polystyrene p-Nitrophenol 1.20 mmol/g [63]
XAD-4, 16 Polystyrene Phenol Not available [64]
XAD-16 Polystyrene Phenol 1.50 mmol/g [33]
XAD-2, 4 Polystyrene Phenol, salicylic 0.2-3 mmol/g [32]
acid
XAD-4 Polystyrene Aniline 0.72 mmol/g [65]
XAD-4 Polystyrene Phenol 0.52 mmol/g [65]
XAD-4 Polystyrene Phenol 1.22 mmol/g [66]
XAD-4 Polystyrene 4-Chlorophenol 1.47 mmol/g [66]
XAD-2 Polystyrene 1-Naphthol 125.3 mg/g [26]
XAD-2 Polystyrene 2-Naphthol 109.3 mg/g [26]
XAD-2 Polystyrene 1-Naphthylamine 180.2 mg/g [26]
XAD-2 Polystyrene 2-Naphthylamine 208.6 mg/g [26]
XAD-4 Polystyrene 1-Naphthol 307.4 mg/g [26]
XAD-4 Polystyrene 2-Naphthol 320.4 mg/g [26]
XAD-4 Polystyrene 1-Naphthylamine 473.6 mgl/g [26]
XAD-4 Polystyrene 2-Naphthylamine 479.7 mg/g [26]
XAD-4, 12, 16 Polystyrene Benzoic acid Not available [67]
Duolite ES-861 Polystyrene m-Cresol 141 mg/g [23]
XAD-4 Polystyrene 4-Chlorophenol 30.89 mg/g [25]
XAD-4 Polystyrene Sodium 1.95 mmol/g [68]
6-dodecyl
benzene sulfonate
XAD-4 Polystyrene Reactive brilliant 0.4 mmol/g [68]
blue KN-R
XAD-4 Polystyrene Caffeine 28.5 mmol/g [69]
XAD-4 Polystyrene Cephalosporin C 23.4 mmol/g [69]
XAD-7 Polyacrylic ester Phenol 78.7 mg/g [53]
XAD-7 Polyacrylic ester | 4-Chlorophenol 1.31 mmol/g [66]
XAD-8 Polyacrylic ester | Phenol Not available [67]
XAD-7 Polyacrylic ester 1-Naphenol 278.0 mg/g [26]
XAD-8 Polyacrylic ester 1-Naphenol 296.5 mgl/g [26]
XAD-7, 8 Polyacrylic ester 1-Naphthylamine 256.4 mg/g [26]
XAD-7, 8 Polyacrylic ester 1-Naphthylamine 267.1 mg/g [26]
XAD-7, 8 Polyacrylic ester 2-Naphthylamine 232.5 mglg [26]
XAD-7, 8 Polyacrylic ester | 2-Naphthylamine 263.2 mg/g [26]

(continued)
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Table 5.2 (continued)
Adsorbents Type Pollutant Capacity References
XAD-7 Polyacrylic ester | Linalool Not available [70]
XAD-7 Polyacrylic ester | Caffeine 58.3 mmol/g [69]
NDA-801 Polyacrylic ester Sodium 123 mg/g [48]
2-naphthalene
sulfonate
Fig. 5.2 Schematic structure
of polyacrylic ester adsorbent
(R denotes the cross-linking

reagent, e.g., dimethyl
acrylate glycol ester) [48]

CH, CH,

H;C—C—C—0—R—0—C—C—CH,

] 1

role in adsorption [65, 71]. Besides, electrostatic attraction occurs between the
positively charged ester groups and anionic pollutants under acidic pHs.
Furthermore, recent study [48] elucidated that hydrophobic interaction and elec-
trostatic attraction play a synergetic role in efficient removal of aromatic sulfonates
by NDA-801.

5.2.3 Advanced Polymer Adsorbents

5.2.3.1 Hyper-Cross-Linked Polymers

To further improve the adsorption performance of polymer adsorbents, another
polystyrene adsorbent, namely hyper-cross-linked resin, was developed at the end
of the 1960s [72, 73]. Hyper-cross-linked resins are now commercially available,
including NDA-701 and NDA-150 from NJU Environ. Co. (China), and Hypersol—
Macronet MN-200 and MN-250 from Purolite (UK). They can be synthesized
through Friedel-Crafts reaction on linear polystyrene [72] or post-cross-linking
reaction on chloromethylated styrene-divinylbenzene (St-DVB) copolymer beads
[47], and the latter one is more commonly used, possibly arising from its promising
characteristics such as easy operation and the morphology of spherical beads. In
brief, the preparation starts with suspension polymerization of styrene and
divinylbenzene, followed by chloromethylation and Friedel-Crafts reaction on the
resultant polystyrene beads [47]. For comparison, brief synthetic procedures of
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Fig. 5.3 Schematic illustration of synthetic procedures for a polystyrene adsorbent (XAD-4) and
a hyper-cross-linked polymer adsorbent (NDA-701) [47]

Table 5.3 Characteristics of polystyrene resin XAD-4 and hyper-cross-linked polystyrene
adsorbent NDA-701 [47]

Adsorbent designation NDA-701 XAD-4
Matrix Polystyrene Polystyrene
Average pore diameter (nm) 2.24 5.61
BET surface area (m2/g)

Total 824 886
Macropore 306 196
Mesopore 88 651
Micropore 430 31

Pore volume (cm3/g) 0.58 1.22
Micropore volume (cm’/g) 0.22 0.0043
Density (wet, g/mL) 1.08 1.04
Particle size (mm) 0.5-1.0 0.5-1.0
Swelling ratio in benzene (%) <5 >15
Osmotic-attrited perfect ball ratio (%) >99.5 ~92

XAD-4 and NDA-701 are illustrated in Fig. 5.3 [47], and the basis properties of
both samples are listed in Table 5.3. Scanning electron micrographs of NDA-701
and XAD-4 are depicted in Fig. 5.4. Additionally, their pore size distribution is
illustrated in Fig. 5.5 [47]. Clearly, NDA-701 possesses much more microporous
structure over XAD-4, which was believed to greatly enhance adsorption toward
organic pollutants through micropore filling, similar to activated carbon. Thus,
hyper-cross-linked adsorbents often exhibit much higher adsorption capacity
toward organic pollutants than macroporous polystyrene resins [47]. Moreover,
considerable amount of macroporous structure (>200 nm) in NDA-701 facilitates
fast diffusion of target pollutants inside the polystyrene beads, rendering NDA-701
with much faster adsorption kinetic than activated carbon [47]. The
4-nitrophenol-loaded NDA-701 is amenable to an entire regeneration by using
NaOH solution as regenerant, whereas only ~75% regeneration efficiency was
observed for activated carbon [47]. However, excessive cross-linking degree may
be detrimental to the diffusion of target pollutant into the bulk polymer and con-
sequentially compromise their adsorption capacity.
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Fig. 5.5 Pore size distribution of polystyrene adsorbents NDA-701 and XAD-4 [47]

In addition to polystyrene materials, hyper-cross-linked polymer beads also
include post-cross-linked polyacrylic adsorbent [74]

, the adsorbent using p-
xylene-aromatics as skeleton [75], and 4,4'-bis(chloromethyl)-1,1"-biphenyl and
benzene/biphenyl as skeleton [76]. Similarly, these hyper-cross-linked polymer

adsorbents were mainly developed for improved adsorption toward target organic
pollutants by taking advantage of increased microporous structure

101
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5.2.3.2 Bifunctional Polymer Adsorbents for Water-Soluble Organic
Compounds

Considerable amount of organic pollutants in industrial effluents are highly water
soluble, and they often contain charged groups including sulfonic group, amine
group, carboxyl group, and hydroxyl groups. Traditional nonpolar polymer adsor-
bents exhibit poor adsorption toward these pollutants, due to weak interaction
between adsorbent and adsorbate. In order to improve the adsorption capability of
polymer adsorbents toward highly water-soluble organic compounds, bifunctional
resin has been developed by modifying hyper-cross-linked resin with functional
groups like amine, carboxyl, phenol, and sulfonic groups. For instance, many aro-
matic compounds like aromatic carboxylic acids, naphthalene, and benzene sulfonic
acids, and quaternary benzylammonium compounds mainly exist as ions in water
over a wide range of pH [77, 78]. Due to high solubility in water, they cannot be
effectively removed by traditional nonpolar polymer adsorbents from aqueous sys-
tem. Theoretically, bifunctional resin is capable of interacting with these compounds
via micropore filling, 7—n interaction, electrostatic attraction, hydrogen bond for-
mation, and hydrophobic interaction, thus exhibiting preferable adsorption even in
the presence of massive coexisting substances. So far, there are numerous bifunc-
tional polymer adsorbents available for this purpose, as suggested in Table 5.4.
Bifunctional polymer adsorbents can be mainly obtained through three main ways,
i.e., modification of hyper-cross-linked polystyrene beads with functional groups
[79], Friedel-Crafts reaction on polystyrene beads containing functional groups to
initiate post-cross-linking process [22], and combination of both processes simul-
taneously [80]. Among these methods, modification of hyper-cross-linked poly-
styrene beads is the most frequently utilized one in practical application, due to its
promising characteristics such as easy operation and low cost.

In order to further elucidate the characteristics of bifunctional polymer adsorbent
and their application in water treatment, an aminated hyper-cross-linked poly-
styrene adsorbent M-101 was selected as a representative one because of its wide
application in decontamination of industrial streams from highly water-soluble
organic matters in China. Briefly, the amine-modified polystyrene adsorbent M-101
with high surface area was synthesized by three basic steps according to a pro-
prietary method schematically illustrated in Fig. 5.6 [89]. Firstly, St-DVB
copolymer beads were synthesized via suspension polymerization using styrene
as monomer and divinylbenzene as cross-linker. Secondly, St-DVB were
chloromethylated to create possible bond bridge for the following amination and the
chloromethylated beads (Cl-St-DVB) were obtained. Thirdly, CI-St-DVB were
moderately post-cross-linked by Friedel-Crafts reaction, followed by amination
with dimethylamine to obtain the resultant adsorbent M-101 [90].

Salient properties of the bifunctional adsorbent M-101 are listed in Table 5.5
[20], suggesting that M-101 possesses characteristics of both hyper-cross-linked
polystyrene (e.g., high surface area and micropore volume) and anion exchanger
(abundant covalently bonded amine groups). Extensive studies demonstrated
M-101 as an excellent adsorbent for many ionic organic compounds like sulfonated
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Table 5.4 Bifunctional polystyrene adsorbents for the removal of highly water-soluble organic

pollutants from water

Functional group Pollutant Capacity References
Tertiary amine Phenol, benzoic acid, o-phthalic 90-270 mg/g [81]

acid, benzene sulfonic acid,

2-naphthalenesulfonic acid
Amidocyanogen Phenol, aniline Not available [82]
Tertiary amino group Sodium benzene sulfonate 1.2 mmol/g [20]
Carboxyl group p-Nitroaniline 3.2 mmol/g [29]
Tertiary amino group Resorcinol, catechol 1.0-1.8 mmol/g [21]
Tertiary amine Methomyl 40 mg/g [83]
Sulfonic acid group Methomyl 5 mg/g [83]
Dicyandiamide Reactive brilliant blue KN-R 28.1 mg/g [84]
Sulfonic group Acetylaminophenol 428.5 mgl/g [85]
Amino group Naphthalene sulfonates 108 mg/g [86]
Polyethylene glycol Yellow 5GL Not available [87]
group
2-carboxy-3/ Oxamyl, methomyl, Not available [49]
4-nitrobenzoyl, desisopropylatrazine, phenol,
2,4-dicarboxybenzoyl dimethoate, atrazine,

2,4-dichlorophenoxy acetic acid,

hydroquinone, resorcinol,

catechol, orcinol, guaiacol
Lateral alkyl Cholate, taurocholate, 1.35—- [88]
quaternary chenodeoxycholate 1.73 mmol/g
ammonium group
1,2-dichloroethane Bisphenol A 326.8 mg/g [80]
Multiple phenolic p-nitroaniline Not available [24]
hydroxyl groups
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Table 5.5A Salient properties  (yoss-link density (%) 35

g(fistgrebg::mMaﬁg lpolystyrene BET surface area (mz/g) 671.5
Macropore volume (cm*/g) 0.16
Mesopore volume (cmS/g) 0.028
Micropore volume (cm’/g) 0.40
Total anion exchange capacity (mmol/g) 1.53
Quaternary ammonium group (mmol/g) 0.027

aromatics [20]. For instance, M-101 exhibits higher adsorption capacity toward
sulfonated aromatics (e.g., benzene sulfonate, naphthalene sulfonate) than a
hyper-cross-linked polystyrene adsorbent CHA-101 or a weakly basic anion
exchanger D-301 [20]. Such surprising property of M-101 mainly results from 7 to
7 interaction between the aromatic structure of the polymeric matrix and nonpolar
moiety of sulfonated aromatics, as well as electrostatic attraction between the
positively charged amine groups and the negatively charged sulfo groups [90]. Note
that M-101 has been successfully utilized as adsorbent to remove 1- and
2-naphthalene sulfonates (NS) from 2-naphthol manufacturing effluent (500 m*/d,
Chuanging Chemical Plant, China) containing about 1500 mg/L 1-NS, 5000 mg/L
2-NS, and 7-12% of sodium sulfate [91]. After treatment, total NS in the effluent
was reduced to <40 mg/L. Regeneration efficiency of the exhausted adsorbents
could achieve 99% by using 2 M NaOH as regenerant, and the concentrated eluate
after regeneration can be recycled to the production line for NS recovery.
M-101-based adsorption technique has been employed in at least four plants in
China, processing ~ 400,000 m® industrial effluent annually. Another example is
using M-101 adsorbent to treat the manufacturing wastewater of 4,4-dinitrobenzyl
ethylene-2,2-disulfonic acid (i.e., DSD acid) in Huaihua Chemical Co. (Jiangsu,
China) and Huayu Chemical Group (Hebei, China) [92]. Field applications sug-
gested that DNS acid in industrial stream was reduced from ~ 3500 to <30 mg/L by
M-101, and the removal efficiency remained constant during two-year successive
operation.

5.3 Polymer Adsorbents for Inorganic Pollutant

Inorganic pollutants are ubiquitous in natural water, domestic sewage, and indus-
trial effluent, posing long-term and irreversible threats to both human body and
ecosystem. The common inorganic cations are heavy metals [93], and the anions
include arsenic [94], fluoride [95], nitrate [96], and phosphate [43, 97-99].
Theoretically, the inorganic ions can be removed by ion exchange and complex
formation. Accordingly, various types of adsorbents are developed. Ion exchange
adsorbents capture ionic pollutants through electrostatic attraction. Polymer
chelating adsorbents were tailor-made to adsorb heavy metals through the
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complexation between heavy metals and chelating groups covalently bonded on the
polymer matrix. Considering that many toxic pollutants can form inner-sphere
complex with metal (hydr)oxides, polymer-based nanocomposites were designed
by embedding metal (hydr)oxide nanoparticles (NPs) inside porous polymer matrix
to overcome the intrinsic drawbacks of NPs such as tendency to aggregate together,
difficult operation, and potential risk if released into environment. Moreover,
multi-functional polymer nanocomposite adsorbents integrating with other func-
tions like size exclusion and oxidation were developed to realize enhanced removal
under rather complex medium [100, 101].

5.3.1 Polymers for Cationic Adsorption

5.3.1.1 Polymeric Cation Exchanger

Polymeric ion exchangers usually consist of three parts, i.e., insoluble polymer
matrix, functional groups bound on the matrix, and replaceable charged counterions
[102]. Ion exchange provides advantages in the removal of cations, including water
softening and removal of heavy metal cations from water [103]. Typical cation
exchange resin is usually available by modifying polystyrene skeleton with acidic
functional groups. Commercially available cation exchange resins can be roughly
divided into two types, strongly acidic type and weakly acidic type. Strongly acidic
cation exchange resins are usually bound with sulfonic group (—SO;H) and exhibit
strong acidity like sulfuric acid, such as FPC11 (14 or 22) Na, FPC22 (23) H from
Rohm and Haas Co. (USA), D001 from Zhengguang Resin Co. (China), DOWEX
50 W from Dow Chem. Co. (USA). Weakly acidic cation exchange resins are
usually modified with carboxyl group (-COOH) and exhibit weak acidity like
organic acid, such as FPC3500 from Rohm and Haas Co. (USA) and D113 from
Zhengguang Resin Co. (China). Strong acid cation exchange resins are effective in
hard water softening [104] and the removal of some heavy metal ions [103] such as
zinc, nickel, or copper from acid solution.

However, ion exchange mainly involves electrostatic attraction mechanism, thus
exhibiting nonselective adsorption toward cations in water. As a result, the removal
of heavy metals was intensively suppressed by coexisting mineral cations at greater
levels, like Na*, K*, Ca®", and Mg®" [105]. Many efforts have been made to
improve adsorption selectivity of polymer adsorbents toward heavy metals, par-
ticularly in the presence of massive coexisting cations.

5.3.1.2 Polymer Chelating Adsorbents

Polymer chelating adsorbents are developed to selectively adsorb heavy metals
from aqueous systems. They are widely applied in preconcentration of trace ele-
ments from solutions for analytical purpose [52, 106-118]. Such adsorbents
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generally consist of the polymer matrix and the immobilized chelating groups to
form complex with target heavy metals [119]. The specific interaction can be
interpreted by Lewis acid—base principle, where the heavy metal ions can be taken
as Lewis acids, while the chelating groups as Lewis bases. Heavy metals can be
selectively adsorbed by chelate polymers, though strong affinity between the
adsorbents and heavy metals makes it challenging and costly to regenerate the
exhausted adsorbents for reuse. Besides, the chelating groups are normally unstable
to oxidants, thereby losing the capability to chelate with heavy metals during
long-term use.

Recent advancements on cation exchangers and chelating adsorbents employed
for the removal of heavy metals are summarized in Table 5.6.

5.3.1.3 Polymer-Based Nanocomposite Adsorbents

In recent years, M(HPO,), (M = Zr, Ti, Sn) have been exploited as efficient
adsorbents for heavy metal ions due to their cation exchange properties [129, 130].
However, M(HPO,), are usually present as fine or ultrafine particles for better
adsorption performance. Unfortunately, the ultrafine particles cannot be readily
used in fixed bed or any other flow-through systems due to the issues of being
washed away and excessive pressure drop [131]. To overcome these technical
issues, polymer nanocomposite adsorbents were developed. Recent researches [128,
132] indicated that polymer adsorbent or ion exchangers are promising hosts due to
excellent mechanical strength and tunable surface chemistry. When a polymer
cation exchanger is chosen to be the support material of amorphous zirconium
phosphate (ZrP), the immobilized negatively charged functional group on the
porous polymer matrix would greatly enhance permeation of heavy metal cation of
counter charges because of Donnan membrane effect [105].

