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Preface

Polymer is a term used since 1866 by Berthelot who, in a publication released in the
Bulletin of the Chemical Society of France, noted that “styrolene (styrene), heated at
200°C during a few hours, transforms itself into a resinous polymer”. It was the first
recognized synthetic polymer. However, Hermann Staudinger was the first one who in
1920 proposed the concept of polymers in the sense that we use today. The universality
of polymers is now well established. They are present in all fields of industrial
production as an additive or structural materials and are impossible to avoid. The
improvement of their properties gradually removed their bad reputation and, nowa-
days one can say “There are no bad polymers, only bad applications of them”.

The book aims to review the art of polymers and to provide the readers with a
comprehensive and in-depth understanding of recent developments in polymers
science, technologies and engineering. Chapter 1 explains an improvement of mod-
ified epoxy thermosets by using different hyperbranched poly(ethyleneimine) deri-
vatives. Chapter 2 provides an overview on developments in the use of rare earth
metals complexes as efficient catalysts for ring-opening polymerization of cyclic
esters used in biomedical applications. Chapters 3 and 4 emphasize knowledge and
recent advances in bioartificial polymers and based nanovectores. The topics
detailed in Chapters 5–7 provide current developments in capsules technologies,
polymer additives and polymers application in consumer goods products. Chapters
8-10 describe polymers application in membrane technologies, while Chapter 11
provides modeling and simulation understanding membrane process.
Nanomaterials often show unique and considerably changed physical, chemical
and biological properties compared to their macro scaled counterparts. Utilization
of nanoparticles often requires the construction of integrated chemical systems. Most
popular of these are polymer-supported nanoparticles, which are highlighted in
Chapter 12. Spectroscopic properties of polymer composites are given in Chapter 13.
Chapter 14 underlines catalytical and biological processes used to transform cellu-
lose into high value-added products.

We would like to express our gratitude to the contributing authors in making this
project a success, and to Dr. Ria Fritz and Ms. Jana Habermann of DeGruyter
Publisher, Germany for their assistance and encouragement in this venture.
Moreover, we would like to gratefully acknowledge a financial support from
European Community’s Seventh Framework Programme (FP/2007–2013) under REA
grant agreement no. 600388 (TECNIOspring programme), and from the Agency for
Business Competitiveness of the Government of Catalonia, ACCIÓ, under which
Dr. Tylkowski co-edits this book as a part of outreaching activity of his Individual
Incoming TECNIOspring Marie Curie Grant.

Bartosz Tylkowski
Karolina Wieszczycka

Renata Jastrzab
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Cristina Acebo, Xavier Ramis and Angels Serra

1 Improved epoxy thermosets by the use of
poly(ethyleneimine) derivatives

Abstract: Epoxy resins are commonly used as thermosetting materials due to their
excellent mechanical properties, high adhesion to many substrates and good heat
and chemical resistances. This type of thermosets is intensively used in a wide range
of fields, where they act as fiber-reinforced materials, general-purpose adhesives,
high-performance coatings and encapsulating materials. These materials are formed
by the chemical reaction of multifunctional epoxy monomers forming a polymer
network produced through an irreversible way. In this article the improvement of
the characteristics of epoxy thermosets using different hyperbranched poly(ethyle-
neimine) (PEI) derivatives will be explained.

Keywords: adhesives, epoxy, dendrimers

1.1 General introduction

Epoxy resins are commonly used as thermosetting materials due to their excellent
mechanical properties, high adhesion to many substrates and good heat and chemi-
cal resistances. This type of thermosets is intensively used in a wide range of fields,
where they act as fiber-reinforced materials, general-purpose adhesives, high-
performance coatings and encapsulating materials. These materials are formed by
the chemical reaction of multifunctional epoxy monomers forming a polymer net-
work produced through an irreversible way [1]. In this article the improvement of the
characteristics of epoxy thermosets using different hyperbranched poly(ethylenei-
mine) (PEI) derivatives will be explained.

1.2 General concepts of epoxy thermosets

The term epoxy or epoxide refers to compounds characterized by the presence of an
oxirane or epoxy ring, a three-member ring containing an oxygen atom that is bonded
with two carbon atoms as shown in Figure 1.1.