More specifically, ZrP was impregnated onto a strongly acidic cation exchange
resin D001 and a nanocomposite adsorbent ZrP-001 was obtained [105]. Because
the pore size of D-001 was mainly on nanoscale (the average pore size was
~34.1 nm), ZrP preloaded within D-001 was nanosized. ZrP-001 exhibited
preferable adsorption toward lead ion over other nontoxic but ubiquitous cations
like alkali metal or alkaline earth metal cation. In comparison with D-001, ZrP-001
exhibited more favorable lead adsorption even in the presence of Ca** or Mg** at
much greater levels (Fig. 5.7). Such unique performance of ZrP-001 can be
explained in two aspects, the improved diffusion kinetics caused by Donnan
membrane effect [128] and the enhancement of adsorption selectivity caused by
inner-sphere complex formation [129]. As for Donnan membrane effect, the
immobilized negatively charged sulfonic group would greatly enhance the per-
meation and preconcentration of lead ion from aqueous phase to the polymer phase
[128]. Moreover, FT-IR depicted in Fig. 5.8 indicates the newly formed Pb-O
interaction after lead ion uptake, suggesting that the selective removal of lead
mainly occurs through inner-sphere complex formation with ZrP [129]. In addition,
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Fig. 5.7 Effect of Ca®* on
adsorption of Pb?* onto 1004 —a— ZP-001
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efficient regeneration of exhausted ZrP-001 beads can be easily achieved by 2%
HNO; or HCI solution at 303 K without any significant capacity loss.

Generally, inorganic NPs of specific interaction toward heavy metal ions, such as
M(HPO,), (M = Zr, Ti), hydrated ferric oxides (HFOs), hydrous zirconium oxide
(HZO), hydrated manganese oxide (HMO), Zr(HPO3S),, can be loaded into porous
polymer cation exchanger to obtain nanocomposite adsorbents specifically for heavy
metals [133-135]. These materials are capable of incorporating high reactivity of
NPs with easy operation of millimetric polystyrene beads, thus exhibiting great
potential in advanced treatment of water contaminated by trace toxic metals.

5.3.2 Polymer for Inorganic Anions

Similar to heavy metal cations, inorganic anions can also be removed from aqueous
system by ion exchange. Generally, anion exchangers contain positively charged
groups such as primary amine, tertiary amine, or quaternary ammonium groups as
functional groups. As nonselective electrostatic attraction was mainly involved,
adsorption of target anionic pollutants by traditional ion exchangers would be
suppressed intensively by massive coexisting anions.

Many environmentally benign inorganic NPs, such as metal (hydr)oxides, can
preferably sequestrate various anionic pollutants by forming inner-sphere complex.
In the past decade, millimetric polymers have become one of the most promising
hosts to support inorganic NPs in terms of excellent mechanical strength, fine
hydraulic property, and adjustable surface chemistry. Similarly, positively charged
functional groups could preconcentrate anionic pollutants due to Donnan effect.
Preferable adsorption of target pollutants mainly resulted from the embedded NPs,
and some examples using polymer nanocomposites to remove anionic pollutants
from water are summarized in Table 5.7.
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Fig. 5.8 FT-IR spectra of ZrP samples loaded with different metal ions obtained at solution
equilibrium pH of 4.4-4.7 and 303 K. [129]

The encapsulated NPs often exhibit distinct properties from the bulky ones. For
instance, hydrated manganese oxide (HMO) is among the most abundant minerals
in the earth’s crust, though it is usually negatively charged at circumneutral pHs and
thus represents an unfavorable adsorbent for anionic pollutants like phosphate. Pan
et al. [142] proposed a new strategy to sequestrate phosphate by using nano-HMO
encapsulated inside a polystyrene anion exchanger (NS). As shown in Fig. 5.9,
HMO NPs are successfully loaded and uniformly dispersed inside the NS beads
with the average particle size of 5.0-7.0 nm. In this way, the pH,. shifted from 6.2
for the bulky HMO to 10.5 for the capsulated HMO nanoparticles, leaving HMO
NPs positively charged at neutral pH. HMO@NS sample was thus capable of
generating 460 bed volume (BV) clean water containing phosphate <2 mg/L by
forming reversible and irreversible complex, while the polymer host NS could only
generate ~80 BV clean water under otherwise identical conditions. The
nanocomposite adsorbent can be regenerated by NaOH-NaCl solution. Another
example is about the regeneration of the exhausted lanthanum (hydr)oxide (HLO).
HLO could provide great amount of coordination sites and specific affinity for
phosphate even at trace levels. However, it remains a great challenge to refresh
phosphate-loaded HLO under mild conditions arising from the extremely strong
interaction between HLO and phosphate. Zhang et al. [99] immobilized hydrated La
(IIT) oxide (HLO) nanoclusters inside a polystyrene anion exchanger D-201 to form
a new nanocomposite La-201. La-201 exhibited amazing adsorption toward
phosphate. For instance, it can treat ~6500 BV phosphate-polluted water,
approximately 11 times higher magnitude than that of HFO-201, a commercial
nanocomposite with similar structure, except that HFO NPs were encapsulated
inside polymer matrix. The exhausted La-201 could be regenerated with NaOH—-
NaCl binary solution at 60 °C for repeated use without any significant capacity loss.
The underlying mechanism for the specific sorption of phosphate by La-201 was
revealed with the aid of STEM-EDS, XPS, XRD, and SSNMR analysis, and cyclic
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Table 5.7 Polymer nanocomposite adsorbent for the removal of anionic pollutants
Polymeric matrix NPs Pollutant Adsorption performance | References
Polymer anion Hydrated Arsenic As(V) removed from 23 [136]
exchangers ferric oxide to <0.5 ppb within
33,196 BV
Polymer anion Hydrated Arsenic As(V) removed from 50 [137]
exchangers ferric oxide to <10 ppb within 4000
BV, As(IIl) removed
from 100 to <10 ppb
within 2000 BV
Polymer anion Hydrated Arsenic As(V) removed from [138]
exchangers ferric oxide 300 to <10 ppb within
3500 BV, As(V)
removed from 20 to
<10 ppb within 17,500
BV
Polystyrene Hydrated Arsenic Arsenic removed from [139]
adsorbents ferric oxide 100 to <10 ppb within
60 BV
Polymer anion Hydrated Arsenic Arsenate removed from [140]
exchangers D-201 zirconium 100 to <10 ppb within
oxide 2600 BV
Polymer anion Aged Arsenic As(III) removed by 80% [141]
exchangers D-201 zero-valent and As(V) removed by
iron 100% after 400 min
Polymer anion Hydrated Phosphate P(V) removed from 100 [132]
exchangers ferric oxide to <5 ppb within 10,000
BV
Polystyrene anion Hydrous Phosphate P(V) removed from 2 to [142]
exchanger manganese 0.5 mg P[PO43’]/L
oxide within ~460 BV
Polymer anion Hydrated Phosphate P(V) removed from 2.5 [99]
exchangers D-201 lanthanum to <0.5 mg P/L within
oxide ~6500 BV
Polymer anion Hydrated Fluoride F removed from around [95]
exchangers D-201 zirconium 3.5to <1 mg F-/L
oxide within 3000 BV
Active chlorine Hydrated Arsenic As(ITT) removed from [101]
covalently binding ferric oxide 200 to <10 pg/L within
spherical ~1760 BV
polystyrene
adsorbents
Hyper-cross-linked Hydrous Fluoride F removed from 3.3 to [100]
polystyrene anion zirconium <1.5 mg F/L within
exchanger binding oxide ~80 BV

tertiary amine
groups
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Fig. 5.9 TEM image of
HMO®@NS nanocomposite
adsorbent [142]

phase transition from LaPO, x H,O to HLO is verified to be the dominant pathway
for outstanding regeneration property of La-201.

Rational design of antifouling polymer nanocomposite represents an attractive
strategy to further improve their applicability in practical water treatment. Zhang
et al. [100] developed a novel nanocomposite adsorbent HZO@HCA by encap-
sulating nanosized hydrous zirconium oxide (HZO) inside hyper-cross-linked
polystyrene binding tertiary amine groups. Since the adsorbent features with
abundant micropores instead of meso-/macropores, natural organic matters
(NOM) of large size are incapable of diffusing inside the nanocomposite adsorbent
due to size exclusion, thereby avoiding undesirable interactions with the embedded
NPs. Moreover, tertiary amine groups facilitate desorption of NOM from
HZO@HCA, because they turned to be negatively charged under alkaline pHs and
thus repulsed negatively charged NOM molecules.

5.4 Summary

Polymer adsorbents and their derivatives have been developed for over seven
decades and used widely in polluted water treatment, such as organic wastewater
treatment and advanced removal of heavy metals. However, there are still many
challenging issues on the synthesis and application of polymer adsorbents in
environmental application. To be specific, although supporting matrix, pore struc-
ture, and functional groups of polymer adsorbents could be tailor-made, molecular
design of a polymer adsorbent for highly specific adsorption toward a given pol-
lutant is still difficult. Also, recovery of the concentrated eluate is still a costly task.
In addition, adsorption capacities of polymer adsorbents toward soluble pollutants,
i.e., ionizable organic compounds, are relatively low, and frequent regeneration is
thus required, which will greatly bring up the operation cost in massive application.
As for the polymer nanocomposite adsorbents, the precise manipulation on their
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structure, including pore structure, NPs size and distribution, and functional group
is very attractive but still challenging. Thus, the improvement of working capacity
of polymer and polymer nanocomposite adsorbents, especially the adsorption
capacity, adsorption dynamics, and selectivity, remains the key and core for further
study [102]. Besides, the adsorption mechanism toward target species needs to be
elucidated not only from the overall experimental evidences or crude interaction
force summarization, but also from molecular-level interactions. Also, mathemat-
ical modeling is required to optimize the fixed-bed operation of polymer adsorbents
in scaled-up application.
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Polymer-Based Catalysts for Water e
Purification: Fundamentals

to Applications

S. K. Shukla

Abstract The recent developments in the synthesis of polymer-based photocata-
lysts, photosensitizers, and hybrid photocatalysts along with their properties and
potential applications in degradation of water pollutants have been presented.
Polymer functions as photocatalysts, catalytic supports, and photosensitizers in pure
as well as in composite form. The photocatalysts generate very reactive oxygen
species (ROS), which efficiently oxidizes several pollutants such as dyes, pesti-
cides, pharmaceuticals, and microorganism present in water. Polymeric and hybrid
photocatalysts are especially well suited for removal of chemical compounds,
which are present at low concentrations in water resources due to synergistic effect.
The advantages for the use of photoactive polymeric are easy removal and long life,
and control of the formation of secondary contamination is avoided.

6.1 Introduction

Exponential innovation in the synthesis, processing, and industrial application of
polymer has compelled to call the current era as plastic age. The long-chain
polymer along with synergic coherency in the different properties of polymer has
additional advantages for the researchers to explore different dimension of polymers
and their applications in agriculture, space engineering, electronics, water purifi-
cation, and catalysis [1, 2]. The use of polymer in water purification is either
membrane, adsorptions, or photocatalysts. The use of polymers in photocatalysis
has several advantages like reduction in secondary pollutants, increase in surface
area, collection and increase in efficiency [3, 4]. The other important features of
polymer-based photocatalysis for water treatment are: (1) ambient operating tem-
perature and pressure, (2) complete mineralization of parents and their intermediate
compounds, and (3) low operating costs [5]. The role of polymers in photocatalysis
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is either direct catalysts, support catalysts, or photosensitizer. Thus, both natural and
synthetic polymer-based catalysts have been exponentially used for water purifi-
cations purpose [6]. Several polymer-based photocatalysts are used, and represen-
tatives are listed in Table 6.1.

Semiconductor-based photocatalysis is considered to be an attractive way for
solving the worldwide energy shortage and environmental pollution issues. In this
context, several polymeric semiconductor-based polymer composites have become
a very hot research topic due to structure and band gap engineering [17, 18]. The
composites of polymer with metal oxides also stabilize oxidation states of metal
with unique chemical reactivity in photochemistry. The area is currently highly
significant for removal of organic dyes, hydrocarbon, insecticides, and microor-
ganism. The importance of area is also indicted by exponential increased in pub-
lication frequency, patent, and technical report. In light of above development,
current chapter complies the resent development in the field of polymer-based
photocatalysts and its application in water purification. The synthetic methods and
important properties were also discussed in the significance of their use for water
purification.

6.2 Synthetic Methods

Polymer-based photocatalysts can be prepared by direct and indirect methods using
chemical, mechanical, photochemical, sono-chemical procedures. But uniform and
homogeneous dispersion of nanoparticles in the polymer matrix is one of the major
problems in fabrication of polymer nanocomposites. Thus, several innovations are
carried out in this regard [19]. Shukla et al. have developed uniformly distributed
SnO, in PANI from chemically functionalized monomers [20, 21]. The uniform
incorporation of polymer nanostructures has attracted a lot of attention as photo-
catalyst for several applications [22, 23]. In this field, a recent experimental evi-
dence of a visible-light-responsive photocatalytic activity of conjugated poly
(diacetylene)-based polymers nanostructures, poly(diphenylbutadiyne) (PDPB)
nanofibers for water de-pollution has reported with crucial role of the material
structure at a nanometric scale [24]. The poly(3, 4-ethylenedioxythiophene)
PEDOT nanostructures synthesized in soft templates via chemical oxidative poly-
merization demonstrate unprecedented photocatalytic activities for water treatment
without the assistance of sacrificial reagents or noble metal co-catalysts and turn out
to be better than TiO, as benchmark catalyst (Fig. 6.1). The PEDOT nanostructures
showed a narrow band gap (E = 1.69 eV) with excellent ability to absorb light in
visible and near-infrared region. This novel PEDOT-based photocatalysts are very
stable with cycling and can be reused without appreciable loss of activity.
Interestingly, hollow micrometric vesicular structures of PEDOT are not effective
photocatalysts as compared to nanometric spindles suggesting size- and
shape-dependent photocatalytic properties [25].
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Similarly, cross-linked polymers and cyclodextrins have been explored for
removal of several polluting agents like chlorobenzene and chlorobiphenyl from
water [26]. The formation of thin layers of photocatalyst in photomicroreactor is a
challenging work due to the properties of catalyst and the microchannel material
[27]. For example, the deposition of semiconductor materials on fluoropolymer-
based microcapillary needs an economical method with less energy dependency. In
this context, Colmenares et al. reported a novel method for depositing nanoparticles
of TiO, on the inner walls of a hexafluoropropylene tetrafluoroethylene microtube
under mild conditions employing ultrasound technique. The polymer surface was
altered during ultrasonication, and it provides a site for deposition of catalyst like a
thin layer of TiO, nanoparticles in the inner walls of the microtube. Further, the
photocatalytic activity of the developed TiO,-coated fluoropolymer-based micro-
capillary was evaluated for removal of phenol contaminants in water. The novel
zincphthalocyanine-based conjugated microporous polymers with rigid-linker
(0-ZnPc-CMP and B-ZnPc-CMP) were also synthesized by copolymerization of
zinc phthalocyanine (ZnPc) and 4, 6-diaminoresorcinol dihydrochloride (DADHC).
The a-ZnPc-CMP and -ZnPc-CMP were used as a heterogeneous photocatalyst to
degrade Rhodamine B (RhB) in aqueous solution. It is the recent report for use of
MPc-based CMP-based heterogeneous photocatalysts for photodegradation of RhB.
The highly ordered skeletal alignment and two-dimensional open-channel structure
of o-ZnPc-CMP and B-ZnPc-CMP not only solve the aggregation of ZnPc and
enhance its photocatalytic activity, but also facilitate the recycling and avoid the
secondary pollution. The chemical structures and morphologies of a-ZnPc-CMP
and B-ZnPc-CMP were well investigated by suitable techniques like Fourier
transform infrared spectra (FT-IR), solid-state '*C nuclear magnetic resonance
(*3C NMR), scanning electron microscopy (SEM), N,-sorption/desorption, and
X-ray diffraction (XRD). The solubility experiments and thermogravimetric anal-
ysis (TGA) showed that it bears good chemical stability and recyclability.
Furthermore, the photocatalytic tests indicated o-ZnPc-CMP and B-ZnPc-CMP
have excellent photocatalytic performances for degradation of RhB (3 h, degraded
98 and 97.47%) in the presence of H,O, under visible-light irradiation. All results
reveal that o-ZnPc-CMP and B-ZnPc-CMP have great potential as photocatalysts
on the degradation of organic dye contaminants. The possible reaction mechanism
of a-ZnPc-CMP and B-ZnPc-CMP as photocatalysts for the degradation of RhB has
been reported [28]. In another development, H3PW,0,4, (HPW)-containing poly-
imide (PI) hybrid composites (TPI) are prepared through in situ solid-state poly-
merization using HPW, melem, and pyromellitic dianhydride as precursors. The
effect of HPW on the morphology, porosity, chemical structure, and optical and
visible-light photocatalytic degradation efficiency of TPI composites are system-
atically investigated by various suitable analytical methods. By comparing
the structure, property and photocatalytic activity of the TPI composites and the
HPW-PI composites (prepared by the impregnation method), it inferred that the
HPW can promote the formation of C-N bond in the five-membered imide rings
between amines and anhydrides during the in situ solid-state condensation process.
Consequently, the visible-light (4 > 400 nm)-based photocatalytic degradation
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Fig. 6.1 Preparative steps and experimental evidence of PEDOT-based photocatalysts [25].
Copyright reserved with Nature Publishing Group

efficiency of imidacloprid on TPI composites is also enhanced than the pristine PI.
The in situ solid-state condensation reaction also creates photogenerated electron—
hole separation efficiency and visible-light utilization efficiency due to the intro-
duction of HPW. The visible-light photocatalytic degradation rate constant k of
15% TPI composites prepared at 300 °C and 5% TPI composites prepared at
325 °C are about 10.33 and 2.42 times of the corresponding pristine PI, respec-
tively [29]. Mechanochemical synthesis is another important method for prepara-
tion of polymer-based photocatalysts [30]. Banerjee et al. [31] prepared porous
organic polymers POPs decorated with amide functionality using mechanochemical
route. They have also compared their properties with the identical ones prepared by
a conventional method. The prepared POPs were less surface area and show
moderate adsorption properties but the presence of functional group shows
remarkable stability in water and concentrated acids.

6.3 Properties

6.3.1 Photocatalysts

It is a class of materials responsible for acceleration of photoactive chemical
reactions after absorption of light. It has wide range of applications such as pho-
tocatalytic removal of organic pollutants in water. The basic mechanism of a
photochemical reaction is portrayed in Eq. 6.1:
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Pollutants Catalyst

— Intermediate — CO, + H,0 (6.1)
v

Generally, this reaction is comprised into different steps: (a) mass transfer of the
organic contaminant; (b) adsorption of the organic contaminant(s) onto the photon
activated catalysts; (c) photocatalysis reaction for the adsorbed phase; (d) desorp-
tion of the intermediate(s); (¢) mass transfer of the intermediate(s) from the interface
region to the bulk fluid. The absorption of photons with a specific energy allows for
excitation of electrons from the valence band to the conduction band with gener-
ation of hole—electron pairs, which are responsible for progress in reaction. The
reaction can be performed using different strategy; an exemplary case for pho-
todegradation of water pollutants by a photochemical route is illustrated in Fig. 6.2.

The overall rate constants and efficiency depend on pollutants, catalysts, and
irradiated radiations. Several catalysts like TiO,, ZnO, SnO,, and CeO, have been
used in this regards. But basic limitations of these catalysts are atmospheric,
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Fig. 6.2 An experimental setup for photocatalytic degradation [32]
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chemical, and surface instability. Thus, synergism with polymers like conducting
and coordination polymer has been explored to design efficient photocatalysts for
different applications [33]. Based on the richness of metal-containing nodes and
organic bridging linkers, as well as the controllability of the synthesis, it is easy to
construct CPs with tailor able capacity to absorb light, thereby initiating desirable
photocatalytic reactions for the degradation of organic pollutants. Several polymers
have been investigated as photocatalysts for decomposition of organic dye mole-
cules (organic pollutants) The incorporation of nanostructured photocatalysts like
ZnO in a polymer, e.g., polymethyl methacrylate is a simple strategic to produce
novel water purification systems [34]. This approach possesses the advantages of:
(1) the presence of nanostructured photocatalyst; (2) the flexibility of polymer;
(3) the immobilization of photocatalyst that avoids the recovery of the nanoparticles
after the water treatment. The ZnO—polymer nanocomposites showed high photo-
catalytic performance and stability. The composite shows remarkable photocatalytic
efficiency for the degradation of methylene blue (MB) dye and phenol in aqueous
solution under UV light irradiation (Fig. 6.3).

The composites were remains reusable and stable, since they maintained an
unmodified photoactivity after several MB discoloration runs. Enzyme immobiliza-
tion is another technique to develop smart catalytic behavior in polymers [35]. The
techniques are explored to develop different advance catalytic setup for chemical,
bio-sensing, and water purification purposes [36]. This technique integrates
the nanostructured materials, enzyme-based analysis with polymer. Enzyme-
immobilized pore-functional synthetic membrane platforms have been explored to
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Fig. 6.3 Photolytic degradation of MB on ZnO/PMMA nanocomposite [34]. Copyright reserved
with Nature Publishing Group
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perform an environmentally important oxidative reaction for degradation toxic
organic compound and detoxification of water without the addition of expensive or
harmful chemicals [37]. The techniques have a promising future and industrial
viability.

6.3.2 Catalytic Supports

The polymer matrix has found enormous applications as a support catalyst in order
to improve efficiency for several applications. The use of polymer as supported
catalyst increases the surface area, thermal and mechanical stability along with
additional ability of reuse of catalysts [38, 39]. The polymer-supported photocat-
alysts are used in the organic synthesis, artificial photosynthesis, and water
purifications. Polymeric supports possess different morphologies such as sheets
[40], nanospheres [41], or nanoparticles [42]. All polymer materials contribute an
increase in the photocatalytic activity of inorganic—organic materials. But interfacial
contact surface of the hybrid photocatalyst also has a significant influence on their
activity.

Wang et al. have demonstrated a support material by the use of TiO, nanospheres
as the photoinitiator for photocatalytic surface-initiated polymerization and synthesis
of various inorganic/polymer nanocomposites with well-defined structures. The
preparative scheme is shown in Fig. 6.4 along with basic steps and conditions [43].
The excitation of TiO, by UV irradiation produces electrons and holes which drive
the free radical polymerization near its surface. Thus, obtained core/shell composite
nanospheres with eccentric or concentric structures can be tuned by controlling the
surface compatibility between the polymer and the TiO,. When highly porous
TiO, nanospheres were employed as the photoinitiator, polymerization could dis-
integrate the mesoporous framework and give rise to nanocomposites with multiple
TiO, nanoparticles evenly distributed in the polymer spheres. The sol-gel chemistry
of titania is well-extendable to the coating of the polymers on many other substrates
of interest such as silica and ZnS by simply premodifying their surface with a thin
layer of titania. In addition, this strategy could be also easily applied to coating of
different types of polymers such as polystyrene, poly(methyl methacrylate), and poly
(N-isopropylacrylamide). This photocatalytic surface-initiated polymerization pro-
cess could provide a platform for the synthesis of various inorganic/polymer hybrid
nanocomposites for many interesting applications.

6.3.3 Photosensitizers

It is a class of molecule initiates a chemical change into another molecule during
a photochemical process. Generally, it works after absorbing ultraviolet or visible
region of electromagnetic radiation and transfer energy to desired reactants.



130 S. K. Shukla

\

Surface \ hv

TiO,

Modification Monomer

Polymer

Fig. 6.4 Surface-initiated polymerization of inorganic/polymer nanocomposites [43]. Copyright
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The process is frequently used in several photochemical reactions like photody-
namic therapy, photodegradation of water pollutants [44]. Several organic and
inorganic photosensitizers are used for removal of different water pollutants like
virus, bacteria, fungi, protozoa, dyes. 2, 1, 3-benzothiadiazole (BTZ)-based vinyl
cross-linker was synthesized and copolymerized with large excesses of styrene
using free radical polymerization to produce heterogeneous triplet photosensitizers
in three distinct physical formats like gels, beads, and monoliths. These photo-
sensitizers were explored for the generation of singlet oxygen (‘O,) and for the
aerobic hydroxylation of arylboronic acids via superoxide radical anion (O5 ), thus
obtained materials demonstrated good chemical and light stability. BTZ-containing
beads and monoliths were exploited as photosensitizers in a commercial flow
reactor, for production of 'O, through direct irradiation of sunlight. The conversion
rate is comparable to the 420 nm LED module as a source of photons [45]. The
photosensitizers (rose bengal (RB) and methylene blue (MB)) are when immobi-
lized in polystyrene, which exhibits high antibacterial activity in a continuous
regime. The photosensitizers were immobilized after dissolving it in a solvent like
chloroform along with polystyrene. The mixed solution allows to evaporate solvent,
the obtained films were used for constructing continuous-flow photoreactors for the
removal of gram-positive Staphylococcus aureus, gram-negative Escherichia coli
wastewater bacteria under illumination with visible white light using a luminescent
lamp at a 1.8 mW cm > fluence rate. The bacterial concentration decreased by two
to five orders of magnitude in separate reactors with either immobilized RB or MB,
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as well as in three reactors connected in series, which contained one of the pho-
tosensitizers. Bacterial eradication reached more than five orders of magnitude in
two reactors connected in series, where the first reactor contained immobilized RB
and the second contained immobilized MB [46]. Thus, it will be an alternative
approach to the eradication of bacteria through photodynamic water treatment with
the help of photosensitizers (PS). There are several advantages to using PS for
wastewater disinfection. PS molecules are harmless to human beings and animals
[47], and the disinfection process does not require an energetic impact since sun-
light can be used for illumination. Furthermore, PS does not only inactivate bac-
teria, but also sewage bacteriophages [48] and promote photolysis of trace organic
contaminants in the wastewater [49-52].

6.4 Applications
6.4.1 Dyes

Dyes are widely used materials in textiles, printing, rubber, cosmetics, plastics, and
leather industries to color their products. The end use of product and the industrial
affluent generates huge discharge of dyes in water bodies. This industrial discharge
of dyes is posing serious threat to the water bodies due to toxic nature of organic
dyes, which adversely affects plant, animal, and entire ecosystem [53]. Reactive
dyes have been identified as problematic compounds because they are water soluble
and presence in hydrolyzed form [54, 55]. The natural degradation of dye generates
also several secondary pollutants. These pollutants are carcinogenic and biomag-
nified after consumption with aquatic animals. Further, majority of polymer
materials exhibit a high level of resistance against ultraviolet irradiation and
improved corrosion resistance. The chemical and environmental stability of the
polymer hybrid catalyst depends, to a great extent on the functional support for
removal of dyes. The drawbacks of natural and synthetic polymer-based photo-
catalytic materials and need special attention for the accessibility of synthetic
polymeric materials derived from petroleum due to decreasing amounts of crude
oil [56].

Both natural and synthetic polymer-based hybrid catalysts were explored for
removal of dyes. A mechanistic design for dyes removal by floating photocatalysts
was reported by Wang et al. (Fig. 6.5) [57]. Based on various types of properties
polyethylene (PE), polypropylene (PP), polystyrene (PS), polyethylene terephtha-
late (PET), polyvinyl chloride (PVC), polyvinyl alcohol (PVA), polycarbonate
(PC) etc. [58-63] have been reported as supports for photocatalytic in the literature.
The first report to use polymer hybrid materials was made in 1995 by Tennakone
[64]. Researcher has used titanium oxide with polyethylene films as support for the
photocatalytic decomposition of phenol with a high degradation ratio (50% after
2.5 h of illumination). Further, research investigation on polypropylene non-woven
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with zinc oxide nanorods revealed that it exhibited excellent kind of photocatalytic
activity along with high stability [65, 66]. Thus, different materials have been
successfully explored as a photocatalysts for water treatment processes and filters
[67]. Additionally, the synergetic effect between metal oxide and polymers allows
for protection of the polypropylene fiber against surface cracks and limits photo-
corrosion process of zinc oxide [68]. Similar photoactive hybrid materials based on
polybutylene terephthalate (PBT) polymer fiber mats were used for photocatalytic
dye degradation. The research finding has confirmed that the catalyst supported on
the polymer mat could be reused without a particular recovery step [69]. It is also
reported that fact that the combination of proper fabrication methods allows for
better photocatalytic performance [70]. The other example of synthetic polymer
hybrid used in water treatment are polyethersulfone or polyvinylidene fluoride
membranes with various types of metal oxides (e.g., titanium, zinc, or chromium)
displaying good antifouling performance, including photocatalysis, self-cleaning,
and filterability properties [71]. The conjugated organic polymers(COPs) like
polyaniline (PANI) [72], poly(pyrrole) (PPy) [73], polythiophene (PT) [74], poly-
acetylene (PA) [75], poly(methyl methacrylate) (PMMA) [76], polythiopene
(PT) [77], polyparaphenylene (PPP) [78], polyparaphenylenevenylene (PPV), poly
(3, 4-ethylenedioxythiophene) (PEDOT) [78], or poly(Ophenylenediamine)
(POPD)) based hybrids are also used [79]. The conjugated organic polymers are
mostly p-type semiconductors with unique electrical and optical properties.
Specifically, their high electron mobility or high photon absorption coefficient
under visible spectra has attracted increasing interest for photocatalytic applica-
tions, e.g., degradation of pollutants or hydrogen generation by water splitting [80].
In terms of water treatment processes, another interesting perspective solution is
offered by polymeric support [81]. In terms of water treatment processes, another
interesting perspective solution offered by polymeric support is the possibility of
fabricating a floatable photocatalyst, the concept of which is shown in Fig. 6.4.
These kinds of materials are able to maximize illumination utilization and oxy-
genation processes of the photocatalyst by approaching the air/water interface. The
result reveals the higher rates of radical formation and oxidation efficiencies [82].
Polymeric supports possess different morphologies such as sheets [83], nanospheres
[84], or nanoparticles [85]. Overall, these morphologies of polymer materials
contribute to an increase the photocatalytic activity of inorganic—organic materials.
But contact surface area of the hybrid photocatalyst has a significant influence on
their activity. Several examples of catalysts based on polymeric fibers with high
photocatalytic activity are reported. Natural fibers are frequently used as a rein-
forcing composite for producing hybrid materials because they exhibit advantages,
like recyclability and eco-friendliness, over their synthetic counterparts [86].
Additionally, natural fibers possess a higher volume fraction and larger loading
capacity [87]. For these reasons, they are widely used to produce composite
materials, especially in the field of photocatalysis. For instance, depositing titanium
dioxide on cellulose fiber surface produces hybrid materials with a high degradation
ratio of organic compounds like organic dye or phenolic contaminants. Yu et al.
obtained cellulose-templated TiO,/Ag nanosponge composites with improved
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Fig. 6.5 Schematic representation of floating polymer catalysts [57]. Copyright reserved with
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photocatalytic activities for the degradation of RhB [88]. The polymeric
nanocomposite membranes with cellulose fibers can be also used for gas separation
processes (e.g., hydrogen recovering, nitrogen generation, or carbon dioxide sep-
aration) [89, 90]. However, due to the fact that cellulose consists of monosaccharide
units, it is hydrophilic and exhibits a rather poor interaction with most of the
non-polar compound. Many efforts have been reported to obtain uniform dispersion
of the fibers within the matrices. Furthermore, it is worth noting that plant fibers like
cellulose possess relatively low processing temperatures. Novel photocatalyst
membrane materials were successfully fabricated by an air jet spinning
(AJS) technique from polyvinyl acetate (PVAc) solutions containing nanoparticles
(NPs) of titanium dioxide (TiO,). This innovative strategy is used for the pro-
duction of composite nanofibers on stretching a solution of polymer through a
high-speed compressed air jet. The technique rapidly allows to cover different
substrates with TiO,/PVAc interconnected nanofibers. Surprisingly, the diameters
of the as-spun fibers were found to decrease with increasing amount of NPs. The
results indicated that AJS-based PVAc-based fibrous membranes bears average
fiber diameters of 505-901 nm have an apparent porosity of about 79-93% and a
mean pore size of 1.58-5.12 um. The embedding NPs onto the as-spun fibers
resulted in increasing the tensile strength of the obtained composite fiber mats.
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Fig. 6.6 Air jet technique for preparation of photocatalytic composites membrane [91]. Copyright
reserved with American chemical society

The photodegradation property of TiO, membrane mats gives high efficiency in the
decomposition of methylene blue dye. Thus, fiber spinning technique (Fig. 6.6) can
provide the capacity to lace together a variety of types of polymers, fibers, and
particles to produce interconnected fibers layer. This innovation opens the door for
the innovation in nanocomposite mat that has great potential as efficient and eco-
nomic water filter media with reusable photocatalyst [91].

6.4.2 Hydrocarbons

The hydrocarbons are the other common pollutants present in sediments of fresh-
water systems, urban water bodies, and sea water. The presence of hydrocarbon in
water creates several negative properties like reduction in gas and heat exchange.
Several hazardous reports are available on ill effects of hydrocarbon-based pollu-
tion. Generally, it is caused by accidents on oil platforms and ships used for
hydrocarbon transport as well as also by discharging into the sea of water used to
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wash tanks of tanker vessels. Although hydrocarbons are simple organic substances
with different chemical and physical properties, the hydrocarbon-based pollutant
produces a waterproof film on water, which averts the exchange of oxygen between
atmosphere and responsible for damages to marine flora and fauna. Environmental
pollution caused by hydrocarbon is of great concern because petroleum hydrocar-
bons are toxic to all forms of life. The hydrocarbon is a complex mixture of
saturated alkanes, branched alkanes, alkenes, napthenes (homo-cyclics and
hetero-cyclics), aromatics (including aromatics containing hetero atoms like sulfur,
oxygen, nitrogen, and other heavy metal complexes), naptheno-aromatics, large
aromatic molecules like resins, asphaltenes, and hydrocarbon containing different
functional groups like carboxylic acids, ethers [92, 93]. The occurrence of poly-
cyclic aromatic hydrocarbons (PAHs) in surface water is frequently reported. In this
regard, several remediation technologies are recommended, which are ex situ
approach, steam-enhanced remediation chemical and photochemical oxidation. In
this regard, several polymer catalysts have frequently used for their effective
removal.

A bench-scale photodegradation experiment was reported for trace-level removal
of anthracene, phenanthrene, and naphthalene by the use of stirred tank reactor and
polymer-supported TiO, as a catalyst. The experimental design and conditions
were best for the photocatalysis of the aqueous solutions and real samples in pH 9
and pH 7, and temperature 35 and 30 °C, respectively. Under the optimized con-
ditions, the pollutants were completely degraded after 60 min of irradiation. The
subproducts of the photocatalysis were identified through gas chromatography/mass
spectrometry, and the fragmentation routes were discussed. The observed mean
concentrations of PAHs in the polluted surface water and hospital wastewater were
relatively high (3.9 & 1.7 and 21.5 & 2.8 pg L™" respectively). Thus, risk posed
by the occurrence of PAHs in the surface water and hospital wastewater samples
confirms the need of an efficient treatment system [94]. Bai et al. have removed
approximately 80% PAHs (phenanthrene, fluoranthene, and benzo[a]pyrene by
photocatalytic degradation over TiO, and graphene nanocomposite in 2 h). The
chemical analysis of the degradation intermediate products indicates that the
reaction is proceeded by formation of free radicals mechanism [95].

Another class of hydrocarbon-based pollutants is phenolics like cresols, which
are harmful to both humans and our environment due to carcinogenic in nature.
Their concentration in drinking water should not exceed 10 ppb. These pollutants
are highly stable, soluble in water as well as volatile to some extent. They are also
weakly adsorb on soil and tend to be bioaccumulated. These pollutants have been
identified as stable, priority chemical toxicants by the United States Environmental
Protection Agency [96] (USEPA, WHO) [97]. A modified poly (ether sulfone)
(PES) by hydrophilic surface modifying macromolecules (LSMM) incorporated
with oxygenated graphitic carbon nitride (OGCN) photocatalyst (PES/
OGCN-LSMM) was successfully prepared as a hybrid photocatalytic membrane.
The effect of solvent evaporation time during membrane fabrication was studied by
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focusing on the positioning of LSMM in order to provide the desirable properties of
the PES/OGCN-LSMM hybrid membrane for phenol removal performance by
photocatalytic and separation. The PES/OGCN-LSMM membranes exhibited a
decreased value of contact angle as the solvent evaporation time increased. The
special feature of LSMM tends to migrate upwards upon mixing, and the LSMM
effectively assisted OGCN photocatalyst to the top layer of the membrane. It was
found that the phenol reduction by rejection and photocatalytic tests was the highest
at 5 min solvent evaporation time, while water flux was the lowest. The results
revealed that the LSMM has indeed assisted the positioning of OGCN toward the
top layer of the membrane and consequently increased the photocatalytic activity of
the membrane on phenol [98].