From the structural point of view of chemistry, epoxy resins are monomers or
oligomers containing two or more epoxy groups in their structure. P. Castan [2]
developed the first system based on the well-known diglycidyl ether of bisphenol A
(DGEBA). The commercialization of this resin dates back to 1940 [3]. It is obtained by
the reaction of bisphenol A with epichlorohydrin in the presence of a strong base

https://doi.org/10.1515/9783110469745-001
 Open Access. © 2017 Cristina Acebo, Xavier Ramis and Angels Serra, published by De Gruyter.  
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such as NaOH. Depending on the ratio between reactants, the resulting molecular
weight can be tuned in order to have different resins being possible to obtain liquid,
waxy or solid DGEBA resins [4]. The reaction, still used nowadays, is depicted in
Figure 1.2.

There are other types of resins with different structures that lead tomaterials with
different characteristics. Some of the most typical resins are collected in Figure 1.3.
The non-epoxy part of the molecule can have an aliphatic, cycloaliphatic or aromatic
structure and the functionality, related to the number of epoxide groups, can also be
varied.

R CH CH2

O

Figure 1.1: Chemical structure of epoxy ring.
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Figure 1.2: Synthetic scheme for the preparation of Bisphenol A epoxy resins.
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Figure 1.3: Structures of several commercially available epoxy resins.

2 1 Improved epoxy thermosets by the use of poly(ethyleneimine) derivatives



Epoxy resins are capable of reacting with different active compounds known as
curing agents (with or without catalyst) or with themselves (via an initiator) to form
solid, crosslinked materials. This transformation is generally referred to as curing.

From a fundamental point of view, thermosetting epoxy polymers may be
defined as polymer networks obtained by a chemical reaction of monomers, which
contain two or more epoxy groups per molecule (a functionality equal to or higher
than 2) [5]. The functionality of an epoxy monomer is defined by the number of arms
(bonding sites) that participates in the formation of the polymer network. The
functionality of the epoxy monomers depends on the curing system used and will
be discussed below, but a necessary condition for the formation of a network is that at
least one of the monomers involved in the reaction has a functionality higher than
two, since the global functionality of the system to reach a network structure is a
minimum of 4.

1.3 Curing agents

Crosslinked epoxy polymers are obtained by the reaction of epoxy monomers with
curing agents (co-monomers or initiators). Epoxy polymers can be produced by step
or chain growth polymerizations or, eventually, by a combination of both mechan-
isms [5].

Step growth polymerization (polycondensation) proceeds via a step-by-step
succession of elementary reactions between reactive sites. Each independent step
causes the disappearance of two co-reacting sites and creates a new covalent bond
between a pair of functional groups. In this case curing agents like amines, alcohols,
anhydrides, isocyanates or acids have been used in stoichiometric ratio [6].

Chain growth polymerization (ring opening) is characterized by the occurrence of
initiation, propagation, chain transfer and termination steps. In the case of epoxides,
the initiation step produces an ion (either an anion or a cation) that is called the
active center of the polymerization. The ion may be generated by thermal treatment
or by an adequate source of irradiation. Once active centers are generated, they
produce primary chains by the consecutive addition of monomers through the
propagation step of the reaction.

Polycondensation curing mechanisms require an accurate knowledge of the
stoichiometry of the system. Among them, the most used curing agents for epoxy
resins are primary and secondary amines. In this system, DGEBA is bifunctional and a
requirement for the amines is that they must be multifunctional (more than two
reacting groups). Considering that primary amines account for a functionality of two
and secondary for a functionality of one, usually primary diamines are used. The
reaction of epoxy with amines is depicted in Figure 1.4[6].

Primary and secondary aliphatic amines react rapidly with epoxy groups at low
temperature to form three-dimensional crosslinked structures. However, they can

1.3 Curing agents 3



also be cured at higher temperatures to provide a more densely crosslinked structure
with better mechanical properties, elevated-temperature performance and chemical
resistance. Other amines, such as aromatic or cycloaliphatic, are less reactive and
generally require higher curing temperatures.

After amines, acid anhydrides are the second most used group of curing agents.
Among the most common anhydrides, phthalic anhydride (PA, a), tetrahydrophtha-
lic anhydride (THPA, b), methyl tetrahydrophthalic anhydride (MTHPA, c) and nadic
methyl anhydride (NMA, d) can be mentioned (Figure 1.5).