An another photocatalytic reactor was developed by a novel flat sheet
nanocomposite titanium dioxide (TiO,)-halloysite nanotubes (HNTs)/polyvinyli-
dene fluoride (PVDF) membrane as a photocatalytic separator (Fig. 6.7). The
photocatalytic nanocomposite membrane played the roles for both degradation and
separation for water. The hydrocarbon degradation and removal efficiency of the
reactor was evaluated by gas chromatography mass spectroscopy (GC-MS) and
reported that the reactor can remove 99.9% of hydrocarbons in 8 h. It is due to
uniform distribution and high effectiveness of the TiO,-HNTs photocatalyst in the
PVDF polymer matrix. The TiO, leaching from the nanocomposite membrane
during the membrane permeation was analyzed using flame atomic adsorption
spectrophotometer (AAS) and reported that 1.0 ppb of TiO, leached in the per-
meate tank [99].
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Fig. 6.7 Schematic of degradation and removal of hydrocarbon by photocatalytic membrane [99].
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6.4.3 Pesticides and Pharmaceuticals

Accumulation of different pesticides and pharmaceuticals in the environment has
attracted huge attention of the scientific community due their high consumption,
low biodegradability, and toxic effects. Their presence in the environment is due to
release during production, generation of domestic and hospital waste, human and
animal excretion [100, 101]. The municipal wastewater treatment plants have been
also identified as the source of this type of pollution in aquatic environments due
the low removal efficiency to this class of compounds by conventional adopted
treatment methods. Although pesticides, and agrochemical compounds in general,
have been detected in water since the 1950s and 1960s, but in the last two decades,
their use has risen dramatically all over the world. According to United Nations
report, out of total pesticides used in agriculture only less than 1% actually reaches
the crops. The remainder ends up to contaminate land, air, and water. It is reported
that the pesticide-based water pollution is one of the greatest environmental
problems, which have widespread ecological consequences. Another biggest source
of pesticides is the uncontrolled dumping of empty pesticide containers. These
containers have a very small amount of pesticide but being dumped in large
quantities (millions per year), and it has become one of the most important sources
of pollution in areas [102]. A vital solution to this problem will be collection and
transportation of plastic bottles to a recycling plant after proper cleaning for a
posterior reuse but not in practice. As a consequence, it is necessary to develop
simple, inexpensive, and accessible technologies for in situ treatment of pesticides
from contaminated waters. Traditionally, it is removed using granular or powdered
activated carbon, nanofiltration, ozonation, and isolation of specific bacterial cul-
tures with their inherent limitations in applicability, effectiveness, and costs. The
problems associated with the disposal of these chemicals to the environment fit
quite well with a polymer-based photocatalytic treatment. Solar photocatalysis has
been shown to be very efficient in the degradation of these compounds.
A nanoporous polymeric crystalline TiO, composite (TiO,/PDVB-MA) has been
successfully synthesized through an in situ synthesis method using divinylbenzene
(DVB), methacrylic acid (MA), and tetrabutyl titanate. The TiO,/PDVB-MA
composite was explored used as a photocatalyst for degradation of Rhodamine B
(RhB), bisphenol A, and 2, 4, 6-trichlorophenol under irradiation of visible light.
Interestingly, excellent photocatalytic performance of the composite was found for
RhB and bisphenol A, which is may be due to the synergism between TiO, and
PDVB-MA. The developed TiO,/PDVB-MA composite has been recycled at four
times for the removal of RhB. It reveals that the composite is a promising photo-
catalyst to degrade the organic pollutants under visible-light irradiation [103].
Antibiotics are another class of organic pollutants in aquatic environments; how-
ever, the contribution of antibiotic exposure in human is not well-explored [104].
Some of antibiotics detected in water bodies are fluoroquinolones, sulfonamides,
lincomycin, tetracyclines, and macrolides. Their presence in drinking water is of
concern due to the unknown health effects of chronic low-level exposure to
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antibiotics over a lifetime. Several advanced treatment systems, including mem-
brane filtration, granular activated carbon, and advanced oxidation processes, have
been used for the effective removal of antibiotic. Karaolia et al. have exhaustively
reported on (i) the removal of the antibiotics sulfamethoxazole (SMX), ery-
thromycin (ERY) and clarithromycin (CLA); (ii) the inactivation of the total and
antibiotic-resistant E. coli along with their regrowth potential after treatment;
(iii) the removal of the total genomic DNA content; and (iv) the removal of selected
antibiotic resistance genes (ARGSs). In this regard, TiO, and polymer photocatalyst
have been used under solar radiation in real urban wastewaters. TiO,-reduced
graphene oxide (TiO,-rGO) composite photocatalysts were synthesized by two ex
situ synthesis methods, namely hydrothermal (HD) treatment and photocatalytic
(PH) treatment, starting from graphene oxide and TiO,. The potential of the syn-
thesized TiO2-rtGO composites for the removal of the above-mentioned
antibiotic-related micro contaminants was compared to the efficiency shown by
pristine TiO, under simulated solar radiation for real urban wastewater effluents
treated employing a membrane bioreactor. The results indiacte that TiO,-rGO-PH
was more efficient in the photocatalytic degradation of ERY by 84 + 2%, CLA by
86 £ 5%, and degradation of SMX by 87 + 4%. The degradation efficiency was
higher than TiO, and degradation completed in more than 180 min. The treatments
were suitable for the complete inactivation and complete absence of post-treatment
regrowth of E. coli bacteria (<LOD) even 24 h after the end of the treatment. The
least amount of regrowth at all experimental times was observed in the presence of
TiO,-rGO-HD. Further, the synthesized graphene-based photocatalysts were suc-
cessfully removed ampC and significantly reduced ecfX, but sull and 23S rRNA
for enterococci sequences were found to be persistent throughout treatment with all
catalyst types. However, total DNA concentration remained stable throughout the
photocatalytic treatment (4.2—4.8 ng puL™") [105]. The photocatalysts were capable
of removing the target antibiotics in real wastewater effluents under simulated solar
radiation. TiO,/Biocidal polymer nanoparticles were synthesized by surface-
initiated photopolymerization using TiO, nanoparticles as photoinitiators. Thus,
obtained nanocomposites exhibited excellent antimicrobial properties under both
dark and UV irradiation. Novel biocidal polymer-functionalized TiO, nanoparticle
was prepared by surface-initiated photopolymerization using titania as an initiator.
Vinyl monomer mixtures of nontoxic secondary amine-containing biocidal 2-(fert-
butylamino)ethyl methacrylate and antifouling ethylene glycol dimethacrylate were
used for the antimicrobial polymer shell. The synthesized TiO,/poly[2-(tert-buty-
lamino)ethyl methacrylate-co-ethylene glycol dimethacrylate] core/shell nanopar-
ticles had enhanced photocatalytic antibacterial properties than pristine TiO,
nanoparticles due to the combined antibacterial activities of light-driven
anti-infective TiO, core and biocidal polymer shell. In the dark condition, the
TiO,/biocidal polymer nanoparticles exhibited high antimicrobial efficiency
(95.7%) against gram-positive S. aureus. But after UV irradiation, the TiO,/bio-
cidal polymer showed improved inhibition of bacterial growth against
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gram-negative E. coli and gram-positive S. aureus in comparison to the pristine
TiO, nanoparticles. [106]

Microbial water pollutions are causing several serious diseases such as cholera
due to presence of microorganisms in water. It is observed that microbe-
contaminated water serves as disease vehicles. These diseases usually adversely
affect the health of people in poorer countries due to lack facilities to treat polluted
water [107]. The important microbial pollutants are bacteria, viruses, and protozoa.
Increasing interest in controlling water-borne pathogens in water resources evi-
denced by a large number of recent publications for synthesis of synthesize
knowledge from multiple fields covering comparative aspects of pathogen con-
tamination, and unify them in a single place in order to present and address the
problem as a whole [108]. Several technologies such as membrane filtration,
inactivation, and photolytic killing are explored for removal of pathogen.
A photoreactor for continuous inhibition of suspended bacteria was designed by
Nisnevitch (Fig. 6.8). The reactor is based on one to three reservoirs: Shallow
reservoirs were bottom-coated with immobilized PS, but control reservoirs were
coated with polystyrene without PS Immobilized PS exhibited good photokilling
abilities on a model of Gram-negative and Gram-positive bacteria (E. coli and
Enterococcus faecalis, respectively) and wastewater fecal bacteria in a batch and in
a continuous regime. The immobilized PS demonstrated higher stability and
resistance against photobleaching than free PS, and maintained at least some of
their antibacterial activity after storage for several months in the dark. Numerous
studies have been undertaken to nurture the knowledge and understanding of this
process [109]. Early insights into the bactericidal mechanism action of TiO, pho-
tocatalysis were discussed by Matsunaga et al. [110]. They have demonstrated the
direct oxidation of intracellular Coenzyme A in the bacteria Lactobacillus aci-
dophilus and E. coli and in the yeast Saccharomyces cerevisia. This resulted in the
inhibition of respiratory activity and eventual cause the death of the cell. After that
Saito et al. [111] showed that cell death was accompanied by a rapid leakage of
potassium ions along with the slow release of bacterial protein and RNA from
Streptococcus sobrinus AHT. The inference from transmission electron micro-
graphs of treated S. sobrinus AHT showed that cell death was due to a significant
disorder of cell membranes as well as cell wall decomposition. Further, the evi-
dence for cell membrane involvement in the photocatalytic killing process was also
reported by other groups [112, 113]. The usefulness of photocatalysis for the dis-
infection of water has been explored for wide range of microorganisms, i.e., bac-
teria, virus [114], viruses [115], fungi [116], and protozoa [117].

Furthermore, formulation affects the degradation process and, unfortunately,
very little information on the effects of adjutants in photocatalysis degradation is
available. Despite recent efforts in modernization of water treatment facilities, the
problem of access to healthy drinking water for hundreds of millions of people has
still not been solved. A water filter based on Cu-coated nanofibrillated cellulose
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Fig. 6.8 A photoreactor scheme for continuous eradication of bacteria [46]. Copyright reserved
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with controlled porosity was prepared by the “paper-making” method. This opti-
mized the proper mass and ratio of functionalized and pure nanofibrillated cellulose
for the preparation of the filter. The filter material was tested in batch experiments
and the fixed filters in flow experiments. The fabricated Cu-coated nanofibrillated
cellulose filters were characterized for different properties, morphology, and
chemical structure by appropriate techniques. The results revealed that the fixation
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of cellulose nanofibers plays a significant role in the degree of virus retention, and it
greatly enhances the efficiency of the filtration. The functionalized water filters were
able to achieve virus retention of at least 5 magnitudes (5Log) at three different pH
values: 5.0, 7.5, and 9 [118].

6.5 Summary

The multifunctionality in polymer makes it suitable for photocatalytic purification
of water as catalysts, support, and photosensitizers. The both natural and synthetic
polymers have been explored in context employing direct and direct methods. The
polymer hybrids exhibit significantly better photocatalytic properties than the
separate components, due to the synergistic effect coming from the intrinsic
properties of a photoactive semiconductor and polymers. Several key advantages
can be expected from polymeric support, such as: (a) an increase of the specific
surface area which consequently allows for adsorption of higher amounts of target
pollutants [119-121] and (b) an improvement of the photocatalytic performance by
promoting reduction of the charge carriers recombination and prolongation of the
photoelectron lifetime [122]. In this chapter, the highlighted benefits and draw-
backs of natural and synthetic polymer-based photocatalytic for removal water
pollutants like dyes, hydrocarbon, and microbes. Currently, the scientific world
indicates that polymer materials are the key promising components of the next
generation of photocatalytic hybrid materials for water treatment [123, 124].
However, there are still some limitations (Table 6.2) in this which are still need to
intensively studied.

Table 6.2 Comparison between significant properties of synthetic and biopolymers

Properties and characteristics Synthetic polymers Biopolymers
Availability Decreasing High
Physicochemical resistance High Low
Thermal stability High Low

Large scale applications Possible Difficult
Environmental friendly No Yes

Cost of production Low High
Sustainability Low High
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Chapter 7 )
Polymers as Water Disinfectants e

Chin Wei Lai, Kian Mun Lee, Bey Fen Leo, Christelle Pau Ping Wong
and Soon Weng Chong

Abstract Today, microbial infection appeared as one of the most critical envi-
ronmental pollutions from our water stream. Indeed, the rising of public awareness
for water pollution and water security has urged both researchers and industries to
develop cost-effective antimicrobial polymer system. Although a range of polymers
have antimicrobial properties, the most frequently studied polymer for water dis-
infection is chitosan. It offers several advantages, including biodegradable,
non-toxic in nature, biocompatible and inexpensive, as compared to other low
molecular weight antimicrobial polymers. In general, low molecular weight
antimicrobial agents suffer several disadvantages, such as toxicity to the environ-
ment and short-term antimicrobial ability. Moreover, using chitosan biopolymer
could enhance the efficacy of some existing antimicrobial agents and antifungal
agents and minimize the environmental problems. In this chapter, the brief intro-
duction of chitosan as well as modified chitosan on the development of water
disinfection is extensively discussed. In particular, this chapter discusses the
physicochemical properties of chitosan and different synthesis approaches for
chitosan.

7.1 Introduction

Water is the most essential natural resource on earth, and freshwater is necessary for
human or other living creatures’ survival. However, rapid development of countries
leads to the water pollution. Large number of water pollutants such as microbial
pathogens, heavy metals, and dyes are dangerous pollutants for human being due to
its high toxicity, carcinogenicity, and pathogenicity [1]. The rising of public
awareness for water pollution has urged researchers to develop antimicrobial
polymer system. Antimicrobial polymer has the ability to inhibit the growth of
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microorganisms such as fungi, bacteria, and virus. Antimicrobial polymers kill
bacteria through five steps: (i) Polymer is adsorbed onto the bacterial cell wall;
(i1) the antimicrobial polymer diffuses through the cell wall; (iii) antimicrobial
polymers bind into the cytoplasmic membrane; (iv) disruption and disintegration of
cytoplasmic membrane; and (v) rupture of the cell membrane [2]. Most of the
bacteria surfaces are negatively charged; therefore, positively charged antimicrobial
polymer is widely used in water disinfection. Chitosan is a natural non-toxic
biopolymer prepared by the deacetylation of chitin. Chitosan has attracted great
attention due to its antimicrobial and antifungal activity in acidic solution. This is
because chitosan is soluble only in acidic solution with pH <6. There are several
factors that influence the antimicrobial activity of chitosan, including the type of
chitosan, the degree of deacetylation, and the physicochemical properties of chi-
tosan. This chapter is aimed to present an overview of the formation and physic-
ochemical properties of chitosan. The effect of physicochemical properties of
chitosan toward the antimicrobial activity in wastewater treatment is also empha-
sized. In order to further explore the properties of chitosan, a detailed review on
modified chitosan in wastewater treatment is presented, including beading,
cross-linking, grafting, and surface impregnation.

7.2 Antimicrobial Polymers for Controlling Water
Microbes

Numerous antimicrobial polymers have been developed to improve the antimi-
crobial activity. The ideal antimicrobial polymers should possess the following
characteristics: (i) ease and inexpensively synthesized; (ii) wide spectrum of
antimicrobial activity; (iii) does not decompose to toxic products; (iv) biodegrad-
able and biocompatible. Different antimicrobial polymers for controlling water
microbes have been summarized in Table 7.1. Antimicrobial agents are designed
based on polymers that contain antimicrobial functional groups such as quaternary
ammonium salt, halogen, alkyl, acrylic. Refer to Table 7.1, polyl-Cl and poly-Br
exhibited in killing Staphylococcus aureus and Escherichia coli cells. However,
poly-Br is not suitably utilized in disinfecting potable water due to the emission of
toxic bromine [3]. Damm et al. [4] reported that polyamide 6 (PA6) exhibits only a
weak antimicrobial efficacy against E. coli. Thus, the concentration of bacteria is
twofold higher than the initial concentration (1.8 £ 0.2 x 10° CFU/mL) after 24 h
of contact time. But, it started to decrease with increasing the weight percentage of
silver nanoparticles. In contrast, PA6/silver microcomposite showed poor antimi-
crobial efficacy even with the highest silver content of 1.9 wt%. This is because of
its low specific surface area. In addition, polymers act as matrix of the materials
holding the antimicrobial agents [5]. Hence, their chain lengths must be sufficiently
long and flexible in order to penetrate into the bacterial cell walls. Tiller et al. [6]
investigated the lengths of PVP chains varying from propyl to hexadecyl.
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The results showed that hexyl-PVP exhibited the highest killing efficiency against
various airborne bacteria on contact. This is probably related to the visual
appearance of the alkylated. Decyl, dodecyl, and hexadecyl-PVP were cloudy,
while propyl, butyl, and hexyl-PVP were clear. The cloudiness is probably due to
the aggregation of polymer leading to poor interaction with bacterial cells.
Polymeric silsesquioxane chloride has high killing efficiency for S. aureus cell [7].
The killing efficiency increased with increasing the weight percentage of polymer
(0.1, 0.33, and 1.0 wt%). With 0.1 wt% of polymer, it took 7 days to eliminate
bacteria. Moreover, silsesquioxanes are insoluble in water as well as in solvent.
Hence, it is only suitable in non-aqueous system. Bonnett et al. [8] incorporated the
photosensitizers into chitosan membrane for water disinfection systems. The results
showed that zinc (II) phthalocyanine tetrasulfonic acid tetrasodium salt (ZnPcS)/
chitosan was the most effective in Kkilling the E. coli as compared with
5,10,15,20-tetrakis(p-aminophenyl)porphyrin (p-TAPP) photosensitizer.

Among antimicrobial polymers, chitosan is the only natural antimicrobial agent.
It has attracted great interest due to its advantages of biocompatible, biodegradable,
safe, non-toxic, abundant, and physically and biologically functional characteristics
[9]. The antimicrobial activity depends on several factors such as molecular weight,
degree of deacetylation, solubility, pH, concentration, and positive charge density.
For example, higher degree of deacetylation provides more number of amine
groups, thus increasing the efficiency against bacteria. As well known, the amine
groups of chitosan are strongly reactive with the functional groups of cell mem-
brane [10].

7.3 Properties of Chitosan

Chitosan, a biopolymer, offers several advantages such as biodegradable, non-toxic,
biocompatible, and inexpensive [13]. Each glucosamine unit contains a free amino
group and hydroxyl group, which give amazing properties to the chitosan as shown
in Fig. 7.1.

Chitosan is widely used in various industries, including pharmaceuticals, food
industries, agricultural, and water filtration. However, there are several factors that
affect the physicochemical properties of chitosan as shown in Fig. 7.2.

(a) Degree of deacetylation (DD %):

DD is the total number of N-deacetylated sites that are present on biopolymer’s
backbone. This number can be determined using Fourier transform infrared (FTIR)
spectroscopy [16]. The percentage of DD depends on the reaction time, reaction
temperature, concentration of alkali agent, the use of successive baths, atmospheric
conditions, and the alkali and reducing agent in deacetylation reaction [17]. Among
the aforementioned parameters, the use of successive baths, reaction time, and
concentration of alkali agent gives significant effect to the DD %. The DD % affects
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Fig. 7.1 Structure of chitosan [14]

Fig. 7.2 Factors that affect
the physicochemical
properties of chitosan [15]
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the presence of amino groups, solubility, crystallinity, and molecular weight as well
as the capability of adsorption in removing pollutants from wastewater [18].

Solubility of chitosan is dependent on the DD %. Chitosan is insoluble in water
and alkaline solutions, owing to the amino groups of the biopolymer participating in
intra- as well as inter-molecular of hydrogen bond. Chitosan is easily dissolved in
the acidic solution with pH < 6 and certain organic solvents (i.e., dimethyl sul-
foxide and dimethyl formamide) due to the protonation of its amino groups, making
it positively charged and become water-soluble cationic polyelectrolyte [19].
However, the amino group of chitosan deprotonated at pH > 6, thus making it
insoluble. The soluble—insoluble transition occurs at its logarithmic acid dissocia-
tion constant (pKa) around pH between 6 and 6.5 [20].

(b) Molecular weight:

The molecular weight of chitosan is also greatly influenced by the DD %. The
average molecular weight of chitin is 1.03 x 10° to 2.5 x 10° Da. After the
deacetylation reaction, the molecular weight of chitin will decrease from 1 x 10° to
5 x 10° Da. In other words, transforming chitin into chitosan decreases the
molecular weight. Researchers found that chitosan has molecular weight in ranges
of 5 x 10* to 2 x 10° Da. Its molecular weight plays an important role in deter-
mining the antimicrobial properties, such as permeability through the cell wall. The
antimicrobial property increased with molecular weight lower than 5 x 10* Da,
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while the antimicrobial property decreased when the molecular weight of polymer
is higher than 1.2 x 10° Da [21]. Therefore, many methods have been used to
determine the molecular weight of chitosan: size exclusion chromatography, gel
permeation/filtration chromatography, infrared spectroscopy (IR), and multi-angle
light scattering (MALLS) [22]. Determination of molecular weight is mainly based
on viscometric measurements using Mark—Houwink Eq. 7.1 [23]:

] = KM (7.1)

The K value depends on the nature of solvent and polymer. For instance, Zhang
and Neau [24] prepared chitosan solution in 0.2 M acetic acid/0.1 M sodium
acetate aqueous solution. The K value is equal to 1.64 x 107°° x DD,
a=-102 x 1072 x DD + 1.82, and DD is the degree of deacetylation of chitosan
expressed as the percentages.

(c) Crystallinity:

According to the X-ray diffraction (XRD) pattern, there are three major structural
form of chitosan: (i) hydrated exhibited a strong diffraction peak at 26 = 10.4° and
the other peaks at 20 and 22°; (ii) anhydrous crystal showed strong peak at angle
(20) of 15 and 20° [25]; and (iii) amorphous exhibited a broad halo at 20 = 20°.
The crystallinity of chitosan is due to the presence of a-chitin in the chitosan matrix.
By comparing partially deacetylated chitin and partially acetylated chitosan,
researchers had concluded that chitosan with 100% of DD is purely crystalline, but
any N-acetylation present in the polymer may lead to the decrease in crystallinity of
the polymer [26]. Chitosan in semicrystalline form is widely used in various
applications such as medical and wastewater treatment. Chitosan can be synthesized
using three methods, namely chemical deacetylation, enzymatic degradation, and
physical degradation methods [27]. This chemical, biochemical, and physical
methods result in changes of physicochemical properties of chitosan. Further
explanation of degradation methods is presented in Sect. 7.5.

7.4 Chitosan Synthesis

Chitin, the main source of chitosan, was first discovered and isolated from mush-
rooms in 1811, but the name of “chitin” shows up when it was extracted from insect
in the 1830s. Chitin is the second-most abundant natural biopolymer after cellulose
as it occurs as a component in exoskeleton of arthropods (i.e., crabs and shrimps),
fungi cell walls, and plankton [28]. Chitin was first prepared by hydrolyzing the
surface flesh of shrimp waste using 0.5 M NaOH at ambient temperature (Fig. 7.3).
The alkali-treated waste was then washed, dried, and grounded to obtain powder
that can pass through 250 pm sieve. After that, the powder was subjected to
demineralization and deproteinization. During the demineralization process, the
powder was soaked in 0.25 M HCI solution at ambient temperature until the CO,
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gas was discharged. Several acids (e.g., HCl, HNO3, H,SO,, CH3;COOH, and
HCOOH) have been tested as demineralization reagents in removing of calcium
carbonate [29]. The duration and CO, emission were dependent on the species. The
demineralization powder was treated in 1 M NaOH at 70 °C to hydrolyze the
protein. A wide range of chemicals have been performed as deproteinization
reagents including NaOH, Na,CO5;, NaHCO3, Na,SO3, NaHSO3, Na,S, NazPO,,
KOH, K,CO;3, Ca(OH),, and CaHSO5. Among these reagents, NaOH is preferable.
The absence of proteins was indicated by the absence of color of the medium [30].

Chitin is a long-chain polymer of an N-acetyl-D-glucosamine that is linked
together by -(1—4) linkage, and the most famous deacetylated derivative of chitin
is chitosan with —NH, that occurs on C-2 position of D-glucosamine repeat unit as
illustrated in Fig. 7.4.

In chemical deacetylation method, it can be classified into two types: homoge-
neous and heterogeneous methods. In homogenous method, 3 g of chitin is first
dispersed in concentrated solution of NaOH in ratio of 30 g NaOH: 45 g H,O at
25 °C for 3 h or more followed by dissolution in crushed ice at 0 °C. This method
produced chitosan with an average degree of deacetylation of 48-55% [32], while
the degree of deacetylation of chitosan that was prepared through heterogeneous
method can be up to 85-99% [33]. Chemical deacetylation methods are widely used
in the preparation of chitosan, owing to its large-scale production and
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cost-effectiveness. However, chemical method has demerits, such as energy con-
sumption, and generates large amounts of concentrated alkaline solution, which
leads to environmental issues. Hence, an alternative method has been explored,
which is enzymatic deacetylation method with the advantages of non-degradable
process, gentle experimental conditions, and easy to be controlled. This method
hydrolyzed the N-acetamido bonds in chitin to produce chitosan-using enzymes.
Those famous enzymes are mostly extracted from the fungi Mucor rouxii, Absidia
coerulea, Aspergillus nidulans, and two strains of Colletotrichum lindemuthianum
[34]. Tsigos and Bouriotis [35] reported that the deacetylation degree of chitosan
synthesized using enzyme is less than 10%, indicating enzyme is not effective on
insoluble chitins. Similar results were obtained by Tokuyasu et al. [34] and Gao
et al. [36] using chitin deacetylases isolated from other sources. Moreover, the high
cost of enzymes inhibits their use in industrial production of chitosan. Furthermore,
chitosan also can be prepared using physical methods (i.e., oxidation, hydrolytic,
thermal, and radiation degradation). Physical method is considered as an
energy-saving, environment-friendly, and effective method, because it requires low
energy to break the chemical bond. Muzzarelli and Rocchetti [37] claimed that
sonication over a long period of treatment leads to immediate chain degradation and
to detectable deacetylation.

7.5 Chitosan in Water Disinfection

Water can be a medium of disease transmission, for instance, cholera, diarrhea,
typhus. Inadequate management of agricultural, industrial, and urban wastewater
leads to the contamination of drinking water due to the presence of bacteria (e.g.,
E. coli), viruses, fungi, or parasites. Thus, water disinfection must be performed to
eliminate these microorganisms by physical or chemical means using chemical
substances such as gaseous chlorine, calcium hypochlorite, chlorinated lime, and
sodium hypochlorite. Although the hypochlorous acid and hypochlorite ion formed
from gaseous chlorine or sodium hypochlorite have a biocidal effect, chlorinated
compounds can be harmful to human if the concentration exceeds the safe chlorine
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level standard defined by the World Health Organization (WHO). According to
WHO 2014’s report on “Progress on Sanitation and Drinking Water,” approxi-
mately 748 million and 2.5 billion people do not have access to clean drinking
water and sanitized water, respectively [38]. Thus, the lack of water disinfection is
rendering individuals more vulnerable to diarrheal disease. Ultimately, it is essential
to develop inexpensive and easy water treatment solutions to reduce global diar-
rheal mortality [39]. The increasing demand for clean water requires better treat-
ments, lower operating cost, high reliability, and high energy efficiency. In this
respect, chitosan, a natural biopolymer, has emerged as an effective alternative for
water disinfection. Monica et al. reported a new approach for the inactivation of
microorganisms which utilized cotton gauzes coated with chitosan as a water filter
for biological disinfection against Gram-negative and Gram-positive bacteria [40].

Chitosan is a natural cellulosic material that can be involved in radical grafting,
which is also easily available and of low production cost. Besides that, chitosan has
shown the impressive performance of inhibition of S. aureus and K. pneumoniae
with 4 and 8 s reaction times, respectively. Chen et al. proved that chitosan is
effective in eliminating waterborne pathogens, especially for Gram-negative bac-
teria. A higher degree of deacetylation of chitosan has shown better bacteria
inhibition effectiveness. The author also found that the antibacterial activity of
chitosan depends on their molecular weight. Various growth phases of E. coli were
identified, and it was found that the negative surface charges will interact with
chitosan, destroying the bacteria itself. Up-to-date, literature has suggested that
chitosan promotes chemical coagulation, floc formation, and sedimentation of
viruses and colloidal particles in the contaminated water via interparticle bridging
and charge neutralization [28, 41]. The coagulation effectiveness of chitosan is
determined by parameters such as the degree of deacetylation, molecular weight,
surface charge, and pH. The amino group on chitosan is identified to be responsible
for the adsorption of negatively charged colloids, for instance, clay turbidity,
bacteria, and viruses.

Wastewater is produced by a vast spectrum of domestic and industrial activities
containing various organic, inorganic, and biological contaminants. These con-
taminants cause health hazards without the proper treatment. Research in
wastewater treatment has been emphasizing on easy accessibility and environ-
mentally sustainable alternatives to remove toxic and persistent chemicals from
industrial effluents. Conventional water treatment system consists of the following
processes: coagulation, flocculation, sedimentation, filtration, and disinfection [42].
Figure 7.5 shows the overall process of the application of chitosan in water
treatment.

Coagulation is the first step to remove microorganisms, colloidal natural organic
matter (NOM), turbidity, and metals [43-45]. In the coagulation process, elec-
tronegative colloidal particles such as dyes, microorganisms, clays, and NOM are
destabilized and agglomerated to form flocs that will precipitate and sediment. The
addition of coagulant causes reduction of the repulsive electrical potential of the
electronegative colloidal particles [46]. Colloids are removed through a chain of
processes: charge neutralization, adsorption, formation of metal complexes and
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precipitation [45]. The use of inorganic coagulant salts (e.g., aluminum chloride and
ferric chloride) shows some drawbacks such as high levels of residual that might
cause neurological diseases and toxic inorganic waste. Thus, proper disposal or
addition of chemicals is required to stabilize and control corrosion within the
distribution system [45]. Thus, these disadvantages of inorganic coagulant have
increased the interest of researchers toward chitosan. Chitosan biopolymers are the
world’s second-most abundant polysaccharide, produced through the deacetylation
of chitin [28, 41]. Chitin is a natural source of biomass which can be found in the
exoskeleton of arthropods [41]. Thus, chitosan is a highly potential natural coag-
ulant which is easily available, non-toxic, and biodegradable. Chitosan contains the
amino groups making it positively charged, which is a critical factor for efficient
removal of negatively charged colloids.

7.5.1 Chitosan Nanocomposite as Superior Water

Disinfectant

The advancements in nanotechnology are a promising way to solve the water quality
issues by introducing nanomaterials in removing water contaminants, particularly
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E. coli, Pseudomonas aeruginosa, Salmonella enteritidis, and S. aureus. It has been
reported that S. enteritidis and S. aureus can cause diseases such as food poisoning,
cellulitis, toxic shock syndrome, and typhoid [47], while E. coli could colonize the
gastrointestinal tract [48]. Also, P. aeruginosa was commonly found in hospital
water sources and could lead to death [49]. Hence, the removal of such bacteria from
water bodies is inevitable. It is well known that nanomaterials have extraordinary
properties such as large surface area, various morphologies, and enhanced catalytic
activity for water treatment [50, 51]. However, the use of nanomaterials in industrial
applications is limited due to the difficulty in controlling their particle sizes and
agglomeration problem. In order to overcome these limitations, scientists have
introduced nanoparticles on substrates to ensure a better dispersion of the
nanoparticles [52, 53]. Polymer substrates serve as an excellent support for the
nanoparticles by controlling the release rate of nanoparticles into the aqueous media,
as shown in Fig. 7.6 [54]. Among the polymer substrates, chitosan has been widely
used due to its high abundance, cheapness, non-toxicity, and antimicrobial activity
[55-57]. Ag nanoparticles are well-known disinfectant that has very strong
antimicrobial activity toward Gram-positive or Gram-negative bacteria [58, 59].
However, the difficulty in their storage and aggregation has limited their practical use
[60]. Incorporating Ag nanoparticles (NPs) into the chitosan not only overcomes the
above problems but also leads to a better antibacterial activity [61]. Lee et al. [62]
synthesized Ag NPs/chitosan nanofibers via electrospinning, by varying the amount
of Ag NPs. In their study, P. aeruginosa and S. aureus were selected as the model
bacteria. It was found that the composite materials showed higher antimicrobial
activity compared to that of chitosan alone. The loading of Ag NPs not only affects
the diameter of the nanofibers but also influences the bacterial growth. The bacteria
inhibiting effect increases with the quantity of Ag NPs. An et al. [63] prepared Ag/
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Fig. 7.6 Schematic diagram of mechanism of antimicrobial activities exerted by nanomaterials
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chitosan microspheres using an inverse-emulsification cross-linking method, and
their antibacterial activity was evaluated by using E. coli and S. aureus.
Experimental results revealed that the As-synthesized microspheres exhibited
enhanced inhibitory effect with low Ag contents (2.2 or 4.5 wt%), owing to their
smaller size and higher surface area. Punitha and co-researchers have synthesized
Ag—chitosan nanocomposites via a simple and eco-friendly method by using
B-cyclodextrin as a capping agent [64]. As a result, the Ag—chitosan nanocomposites
with spherical shape and less than 1 nm were obtained. The nanocomposites showed
effective disinfection against E. coli and S. aureus, due to the binding of Ag NPs and
the Ag" with sulfur- and phosphorus-containing biomolecules, which cause cell
damage [65]. Kumar-Krishnan et al. [66] prepared Ag—chitosan nanocomposite
films via an in situ chemical reduction method. They found that 1 wt% of Ag NPs
showed pronounced antibacterial activity toward E. coli and S. aureus. Higher
loading of Ag is not beneficial for bacterial removal due to the reduction in the
surface area of NPs. Yang et al. [67] successfully prepared uniform Ag NPs—chi-
tosan composite via one-step microfluidic process. It was found that the composite
possesses higher antibacterial activity against E. coli. Moreover, the antimicrobial
activity is proportional to the amount of Ag NPs loaded, where E. coli viability
dropped from 275 to 10% on day 5 with 15 mM Ag.

Graphene oxide (GO), another interesting material that has been investigated
recently, showed antibacterial activity [68]. Mazaheri et al. [69] fabricated chi-
tosan—GO nanocomposites for the disinfection of S. aureus. The experimental
results revealed that the composite could suppress the growth of the bacteria up to
77% in only 3 h. Also, the inhibition rate increases with the GO content, which is
due to both membrane and oxidative stresses and/or the direct contact of the sharp
edges of the GO sheets (vertically aligned ones) with bacterial cell membrane [70].
Marta et al. [71] synthesized chitosan—GO nanohybrids, and their antibacterial
activity was tested by using two S. aureus strains. The nanohybrids demonstrated
good inhibition effect as compared to GO. The inactivation rate was further
enhanced by incorporating Ag NPs onto the chitosan—GO composites. The presence
of chitosan tuned the surface charge of the nanocomposites, which favors the
binding of nanohybrids with the negatively charged membrane of the bacterium
cells. In a more recent work, Jiang and his research group have prepared magnetic
chitosan-GO (MCGO) nanocomposite for separation convenience [72]. The
antibacterial performance was evaluated by E. coli as the model bacterium. MCGO
exhibited excellent inactivation performance, with 99% inactivation in just 20 min.
Furthermore, the inhibition rate increases with MCGO loading, as well as longer
exposure time.

The bacterial growth inhibition of chitosan depends on molecular weight,
solution pH, and water solubility [73]. It is believed that the incorporation of
suitable antipyretic agent may be beneficial for the enhanced bactericidal effect
[74]. In 2009, Mekhalia and Bouzid prepared Chitosan—Cu(Il) complex and
investigated their antimicrobial effect against S. enteritidis. Seven complexes were
synthesized by varying the ratio of Cu content, where molar ratio of 1:1 could lead
to 100% inhibition rate [75]. Ancona et al. [76] synthesized Cu NPs—chitosan
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hybrid via a femtosecond laser ablation technique. Ultrafine and monodisperse Cu
NPs—chitosan hybrid were obtained with chitosan loading of 1 g/L. The nanohybrid
also displayed superb inhibition effect against E. coli even at only 4 h contact.
Arjunan et al. [77] synthesized Cu—chitosan nanocomposite without any chemical
reducing agent. The antimicrobial test was conducted on S. aureus and
P. aeruginosa. The experimental results revealed that the nanocomposite was able
to inhibit the growth of both microorganisms, with maximum inhibition rate found
at 100 pg concentration. The higher surface area and greater adsorption ability of
the nanocomposite have contributed to the cell damage. Moreover, the generation
of oxy-radicals may also lead to the bacterial death [78].

7.6 Summary

One of the crucial steps taken by many developed countries to aid the earth and
minimize the water disinfection issue is applying sustainable development. It seems
that the use of chemically modified chitosan or metal-complexed chitosan com-
posites is a strategic goal to solve our current water pollution issue. Indeed, chitosan
has garnered great interest from many researchers and industries because of the
non-toxicity in nature, biocompatibility, and biodegradability. In this case, these
chemically modified chitosan or metal-complexed chitosan composites can be
potentially implemented as a tertiary method of treatment in processes like
polymer-assisted ultrafiltration to solve our current water disinfection issue. As a
matter of fact, chitosan possesses many reactive hydroxyl and primary amine
groups, and hence, most of the chemical modifications as well as metal complexes
modifications are made with respect to these functional groups of the biopolymer. It
can be modified by chemical or metal-complexed substituents that have functional
groups in a process known as “grafting.” In addition to that, further studies for the
regeneration and reuse of chemically modified chitosan or metal-complexed chi-
tosan composites in the water disinfection field are required in order to minimize the
costs of the process and improve its chances of being an economically viable option
for wastewater treatment and water disinfection applications.

References and Future Readings

1. Wang B, Zhu Y, Bai Z, Luque R, Xuan J (2017) Functionalized chitosan biosorbents with
ultra-high performance, mechanical strength and tunable selectivity for heavy metals in
wastewater treatment. Chem Eng J 325:350-359

2. Ikeda T, Yamaguchi H, Tazuke S (1984) New polymeric biocides: synthesis and antibacterial
activities of polycations with pendant biguanide groups. Antimicrob Agents Chemother
26:139-144

3. Chen Y, Worley S, Kim J, Wei C-1, Chen T-Y, Santiago J, Williams J, Sun G (2003) Biocidal
poly (styrenehydantoin) beads for disinfection of water. Ind Eng Chem Res 42:280-284



162

4.

5.

6.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

C. W. Lai et al.

Damm C, Miinstedt H, Résch A (2008) The antimicrobial efficacy of polyamide 6/
silver-nano-and microcomposites. Mater Chem Phys 108:61-66

Muiioz-Bonilla A, Fernandez-Garcia M (2012) Polymeric materials with antimicrobial
activity. Prog Polym Sci 37:281-339

Tiller JC, Liao C-J, Lewis K, Klibanov AM (2001) Designing surfaces that kill bacteria on
contact. Proc Natl Acad Sci 98:5981-5985

. Isquith AJ, Gettings RL (1986) Insoluble polymeric contact preservatives. Google Patents

1986

. Bonnett R, Krysteva MA, Lalov IG, Artarsky SV (2006) Water disinfection using

photosensitizers immobilized on chitosan. Water Res 40:1269-1275

. Badawy ME, Rabea EI (2011) A biopolymer chitosan and its derivatives as promising

antimicrobial agents against plant pathogens and their applications in crop protection. Int J
Carbohydr Chem

Ahmed S, Ikram S (2017) Chitosan: derivatives, composites and applications. Wiley
Ahmed AE-SI, Cavalli G, Bushell ME, Wardell JN, Pedley S, Charles K, Hay JN (2011) New
approach to produce water free of bacteria, viruses, and halogens in a recyclable system. Appl
Environ Microbiol 77:847-853

Kenawy E-R, Abdel-Hay FI, El-Shanshoury AE-RR, El-Newehy MH (1998) Biologically
active polymers: synthesis and antimicrobial activity of modified glycidyl methacrylate
polymers having a quaternary ammonium and phosphonium groups. J Controlled Release
50:145-152

Peng H, Wu J, Wang Y, Wang H, Liu Z, Shi Y, Guo X (2016) A facile approach for
preparation of underwater superoleophobicity cellulose/chitosan composite aerogel for oil/
water separation. Appl Phys A: Mater Sci Process 122

Wang X, Uchiyama S (2013) Polymers for biosensors construction, in: state of the art in
biosensors-general aspects. InTech

Ahmed S, Ikram S (2015) Chitosan & its derivatives: a review in recent innovations. Int J
Pharm Sci Res 6:14

Baxter A, Dillon M, Taylor KA, Roberts GA (1992) Improved method for ir determination of
the degree of N-acetylation of chitosan. Int J Biol Macromol 14:166—-169

Younes I, Ghorbel-Bellaaj O, Chaabouni M, Rinaudo M, Souard F, Vanhaverbeke C,
Jellouli K, Nasri M (2014) Use of a fractional factorial design to study the effects of
experimental factors on the chitin deacetylation. Int J Biol Macromol 70:385-390

Vakili M, Rafatullah M, Salamatinia B, Abdullah AZ, Ibrahim MH, Tan KB, Gholami Z,
Amouzgar P (2014) Application of chitosan and its derivatives as adsorbents for dye removal
from water and wastewater: a review. Carbohyd Polym 113:115-130

Bina B, Mehdinejad M, Nikaeen M, Attar HM (2009) Effectiveness of chitosan as natural
coagulant aid in treating turbid waters. J Environ Health Sci Eng 6:247-252

Yep T (2016) Application of chitosan in the treatment of wastewater from agricultural
sources. University of Windsor (Canada)

Kenawy E-R, Worley S, Broughton R (2007) The chemistry and applications of antimicrobial
polymers: a state-of-the-art review. Biomacromol 8:1359-1384

Tsaih ML, Chen RH (1999) Molecular weight determination of 83% degree of decetylation
chitosan with non-Gaussian and wide range distribution by high-performance size exclusion
chromatography and capillary viscometry. J Appl Polym Sci 71:1905-1913

Wang W, Bo S, Li S, Qin W (1991) Determination of the Mark-Houwink equation for
chitosans with different degrees of deacetylation. Int J Biol Macromol 13:281-285

Zhang H, Neau SH (2001) In vitro degradation of chitosan by a commercial enzyme
preparation: effect of molecular weight and degree of deacetylation. Biomaterials 22:1653—
1658

Ogawa K (1991) Effect of heating an aqueous suspension of chitosan on the crystallinity and
polymorphs. Agric Biol Chem 55:2375-2379

Ogawa K, Yui T (1993) Crystallinity of partially N-acetylated chitosans. Biosci Biotechnol
Biochem 57:1466-1469



7 Polymers as Water Disinfectants 163

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Wisniewska-Wrona M, Niekraszewicz A, Ciechanska D, Pospieszny H, Orlikowski LB
(2007) Biological properties of chitosan degradation products. Pol Chitin Soc Monogr
12:149-156

Rinaudo M (2006) Chitin and chitosan: properties and applications. Prog Polym Sci 31:603—
632

Percot A, Viton C, Domard A (2003) Characterization of shrimp shell deproteinization.
Biomacromol 4:1380-1385

Al Sagheer F, Al-Sughayer M, Muslim S, Elsabee MZ (2009) Extraction and characterization
of chitin and chitosan from marine sources in Arabian Gulf. Carbohyd Polym 77:410-419
Zargar V, Asghari M, Dashti A (2015) A review on chitin and chitosan polymers: structure,
chemistry, solubility, derivatives, and applications. ChemBioEng Rev 2:204-226

Chang KLB, Tsai G, Lee J, Fu W-R (1997) Heterogeneous N-deacetylation of chitin in
alkaline solution. Carbohyd Res 303:327-332

Younes I, Rinaudo M (2015) Chitin and chitosan preparation from marine sources. Struct
Prop Appl Mar Drugs 13:1133-1174

Tokuyasu K, Ohnishi-Kameyama M, Hayashi K (1996) Purification and characterization of
extracellular chitin deacetylase from Colletotrichum lindemuthianum. Biosci Biotechnol
Biochem 60:1598-1603

Tsigos I, Bouriotis V (1995) Purification and characterization of chitin deacetylase from
Colletotrichum lindemuthianum. J Biol Chem 270:26286-26291

Gao X-D, Katsumoto T, Onodera K (1995) Purification and characterization of chitin
deacetylase from Absidia coerulea. J Biochem 117:257-263

Muzzarelli RA, Rocchetti R (1985) Determination of the degree of acetylation of chitosans by
first derivative ultraviolet spectrophotometry. Carbohyd Polym 5:461-472

W.U.J.W. Supply, S.M. Programme (2014) Progress on drinking water and sanitation: 2014
update. World Health Organization

Sobsey MD, Stauber CE, Casanova LM, Brown JM, Elliott MA (2008) Point of use
household drinking water filtration: a practical, effective solution for providing sustained
access to safe drinking water in the developing world. Environ Sci Technol 42:4261-4267
Periolatto M, Ferrero F, Vineis C, Varesano A (2014) Antibacterial water filtration by
cationized or chitosan coated cotton gauze. Chem Eng Trans 38:235-240

Kumar MNR (2000) A review of chitin and chitosan applications. React Funct Polym 46:1—
27

Crittenden JC, Trussell RR, Hand DW, Howe KIJ, Tchobanoglous G (2012) MWH’s water
treatment: principles and design. Wiley

Budd GC, Hess AF, Shorney-Darby H, Neemann JJ, Spencer CM, Bellamy JD, Hargette PH
(2004) Coagulation applications for new treatment goals. J (Am Water Works Assoc) 96:102—
113

Cheng Y-L, Wong R-J, Lin JC-T, Huang C, Lee D-J, Lai J-Y (2010) Pre-treatment of natural
organic matters containing raw water using coagulation. Sep Sci Technol 45:911-919
Matilainen A, Vepséldinen M, Sillanpad M (2010) Natural organic matter removal by
coagulation during drinking water treatment: a review. Adv Coll Interface Sci 159:189-197
Faust SD, Aly OM (1998) Chemistry of water treatment. CRC Press

Teh SJ, Yeoh SL, Lee KM, Lai CW, Abdul Hamid SB, Thong KL (2016) Effect of reduced
graphene oxide-hybridized ZnO thin films on the photoinactivation of Staphylococcus aureus
and Salmonella enterica serovar Typhi. J Photochem Photobiol, B 161:25-33

Salvadori M, Coleman B, Louie M, McEwen S, McGeer A (2004) Consumption of
antimicrobial-resistant Escherichia coli-contaminated well water: human health impact. PSI
Clin Res:6-25

Quick J, Cumley N, Wearn CM, Niebel M, Constantinidou C, Thomas CM, Pallen MJ,
Moiemen NS, Bamford A, Oppenheim B (2014) Seeking the source of Pseudomonas
aeruginosa infections in a recently opened hospital: an observational study using
whole-genome sequencing. BMJ Open 4:e006278



164

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

C. W. Lai et al.

Raghupathi KR, Koodali RT, Manna AC (2011) Size-dependent bacterial growth inhibition
and mechanism of antibacterial activity of zinc oxide nanoparticles. Langmuir 27:4020-4028
Warheit DB (2008) How meaningful are the results of nanotoxicity studies in the absence of
adequate material characterization? Toxicol Sci 101:183-185

Guibal E, Cambe S, Bayle S, Taulemesse J-M, Vincent T (2013) Silver/chitosan/cellulose
fibers foam composites: from synthesis to antibacterial properties. J Colloid Interface Sci
393:411-420

Motshekga SC, Ray SS (2017) Highly efficient inactivation of bacteria found in drinking
water using chitosan-bentonite composites: modelling and breakthrough curve analysis. Water
Res 111:213-223

Li Q, Mahendra S, Lyon DY, Brunet L, Liga MV, Li D, Alvarez PJ (2008) Antimicrobial
nanomaterials for water disinfection and microbial control: potential applications and
implications. Water Res 42:4591-4602

Chien R-C, Yen M-T, Mau J-L (2016) Antimicrobial and antitumor activities of chitosan from
shiitake stipes, compared to commercial chitosan from crab shells. Carbohyd Polym 138:259—
264

Jana S, Laha B, Maiti S (2015) Boswellia gum resin/chitosan polymer composites: controlled
delivery vehicles for aceclofenac. Int J Biol Macromol 77:303-306

Van Hoa N, Khong TT, Quyen TTH, Trung TS (2016) One-step facile synthesis of
mesoporous graphene/Fe;O,/chitosan nanocomposite and its adsorption capacity for a textile
dye. J Water Process Eng 9:170-178

Ishihara M, Nguyen VQ, Mori Y, Nakamura S, Hattori H (2015) Adsorption of silver
nanoparticles onto different surface structures of chitin/chitosan and correlations with
antimicrobial activities. Int J Mol Sci 16:13973-13988

Ito K, Saito A, Fujie T, Miyazaki H, Kinoshita M, Saitoh D, Ohtsubo S, Takeoka S (2016)
Development of a ubiquitously transferrable silver-nanoparticle-loaded polymer nanosheet as
an antimicrobial coating. J Biomed Mater Res B Appl Biomater 104:585-593

Grumezescu AM, Andronescu E, Holban AM, Ficai A, Ficai D, Voicu G, Grumezescu V,
Balaure PC, Chifiriuc CM (2013) Water dispersible cross-linked magnetic chitosan beads for
increasing the antimicrobial efficiency of aminoglycoside antibiotics. Int J Pharm 454:233—
240

Zain NM, Stapley A, Shama G (2014) Green synthesis of silver and copper nanoparticles
using Ascorbic acid and Chitosan for antimicrobial applications. Carbohyd Polym 112:195-
202

Lee SJ, Heo DN, Moon J-H, Ko W-K, Lee JB, Bae MS, Park SW, Kim JE, Lee DH, Kim E-C
(2014) Electrospun chitosan nanofibers with controlled levels of silver nanoparticles.
Preparation, characterization and antibacterial activity. Carbohyd Polym 111:530-537

An J, Ji Z, Wang D, Luo Q, Li X (2014) Preparation and characterization of uniform-sized
chitosan/silver microspheres with antibacterial activities. Mater Sci Eng, C 36:33—41
Punitha N, Ramesh P, Geetha D (2015) Spectral, morphological and antibacterial studies of
B-cyclodextrin stabilized silver—Chitosan nanocomposites. Spectrochim Acta Part A Mol
Biomol Spectrosc 136:1710-1717

Ahamed M, AlSalhi MS, Siddiqui M (2010) Silver nanoparticle applications and human
health. Clin Chim Acta 411:1841-1848

Kumar-Krishnan S, Prokhorov E, Hernandez-Iturriaga M, Mota-Morales JD, Vazquez-Lepe
M, Kovalenko Y, Sanchez IC, Luna-Barcenas G (2015) Chitosan/silver nanocomposites:
synergistic antibacterial action of silver nanoparticles and silver ions. Eur Polymer J 67:242—
251

Yang C-H, Wang L-S, Chen S-Y, Huang M-C, Li Y-H, Lin Y-C, Chen P-F, Shaw J-F, Huang
K-S (2016) Microfluidic assisted synthesis of silver nanoparticle—chitosan composite
microparticles for antibacterial applications. Int J Pharm 510:493-500

Akhavan O, Ghaderi E (2010) Toxicity of graphene and graphene oxide nanowalls against
bacteria. ACS Nano 4:5731-5736



7 Polymers as Water Disinfectants 165

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

Mazaheri M, Akhavan O, Simchi A (2014) Flexible bactericidal graphene oxide—chitosan
layers for stem cell proliferation. Appl Surf Sci 301:456-462

Liu S, Zeng TH, Hofmann M, Burcombe E, Wei J, Jiang R, Kong J, Chen Y (2011)
Antibacterial activity of graphite, graphite oxide, graphene oxide, and reduced graphene
oxide: membrane and oxidative stress. ACS Nano 5:6971-6980

Marta B, Potara M, Iliut M, Jakab E, Radu T, Imre-Lucaci F, Katona G, Popescu O,
Astilean S (2015) Designing chitosan—silver nanoparticles—graphene oxide nanohybrids with
enhanced antibacterial activity against Staphylococcus aureus. Colloids Surf, A 487:113-120
Jiang Y, Gong J-L, Zeng G-M, Ou X-M, Chang Y-N, Deng C-H, Zhang J, Liu H-Y, Huang
S-Y (2016) Magnetic chitosan—graphene oxide composite for anti-microbial and dye removal
applications. Int J Biol Macromol 82:702-710

Liu N, Chen X-G, Park H-J, Liu C-G, Liu C-S, Meng X-H, Yu L-J (2006) Effect of MW and
concentration of chitosan on antibacterial activity of Escherichia coli. Carbohyd Polym
64:60-65

Liu H, Bao J, Du Y, Zhou X, Kennedy JF (2006) Effect of ultrasonic treatment on the
biochemphysical properties of chitosan. Carbohyd Polym 64:553-559

Mekahlia S, Bouzid B (2009) Chitosan-copper (II) complex as antibacterial agent: synthesis,
characterization and coordinating bond-activity correlation study. Phys Proc 2:1045-1053
Ancona A, Sportelli M, Trapani A, Picca R, Palazzo C, Bonerba E, Mezzapesa F, Tantillo G,
Trapani G, Cioffi N (2014) Synthesis and characterization of hybrid copper—chitosan
nano-antimicrobials by femtosecond laser-ablation in liquids. Mater Lett 136:397-400
Arjunan N, Singaravelu CM, Kulanthaivel J, Kandasamy J (2017) A potential photocatalytic,
antimicrobial and anticancer activity of chitosan-copper nanocomposite. Int J Biol Macromol
Pham T-D, Lee B-K (2014) Cu doped TiO ,/GF for photocatalytic disinfection of Escherichia
coli in bioaerosols under visible light irradiation: application and mechanism. Appl Surf Sci
296:15-23



Chapter 8 M)
Polymers for Membrane Filtration gt
in Water Purification

Adewale Giwa, Menatalla Ahmed and Shadi Wajih Hasan

Abstract Polymers are sometimes preferred for membrane filtration because they
are more flexible, easier to handle, and less expensive than inorganic membranes
fabricated from oxides, metals, and ceramics. The polymers are used as the
membrane active layer and porous support in reverse osmosis (RO), nanofiltration
(NF), ultrafiltration (UF), microfiltration (MF) processes. However, the application
of polymers for filtration suffers critical drawbacks, such as the chemical attack of
polymers, membrane fouling, and hydrophobicity of most polymers. In this chapter,
the polymers used for membrane filtration in recent studies and their fabrication
procedures are presented and discussed. The polymers used in recent applications
include cellulose acetate (CA), polyamide (PA), polyvinylidene fluoride (PVDF),
polysulfone (PSF), polyethersulfone (PES), polyvinyl chloride (PVC), polyimide
(PD), polyacrylonitrile (PAN), polyethylene glycol (PEG), polyvinyl alcohol (PVA),
poly(methacrylic acid) (PMAA), poly(arylene ether ketone) (PAEK), poly(ether
imide) (PEI), and polyaniline nanoparticles (PANI). A new polymeric material
named polyethersulfone amide (PESA) has also been presented recently. Most of
the recent studies have focused on improving the specific energy consumption, salt
rejection, water flux, chemical resistance and antifouling properties of polymeric
membranes and nanocomposites through blending and surface modification tech-
niques. These techniques involve the use of zwitterionic coatings, sulfonated poly
(arylene ether sulfone) (SPAES), perfluorophenyl azide (PFPA), carbon nanotubes
(CNTs) and graphene oxide (GO) as nanofillers, polyether ether ketone (PEEK),
and nanoparticles such as titanium dioxide (TiO,), and mesoporous silica. The use
of polymers for filtration is still gaining tremendous attention, and further
improvements of polymeric characteristics for enhanced membrane performance
are expected in the coming years.
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8.1 Introduction

Current water quality regulations and standards require the careful treatment of
water from different sources, including seawater, brackish water, groundwater,
industrial wastewater, municipal wastewater, and surface water, so that the final
effluents can be useful for a wide range of applications [3, 11, 12, 14]. Desalination
is a key water treatment approach, most especially in areas with inadequate natural
and renewable fresh water supply. In addition, the industries in many countries are
now being asked to treat their own wastewater to reduce dependence on naturally
available fresh water and desalinated water [21, 59]. However, treated water from
industries and municipalities require an appreciable level of treatment to prevent
possible secondary or end-use problems.

Conventionally, treatment processes such as biological treatment, distillation,
evaporation, chemical coagulation, flocculation, sand filtration, and gravity sedi-
mentation are used to remove pollutants from water [31, 35, 38]. For saline water
desalination, thermal distillation processes such as multi-effect distillation, multi-
stage flash, and thermal and mechanical vapor compression were mainly employed
in parts of the world until the recent decades. Nowadays, desalination via mem-
brane filtration processes, i.e., microfiltration (MF), ultrafiltration (UF), nanofil-
tration (NF), and reverse osmosis, (RO) is gaining immense attention from
desalination stakeholders [6, 88, 100]. Currently, the market share of membrane
filtration processes in the desalination industry has soared and surpassed those of
other approaches. MF and UF are mostly being used for pre-treatment in current
desalination applications, instead of coagulation or sedimentation. In addition, there
are more RO plants in the world than those that employ thermal desalination
approaches currently [28]. Likewise, membrane filtration processes such as mem-
brane bioreactors (MBRs) and osmotic membrane bioreactors (OMBRs) are being
preferred for wastewater treatment than conventional approaches such as activated
sludge processes (ASP), aerated lagoons, and trickling filters [17, 33].

The functional component of a membrane filtration process is the membrane.
Membranes can be made from polymeric or inorganic materials [66, 104]. Most of
the polymeric membranes are organic in nature, while inorganic membranes are
mainly oxides, ceramics, and metals [89]. Membranes made from polymeric
materials are cheaper than those fabricated from inorganic materials or ceramics
[66]. Additionally, polymeric membranes can be used to achieve high water pro-
duction capacity. These membranes are easy to handle during fabrication and can
be arranged in different configurations such as hollow fiber and spiral wound for
optimum performance [46, 66, 89]. Therefore, the objective of this chapter is to
review the polymeric materials that have been used for filtration in recent times.
Specifically, the recent advances in the fabrication of polymers for RO, NF, UF, and
MF processes are discussed. The type of polymer used for filtration is crucial
because it determines the permeate quality and the operating cost of water pro-
duction. Proper selection of polymer is required for a filtration process to ensure
that issues such as frequent membrane replacement and unwarranted energy
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consumption are avoided. The current challenges associated with recently devised
polymers are also presented and discussed.

8.2 Polymers Used for Membrane Filtration

Several polymers have been used in the fabrication of MF, UF, NF, and RO
membranes. Examples include cellulose acetate (CA), polyamide (PA),
polyvinylidene fluoride (PVDF), polysulfone (PSF), polyethersulfone (PES),
polyvinyl chloride (PVC), polyimide (PI), polyacrylonitrile (PAN), polyethylene
glycol (PEG), polyvinyl alcohol (PVA), poly(methacrylic acid) (PMAA), poly
(arylene ether ketone) (PAEK), poly(arylene ether sulfone) (PAES), poly(ether
imide) (PEI), and polyaniline nanoparticles (PANI). A new polymeric material
named polyethersulfone amide (PESA) has also been presented recently.
Fabrications, characterization, and related applications of such membranes are
highlighted in the subsequent sections.

8.2.1 Polymers for RO

RO technology (Fig. 8.1) has been found to be one of the most efficient and widely
popular methods of desalinating water because it is suitable for the production of
potable and near-to-potable water [41, 53].

RO membranes that are commercially available consist of polymeric materials
such as CA and PA [13, 28]. CA is used because it is a natural polymer that is
renewable, biodegradable, and eco-friendly [18, 63]. CA can be produced through
the esterification of wood, cotton, recycled paper, and bagasse. CA is also a widely
used polymer known for its high hydrophilicity, biocompatibility, high potential
flux, etc. [26]. However, PA membranes are generally preferred among the two
because of their ability to operate under a wider pH range and withstand higher
temperatures [72]. Unfortunately, the practical application of PA membranes is
often limited due to their continuous exposure to chlorine and other oxidizing
substances [110]. The amide group that is present in the PA membranes is vul-
nerable to chlorine attacks during chemical cleaning [28, 92]. Hence, an additional
de-chlorination step is required to reduce the concentration of chlorine to prevent
the degradation of the PA membranes. Also, in order to overcome this problem,
poly(arylene ether) copolymers, especially poly(arylene ether sulfone), have been

———> Permeate (fresh water)
Feed (seawater) ———————>|

> Rejected brine

Fig. 8.1 RO process showing the separation of salt from water
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used recently for RO desalination [67, 68, 92]. Since these polymers do not contain
any susceptible amide linkages, it makes them to be highly resistant to chlorine
attacks. It has also been established recently that thin film composite
(TFC) membranes based on SPAES display high chlorine-tolerance and no sig-
nificant change in water flux after 36 h of continuous exposure [110].

(a) poly(arylene ether sulfone) (PAES)

Photocross-linkable disulfonated PAES copolymers have been prepared for RO
applications in a recent study [64]. First, PAES oligomers with controlled degrees
of sulfonation and controlled molecular weights were synthesized via nucleophilic
aromatic substitution. Meta-aminophenol was used to control the molecular weight
of the PAES oligomers and install telechelic amine end groups. The
meta-aminophenol end-capped oligomers were reacted with acryloyl chloride to
obtain novel cross-linkable PAES oligomers with acrylamide groups on both ends.
The acrylamide-terminated oligomers were cross-linked using UV radiation in the
presence of a multifunctional acrylate and a UV photoinitiator to obtain PAES
copolymers thin films. It was shown that the cross-linked disulfonated PAES films
had smooth surfaces that promoted high water passage (Fig. 8.2). The copolymer
films also exhibited reduced water uptake and swelling relative to their linear
counterparts.

(b) Polyamide (PA)

Apart from the problem of chlorine attacks during chemical cleaning, PA
polymeric material faces membrane fouling [19, 78, 79]. Biofouling is one of the
most challenging fouling mechanisms experienced during membrane filtration [5,
39, 44]. Biofouling occurs due to the formation of a biofilm by the biological
species in a membrane filtration system, resulting in the depletion of the mem-
brane’s lifetime and selectivity. Although RO works based on the solution—diffu-
sion principle rather than size exclusion, biofouling is a major problem in RO. This
can be attributed to the thin layer of the active surface and the material of the dense
and porous structures [54, 90]. Thus, zwitterionic natured coatings on membranes
have been observed to be effective antibiofouling materials in recent studies

(a)

Fig. 8.2 Atomic force microscopy (AFM) images of a PA TFC membrane and b the disulfonated
copolymer, showing the smooth surface of the copolymer film that ensured higher water passage
[64]
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[50, 80]. A desirable feature of the zwitterionic structure is that it exhibits both
positively and negatively charged moieties within the same segment side chain
which imparts strong hydration capacity via electrostatic interactions. These
polyzwitterions are usually attached to the membrane’s surface using a grafting
approach. The coatings produce densely packed polymer chains that exhibit con-
sistent length and reduce the adhesion of cells and bacteria onto the membrane
surface [27]. The surface modification of polymeric RO membrane by zwitterionic
polymer can be used to achieve higher permselectivity and water flux [96]. The
modification has been accomplished recently by the grafting of a commercially
available membrane with N,N'dimethylaminoethyl methacrylate (DMAEMA) via
redox-initiated graft polymerization reaction [96]. Then, the DMAEMA graft was
modified via surface quaternization reaction with 3-bromopropionic acid (3-BPA)
to obtain the zwitterionic carboxybetaine methacrylate (CBMA) polymer chains on
the membrane surface. The CBMA, which has a cationic quaternary ammonium
group and anionic carboxylate group on its backbone, changed the chemical
structure, morphological structure, hydrophilicity, and charge of the RO membrane.
The fabricated procedures are illustrated in Fig. 8.3. The modified membrane
showed improved water flux (22.5% increase in water flux compared to the
unmodified membrane). By using positively charged lysozyme and negatively
charged bovine serum albumin as foulants, it was shown that the biofouling
properties of the modified membrane were enhanced as evidenced by the higher
water recovery rate after fouling test. Up to 99% mortality of Escherichia coli
(E.coli) and Bacillus subtilis was achieved. Another polymer that has been used
successfully for grafting is polysulfobetaine. Polysulfobetaine was grafted from the
surface of commercially available TFC membranes in another recent study [27],
leading to 80% reduction in microbial fouling without any adverse effect on the
permeate flux.

PA-RO membranes with enhanced antifouling properties have also been pre-
pared recently by making use of the highly reactive azide group of PFPA that can
form chemical bonds when activated by photoexcitation with nonreactive groups
[57]. First, PEG polymers were modified with a terminal PFPA group. Then, pieces
of commercially available PA were dipped into an aqueous solution containing the
PEG-PFPA prepared polymers. The pieces of modified PA were dried at ambient
conditions and irradiated with 254 nm UV light. Finally, the pieces of PA obtained
were rinsed with water to remove unreacted azides and other by-products. The
performance of the prepared membranes was evaluated through pure water per-
meability and sodium chloride (NaCl) rejection tests. The antibiofouling properties
of the membranes were assessed by monitoring the growth of E.coli on the
membranes. The prepared membranes were more hydrophilic than the commer-
cially available PA. The membranes also exhibited lower water permeability but
increased NaCl rejection. It was observed that the prepared membranes had better
antibiofouling properties as evidenced by the reduced growth of E.coli bacteria on
the prepared membranes.
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Fig. 8.3 Illustration of the fabrication procedures for the modification of RO membranes with
zwitterionic polymer chains [96]

(c) Polyvinyl chloride (PVC)

Another polymeric material that has been used recently for the RO process is
polyvinyl chloride (PVC) [2, 70]. This is because of its flexibility and durability
along with suitable biological and chemical resistance [26]. Special selective
characteristics and enhancement of separation properties have been achieved in
membranes with the use of PVC/CA polymers as membrane binders. It has been
observed that an increase in CA concentration in the dope solution that consists of
PVC/CA polymers would result in an increase in the hydrophilic characteristics of
the membrane [26]. This is because the high amount of water would be absorbed;
hence, more water would pass through the membranes. An increase of CA con-
centration to about 10% could also improve the rejection capabilities of the fabri-
cated membrane.
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(d) Chemical modifications of membrane properties using carbon nanotubes
(CNTs)

Other studies have also shown that membrane properties can be improved when
polymeric materials are chemically modified with other polymers of desirable
properties [80, 86]. One of such additives is carbon nanotubes (CNTs) which act as
nanofiller in RO desalination. Although a decrease in the membrane permeability
would be observed when the CNT concentration is increased, an increase in the salt
rejection and permeate flux would be achieved [77]. CA is efficient in the rejection
of salts during RO desalination because of its excellent desalting properties
resulting from its nanoscale characteristics [16]. Recently, raw and oxidized mul-
tiwalled CNTs (MWCNTs) in different concentrations (0.001, 0.002, 0.005, 0.01 wt
%) have been incorporated into PA-RO membranes [23]. The morphology of the
modified membranes was altered as a result of the MWCNTSs incorporation. The
membranes embedded with raw MWCNTSs exhibited slightly higher contact angle
compared to the pristine membrane, while membranes embedded with oxidized
MWCNTs had slightly lower contact angle compared to the pristine membrane. An
increase in the concentration of both raw and oxidized MWCNTSs up to 0.005 wt%
resulted in an increase in the water flux, after which the water flux decreased.
Meanwhile, all concentrations of raw or oxidized MWCNTs resulted in better
antifouling performance of the modified membranes. The modified membranes with
0.005 wt% MWCNT concentration showed the best antifouling properties.

Kim et al. [42] have also demonstrated recently that the modification of PA-RO
membrane with CNT can be used to accomplish improved membrane properties
[42]. The CNTs were initially functionalized by reacting them with a sulfuric acid/
nitric acid mixture. Then, PA was prepared by using trimesoyl chloride
(TMC) solutions in n-hexane and aqueous solutions of m-phenylenediamine
(MPD) containing the functionalized CNTs. The maximum flux and salt rejection
values were observed when the functionalized CNTs were prepared by the reactions
of CNTs with a sulfuric acid and nitric acid mixture for 4 h at 65 °C. When shorter
reaction time and lower reaction temperature were used, the CNTs were not
well-dispersed in the PA active layers. Conversely, when longer reaction time and
higher reaction temperature were used, the CNTs were cut down into very small
pieces to form aggregated structures. Therefore, good dispersion of the function-
alized CNTs in the PA layer was necessary. The membranes containing the prop-
erly modified CNTs demonstrated higher water flux than the PA membrane
prepared without any CNTs. Better chemical resistance against NaCl solution
compared to the pristine RO membrane was also achieved by using the modified
membranes.

However, the mechanical strength and structural integrity of the nanofiller still
need to be improved in future research activities so that it can be employed for
large-scale commercial desalination. To achieve mechanical stability, a recent study
has tested 1,2-bis(triethoxysilyl)ethane (BTESE) instead. In this study [34], a
porous PSF-supported BTESE hybrid membrane was fabricated through a sol—gel
spin-coating heat treatment process. A 200-nm-thick BTESE-derived silica
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separation layer was deposited onto the PSF support surface. The RO membrane
was evaluated by using it to desalinate a NaCl aqueous solution. The membrane
showed a stable and high degree of water permeability with high salt rejection
reaching 96%. The membrane also showed good stability and reproducibility
during the RO desalination process that was run for more than 160 h.

8.2.2 Polymers for NF

(a) Polyimide (PI) and polyamide (PA)

NF membranes have gained popularity for water filtration in recent decades due
to their beneficial features such as low energy consumption when compared with
RO and high retention of divalent salts and neutral molecules of low molecular
weight [25, 61, 112]. Nonetheless, NF membranes can only withstand aqueous
solutions containing pH in the range of 2—11 due to their moderate stability. Most
of the NF membranes available today consist of PI, PA, PVA, and PAN polymers
in TFCs [4, 85, 87, 93, 95, 105, 108]. However, PIs are unstable when in contact
with a few amines. They also exhibit very low stability and performance in polar
solvents. These PIs are not preferred in aqueous solutions containing chlorinated
solvents, strong amines, and strong acids/bases, but they can be modified through
the process of cross-linking to obtain improved resistance against such chemicals.

(b) Poly(arylene ether ketone) (PAEK)

An alternative solution that involves the use of PEEK as NF membrane material
has been proposed recently [15]. It was observed that PEEK membranes have a low
degree of sulfonation and are highly resistant against various solvents, acids, and
bases. However, PEEK membranes exhibit low water permeability. The PEEK
membranes were tested for their separation performance in tetrahydrofuran
(THF) and dimethylformamide (DMF) where they exhibited a water permeance of
0.2-0.8 and 0.7-0.21 L/h m? bar, respectively.

(¢) Membrane fouling in NF membranes

The challenge of membrane fouling and chemical attack is also associated with
PA NF membranes. Fouling not only reduces the flux through NF membranes but
also increases the energy requirement. Meanwhile, surface modification has been
employed recently to impart antifouling properties to PA NF membranes [48, 52,
60, 109]. These properties have been achieved by grafting fluorinated PA onto the
surface of the PA NF membranes [48]. The fluorinated PA NF membranes have
lower surface energy which resulted in the minimization of the adhesion propensity
membrane. The detachment of foulants from the membrane surface was achieved
through the fluorination of the membrane. 98.3% permeation flux recovery was
accomplished through this approach. Stability problems are also associated with
PVA NF membranes. However, in a recent investigation, a novel TFC membrane
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has been fabricated by cross-linking PVA and 3-mercaptopropyltriethoxysilane on
porous PSF support in order to enhance the ion rejection and acid/alkali stability of
the membrane [109]. The introduction of a sulfonic acid group enhances the
hydrophilic properties of the membrane which in turn caused an increase in the
water flux across the membrane. This approach is not completely advantageous
because the sulfonic acid groups also caused the swelling of the membrane,
resulting in a decrease in the membrane’s rejection properties.

Meanwhile, antifouling and salt rejection features can be imparted to a TFC NF
membrane by replacing the mid-layer of the TFC membrane with an electrospun
nanofibrous membrane (ENM) resulting in a TFNC membrane [84]. ENMs are
known for their large dirt loading capacity due to their large internal surface area. In
order to achieve this, the ENM layer must be hydrophilic and heat-treated before
interfacial polymerization. In addition, they are highly porous compared to con-
ventional membranes which would ensure that the water flux across the membrane
is enhanced. ENMs are produced through electrospinning and have unique prop-
erties such as high surface area to volume ratio, tailorable pore sizes, and flexibility
in their surface chemistry.

8.2.3 Polymers for UF

PS and PES are widely used in UF membranes because they are polymeric mate-
rials with good mechanical properties, wide pH operation range, and strong
chemical stability [20, 62, 69, 82, 83, 91, 101]. However, their application in water
treatment is limited due to their hydrophobicity which ultimately leads to reduced
membrane permeability. Most of the polymeric membrane materials that are widely
used in UF processes exhibit hydrophobic properties. PVDF, PVC, and PMAA
have also been used recently for the fabrication of UF membranes. These polymers
are also naturally hydrophobic [10, 37, 55, 94 102, 111]. Membrane hydrophobicity
can cause water flux decline during operation due to the accumulation of organic
compounds that favor the attachment and growth of microorganisms onto the
membrane surface. This usually leads to membrane fouling and subsequently
membrane failure. Thus, to improve their properties and enhance their performance
in water treatment applications, modifications to these polymeric materials are
necessary. These modifications are carried out in such a way that the membrane
hydrophilicity is increased. An increase in the membrane surface hydrophilicity
would enhance the membrane’s antifouling properties for liquid water-based
filtration.

(a) Incorporation of TiO, nanoparticles into polysulfone (PSF)

Blending and surface modification can be used to incorporate hydrophilic
materials (nanoparticles and amphiphilic copolymers) into UF membranes to
increase their hydrophilicity [49]. A hybrid PSF membrane impregnated with
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modified TiO, nanoparticles for the impartation of hydrophilic property to PSF has
been proposed recently [66, 107]. The membrane was prepared by grafting the
hydrophilic polymer chains of (2-hydroxyethyl methacrylate) (P(HEMA)) on TiO,
nanoparticles through atom transfer radical polymerization process. PSF mem-
branes were impregnated with the modified TiO, nanoparticles for achieving better
membrane performance, overcoming agglomeration of nanoparticles on the mem-
brane surface and reducing the leakage of nanoparticles from the membrane during
filtration. The modified TiO, particles had better dispersibility within the polymer
than unmodified TiO,. The PSF membrane modified with TiO,-HEMA exhibited
improved hydrophilicity, higher water flux, and better antifouling performance than
the pristine PSF membrane and unmodified TiO, impregnated membranes.

(b) Incorporation of mesoporous silica particles (MSP-1) into polysulfone (PSF)

Incorporating inorganic particles into a membrane’s casting mixture prior to
phase inversion is widely studied because it is a facile approach that can be used to
embed additional particle-based functionalities into membranes [16, 29, 73].
Surfactant-templated mesoporous silica particles (MSP-1) have been incorporated
into PSF matrices formed with and without PEG as a molecular porogen with the
aim of enhancing the properties of PSF membranes [22]. It was observed that
MSP-1 additives increased the hydrophilicity of the membrane by virtue of the
terminal silanol (Si—~OH) groups on the pore walls and external surfaces of the
particles. Both MSP-1 and PEG modified the typical morphology of the phase
inversion membrane content. The mechanical properties of the PSF-MSP meso-
composite were comparable to those of their MSP-free counterparts. The addition
of MSP-1 to porogen-free membranes made from casting solutions with low
polymer content led to statistically significant differences in permeate flux. The
addition of only 5.0 wt% MSP-1 had a detrimental effect on flux, yet a further
increase to 10 wt% loading level raised the permeate flux above the value observed
for MSP-free controls. However, when the PEG porogen was included in the
casting mixture, no statistically significant changes either in flux or in rejection
were observed. The mesocomposite membranes showed enhanced dextran rejection
compared to MSP-free membranes, and fouling tests with humic acid solutions
demonstrated that the mesocomposite membranes experienced lower flux decline
and showed higher rejections than their MSP-free counterparts.

(c) Incorporation of zinc oxide (ZnO) and silica nanoparticles into polyvinyl
chloride (PVC) and poly(methacrylic acid) (PMAA)

The impact of incorporating nanoparticles into PVC for enhanced hydrophilicity
of PVC UF membranes has also been studied recently [75]. The effect of incor-
porating zinc oxide (ZnO) nanoparticles into PVC membranes was examined.
Five PVC membranes having variable ZnO percentages (0.3, 1.0, 2.0, 3.0, and 4.0
wt%) were fabricated via the phase inversion method using water as coagulant and
PEG as a pore forming additive. The ZnO impregnated membranes had a higher
hydrophilicity than pristine PVC membranes, with the 4.0 wt%-ZnO membrane
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being the most hydrophilic. An increase in ZnO concentration up to 3.0 wt% led to
an increase in water flux. Further increase in ZnO concentration led to a decline in
water flux due to the agglomeration of ZnO particles at the surface of the PVC
membrane (Fig. 8.4). An increase in ZnO concentration up to 3.0 wt% also led to
increase in membrane porosity, after which it declined. The pristine PVC mem-
branes were only able to recover 69% of water flux after BSA permeation, whereas
membranes containing 3.0 wt% ZnO were able to recover 92% of water flux after
BSA permeation. Incorporation of nanoparticles into PMAA has also been exam-
ined recently for the improvement of the performance of PMAA UF membranes.
Superhydrophilic silica nanoparticles have been grafted onto PMAA membranes
through the process of post-fabrication tethering [49]. An increase in the wettability
of the membranes was observed.

(d) Polyethersulfone (PES)

PES has been used in most of the recent studies on UF membrane separation.
The hydrophilicity of PES membrane has been improved recently by incorporating
mesostructured silica particles functionalized with amine and carboxylic groups
into PES [56]. The morphology, porosity, and pore size distribution of the modified
membrane changed significantly as a result of the incorporation of ordered meso-
porous silica particles. The hydrophilicity of the modified membrane also increased
significantly. Water permeation through the membrane increased as a result of the
enhanced surface porosity and hydrophilicity of the modified membrane. The
antifouling property of the modified membrane was improved, especially against
irreversible fouling, without negatively affecting the protein rejection potential of
the membrane. It was also observed that the modified membrane exhibited a stable
permeation performance during repeated stability tests. In another recent study, a
new hydrophilic polymeric material that is based on PES has been proposed. This
material was named polyether sulfone amide (PESA) [58]. PESA was prepared
through the polycondensation reaction of diamine (4,40-diaminodiphenyl ether)
with dicarboxylic acid (diphenyl sulfone 4,40-dicarboxylic acid) using triphenyl
phosphite (TTP), lithium chloride (LiCl), calcium chloride (CaCl,), and pyridine
(Py) as condensing agents and N-methyl-2-pyrrolidone (NMP) as a solvent. PESA
was further modified by grafting it with two hydrophilic monomers, i.e.,
3,5-diaminobenzoic acid (DBA) and gallic acid (GA) via interfacial polymerization.
It was observed that PESA membrane was more hydrophilic than pure PES
membrane. The modification of PESA membrane with DBA and GA further
increased the membrane’s hydrophilicity. PESA membrane and modified PESA
membrane had greater roughness compared to pure PES membranes. The pure
water flux and humic acid rejection of PESA membrane were higher than those of
the pristine PES membrane. PESA membrane also showed higher antifouling
properties than the PES membrane. The antifouling properties of PESA membranes
were further improved by surface modification with DBA and GA.

The hydrophilicity of PES membrane has also been enhanced by incorporating
PANI nanoparticles into PES UF membranes [48, 76]. To do this, three different
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Fig. 8.4 Energy dispersive X-ray (EDAX) spectroscopy showing agglomeration as more ZnO
particles are included in the PVC-ZnO casting solution [75]

membranes—pure polyethersulfone, self-synthesized PANI impregnated into PES,
and commercially available PANI impregnated into PES—were fabricated via
phase inversion. The membranes were characterized via contact angle goniometry
and evaluated through direct interaction with BSA, humic acid, silica nanoparticles,
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E.coli and Bacillus bacteria. The addition of PANI nanoparticles led to increased
hydrophilicity, enhanced fouling resistance, better flux recovery, improved BSA
and humic acid rejection, and reduced attack from bacteria. Interestingly, the
self-synthesized PANI impregnated into PES membrane was superior to the com-
mercially available PANI impregnated into PES membrane, in terms of membrane
properties. PES UF membranes have also been modified by incorporating highly
hydrophilic polyethylene glycol (PEG) and silver nanoparticles (Ag) into PES using
poly(acrylonitrile-co-maleic acid) (PANCMA) as a chemical linker [71]. Hollow
fiber configuration was used. Polymeric membranes with hollow fiber configuration
are preferred for some separation processes because this configuration has the
advantages of high surface area, self-mechanical support, excellent flexibility, and
ease of handling during module fabrication. The modified membrane was shown to
exhibit enhanced properties including higher hydrophilicity (75.5% decrease in
contact angle), increased water flux (by 36%), and reduced bacterial growth.
Another recent study has improved the hydrophilicity and antifouling property of
PES UF membrane by modifying it with dextran-grafted halloysite nanotubes
(HNTs) [106]. The incorporation of dextran-HNTs into PES membranes led to
significant increase in hydrophilicity as evidenced by the reduction of water contact
angle. In addition, the modified membranes showed higher flux and better
antifouling properties than pristine PES membranes. Interestingly, the modified
membranes had a slightly lower porosity, yet larger pore size than the pure PES
membranes.

Meanwhile, the conventional multi-bore hollow fiber membrane consists of three
or seven bore channels and an outer round-shaped geometry. However, the main
drawback of this geometry is the nonuniform wall thickness. The thinner part of the
membrane wall suffers as the mechanically weak point, while the thicker part
generates additional mass transfer resistance. Therefore, to overcome this draw-
back, an attempt has been recently directed toward the fabrication of a novel
tri-bore hollow fiber membrane with round-shaped bore channels but an outer
triangle-shaped geometry made of Matrimids and PES materials [97]. The
triangle-shaped tri-bore hollow fibers can be fabricated with a combination of a
tri-bore blossom spinneret and defined spinning parameters. The new geometry,
which exhibits a much more uniform wall thickness, was shown to improve the
mechanical properties of both the Matrimids and PES membranes as well as their
water permeation.

(e) Polyvinylidene fluoride (PVDF)

PVDF is another polymeric material that can be modified for enhanced
hydrophilicity. PVDF UF membrane has been recently modified by dipping the
PVDF membrane into a dopamine solution such that the dopamine coats the surface
of the PVDF membrane by self-polymerization [81]. The coated PVDF membrane
was rinsed with water to remove unreacted polydopamine. The coated PVDF
membrane obtained was then dipped into a solution containing TiO, nanoparticles.
The dopamine acted as a glue to facilitate the attachment and distribution of the
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TiO, nanoparticles onto the PVDF membrane. The resulting PVDF membrane was
rinsed with water to remove large TiO, particles that are deposited onto the surface
of the polydopamine-coated PVDF membrane. The TiO, nanoparticles were
homogeneously distributed on the surface of PVDF and did not agglomerate. The
hydrophilicity of the modified membrane was improved as evident in the significant
reduction of the water contact angle of the membrane. The pure water flux across
the modified membrane also increased significantly, and the BSA rejection of the
membrane was enhanced. The antifouling properties of the membrane were
improved as evident in the low irreversible fouling ratio and a remarkably high flux
recovery ratio (>90%) achieved for BSA separation.

(f) Poly(arylene ether ketone) (PAEK) and poly(ether imide) (PEI)

Other polymeric membranes that have been tested for UF operations in recent
studies are PAEK and PEI [40, 51]. Cardo PAEK membrane bearing hydrophilic
carboxylic acid groups (PAEK-COOH) has been proposed as an alternative to the
traditional hydrophobic PAEK membranes [51]. PAEK with pendent carboxylic
acid group (PAEK-COOH) was first synthesized by the aromatic nucleophilic
substitution polycondensation reaction of 2-[bis(4-hydroxyphenyl)methyl] benzoic
acid (PPH-COOH) and 4,4'-bisfluorodiphenylketone in DMSO. Thermal analyses
demonstrated that the synthesized PAEK-COOH polymer has a decomposition
temperature of 360 °C and glass transition temperature of 220 °C, which suggests
that it is well qualified for preparing membranes to deal with hot water without
temperature controlling. Then, the synthesized polymer was used to prepare a tight
UF membrane by the nonsolvent-induced phase inversion process. The resulting
membrane had a water contact angle of 61.5°. The membrane displayed high water
permeation flux and dye rejection. The antifouling performance and antidye
adsorption properties of the membrane are also promising, possessing a flux
recovery ratio of 91.5% for BSA, and dye adsorption rate below 5.0% for all the
studied dyes (Congo red, Coomassie brilliant blue R250, Direct red 23, and Evans
blue (EB). The membrane is thermally stable and suitable for high-temperature
filtration applications.

PEI UF membrane has been modified recently by blending PEI with
N-phthaloylated chitosan (NPHC) so as to enhance the antifouling properties of the
membrane [40]. The modified membrane was more hydrophilic than the unmodi-
fied membrane. The roughness of the surface of the modified membrane was greater
than that of the unmodified membrane. The surface roughness increased with
increasing NPHCs content. Pure water flux increased with increasing concentration
of NPHCs in the NPHCs blended membrane. Meanwhile, when the concentration
of NPHCs in the NPHCs blended membrane was increased, the capacity of the
fabricated membrane to reject protein became lower while permeate flux increased.
However, the separation of heavy metal ions increased with increasing concen-
tration of NPHCs in the NPHCs blended membrane. Maximum flux recovery was
achieved for the PEI/NPHCs blended membrane when the NPHCs concentration
was 2.0 wt%.
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8.2.4 Polymers for MF

MF membranes have been mainly used in membrane distillation (MD), MBRs, and
wastewater treatment processes [1, 7, 30, 32, 99]. Industrial and domestic
wastewater contains harmful organic pollutants (like pharmaceutical compounds)
which constitute a great threat to aquatic species and the environment in general.
Advanced technologies such as advanced oxidation processes (AOPs) have proven
to be very efficient in cleaning recalcitrant wastewater. One of the most important
AOPs is photocatalysis via TiO,, which completely mineralizes a wide range of
organic compounds. The direct incorporation of TiO, nanoparticles onto MF
polymer membranes has been proven to be a viable membrane separation technique
recently [24]. Titanium tetraisopropoxide (TTIP) was used as the precursor for
TiO,. TTIP hydrolysis prevented the formation of agglomerates and increased the
bonding strength of the TiO, particles formed. PES and PVDF membranes were
used as the supporting structures for TiO, nanoparticles. After the attachment of
TiO, particles, a decrease in the porosity of the membrane was observed. However,
the attached TiO, showed the ability to degrade various molecules like dyes, drugs,
and pesticides.

MD is a thermally driven process by which water molecules are separated from
other undesired substances through porous membranes [7, 8]. Hydrophobic mem-
branes are required for MD applications because MD works based on the principle
of vapor permeation. The vapor pressure difference across a hydrophobic mem-
brane is the driving force in MD. Although MD is known for its easy implemen-
tation and utilization of heat, it has not yet gained industrial-scale application due to
its drawbacks, among which MF membrane fouling and low flux are the most
predominant and hard to tackle. Nonetheless, it has recently been reported that an
increase in the flux had been observed in DCMD membranes by tetrafluoromethane
(CF4) plasma surface modification [103]. Although the vapor flux through the
plasma-modified membrane reached its maximum at about 15 min and then started
to decrease, the overall flux of the modified membrane was still higher than that of
the virgin membrane. The PVDF membranes were converted to superhydrophobic
membranes through CF4 plasma treatment, which resulted in the enhancement of
flux and salt rejection.

MBRs have gained popularity in wastewater treatment due to its high quality of
processed water, reduction in excess sludge, controllability of solids, and mini-
mization of required footprint [36, 65]. Although it has many positives, one of the
most important drawbacks of MBR operations is also membrane fouling [9, 47]. In
order to potentially overcome this, graphene oxide (GO) is currently being incor-
porated with MF membranes to prepare MBR membranes with antifouling prop-
erties [45]. This is due to the unique properties of GO such as hydrophilicity and
large negative zeta-potential attributable to its functional groups. These properties
enhance water permeation through the membrane and impede biofouling. It has
been observed that the thickness of biofilm formed by the microorganism on
GO-incorporated membranes decreases and the negative zeta-potential increases
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when the GO content within the membrane is increased [47]. The addition (up to
1.3 wt%) of GO to the membrane dope helped to prevent fouling and increase pure
water flux through the membrane significantly. Above 1.3 wt% of GO would result
in an increase in polymer solution viscosity, which can result in the reduction of the
membrane pore size and water flux. High energy demands resulting from mem-
brane fouling is an indirect drawback associated with MBR operations. Therefore,
research on osmotic MBRs (OMBRs) has been intensified recently [43, 53, 98]. The
driving force in OMBRs is the osmotic pressure difference between the feed and
draw sides of the membrane, rather than hydraulic pressure difference. However, as
compared to a conventional MBRs, OMBRs contain a high rejection semiperme-
able membrane instead of a microporous membrane. Although the fouling potential
is comparatively much lower in OMBRs, membrane fouling still does occur. The
elevated salinity and salt accumulation, the interactions of inorganic ions and
organic foulants, and the scaling of low soluble salts under high ionic strengths
might even contribute toward more complex fouling phenomena [74]. But, due to
the absence of hydraulic pressure in OMBRs, the compaction of membrane foulants
is milder and hence fouling could be easily curtailed by hydrodynamic shear.

8.3 Summary

The fabrication procedures, features, and performance of the polymers used in
recent filtration processes are discussed in this chapter. These processes include RO,
NF, UF, and MF. The polymers used recently in systems such as MBRs and MD,
where membrane filtration is employed, are also discussed. The efficiency of a
membrane filtration process depends on the type of polymer, the physical charac-
teristics of a polymeric membrane, and the functional groups on the surface and
interior of the polymeric membrane. A membrane with desirable properties can be
fabricated through the modification of the membrane-forming polymers. This
modification can be achieved through the incorporation of materials such as
copolymers and nanoparticles into the membrane matrix. For RO, there is a general
preference for PA TFC membranes recently, but the application of these mem-
branes is restricted by the chemical attack of the amide group in PA due to chlorine
and other oxidizing compounds. Meanwhile, surface modification by zwitterionic
polymer can be used to achieve higher permselectivity and water flux. In addition,
SPAES lacks amide linkages; so TFC membranes based on SPAES have high
resistance to chlorine attacks. These zwitterionic coatings and reactive groups that
can form chemical bonds such as PFPA also have the potential to impart antifouling
properties to RO membranes. Nanofillers such as CNTs can be employed to
improve the salt rejection properties of RO membranes. However, further research
is needed to improve the mechanical integrity of CNT nanofillers for long-term
processes. For NF, PEEK contains a low level of sulfonation and can be used with
polymeric membranes to achieve resistance again solvents, acids, and bases. The
grafting of fluorinated PA onto the surface of the PA NF membranes could be used
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to improve the resistance of PA TFC membranes to fouling. The fluorinated PA has
the potential to reduce the surface energy of TFC membranes, thereby reducing the
adsorption of foulants on the membranes. In addition, cross-linkers and sulfonic
acid group are capable of enhancing the hydrophilicity of NF membranes.

Most of the recent works on polymers used for UF have been focused on the
incorporation of inorganic particles into the polymeric casting mixture prior to
phase inversion. The use of surfactant-templated mesoporous silica particles, GO,
and ZnO in the fabrication of UF membranes is capable of improving the
hydrophilicity of the nanocomposites formed. An improvement in membrane
hydrophilicity might result in an increase in pure water flux across the membrane
and membrane fouling reduction. The separation properties of the nanocomposites
such as morphology, porosity, and pore size distribution can be significantly tai-
lored through such modifications. The dipping of the PVDF membrane into a
dopamine solution has also been shown as a method of imparting hydrophilicity to
PVDF UF membrane in a recent investigation. Recent advancements in the mod-
ifications of the functional and structural properties of polymers for filtration are
ongoing, and it is expected that further improvements in the future would ensure
more efficient and less expensive filtration processes.
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