The reaction of anhydrides with epoxy groups has been extensively studied
and follows a complex mechanism, with several competitive reactions capable of
taking place [7, 8]. The limitation of the use of anhydrides as curing agents is
the low reactivity and, therefore, curing has to be carried out at high tempera-
tures to obtain optimal properties [9]. The presence of catalysts such as tertiary
amines, metallic salts and imidazoles can accelerate the curing and overcome
this drawback [10].

The main reaction that takes place on curing epoxide/anhydride mixtures
without amine is illustrated in Figure 1.6. The first reaction is the opening of the
anhydride ring by reaction of a hydroxyl group to form the monoester (1) and
subsequently the nascent carboxylic group reacts with the epoxy to provide an
ester linkage (2). The reaction proceeds by the presence of existing hydroxyl
groups (3).
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Figure 1.4: Reaction of a primary amine with epoxides.
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Figure 1.5: Chemical structure of anhydrides used as curing agents of epoxy resins.
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In the presence of tertiary amine a different mechanism occurs (Figure 1.7). It is
proposed that the tertiary amine reacts with the epoxy monomer and forms a zwitterion
that contains a quaternary nitrogen atom and an alkoxide (1). The alkoxide rapidly
reacts further with an anhydride group, leading to a carboxylate anion (2). Propagation
occurs through the reaction of the generated carboxylate with an epoxy group and the
formation of a new alkoxide anion (3). There is still no definite validation regarding
the termination step and whether the initiator remains chemically attached during the
whole course of the reaction. Some authors describe an irreversible bonding of the
initiator [11], but there is disagreement on this point [12, 13].

The other main group of curing agents used is the one of initiators. Commonly
used initiators include Lewis bases such as tertiary amines or imidazoles for anionic
chain polymerization, and Lewis acids such as boron trifluoride complexes or other
metal salts. These initiators are used in catalytic amounts and promote the homo-
polymerization of epoxides via the ring-opening polymerization (ROP) [14]. This ring-
opening mechanism is similar in terms of the kinetics to poly-addition since it
presents an initiation step, a propagation and finally a termination, but
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Figure 1.6: Uncatalyzed curing mechanism of epoxides with anhydrides.
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mechanistically it is more complex and leads to the introduction of heteroatoms in
the network structure.

In these initiated curing systems, the functionality of the epoxide group is two
and therefore the global functionality of a diepoxy resin is four. Thus, from a diep-
oxide, crosslinked structures can be obtained by the use of the adequate initiator and
conditions.

Anionic polymerization can be promoted by several initiators with high nucleo-
philic character or strong basic characteristics, but in the field of epoxy thermosets
the most extended anionic initiators are tertiary amines [1], such as 1-methyl imida-
zole (1-MI) [15] or 4-(N,N-dimethylamino)pyridine (DMAP) [16] (Figure 1.8).

The curing mechanism initiated by tertiary amines is depicted in Figure 1.9. As can
be seen, the opening of the epoxide by the nucleophilic attack of the amine forming an

N
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N
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Figure 1.8: Chemical structures of tertiary amines used as anionic initiators.
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Figure 1.7: Curing mechanism of epoxides with anhydrides in the presence of tertiary amines.
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alkoxide is the first step. Initiation and propagation proceed by nucleophilic substitution
(SN2) and as a consequence nucleophilic attack occurs in the less-substituted carbon.

Ooi et al. [17] observed by differential scanning calorimetric (DSC) studies two
exothermic peaks during the curing process of N-alkyl substituted imidazole-DGEBA
formulations. These results indicated that the curing mechanism represented in
Figure 1.9 was more complex. The cause of the additional peak was associated with
imidazole regeneration by β-elimination or N-dealkylation process, which then rein-
itiates the polymerization, as discussed in Figure 1.10.

Moreover, in previous studies it could be demonstrated that the presence of species
that can coordinate with epoxides (such as hydroxyl groups) promotes the initiation
step, speeding up the reaction due to the interaction between the hydroxyl group and the
oxygen in the oxirane ring, which helps increase the positive charge in the oxirane ring
methylene carbons (Figure 1.11). The imidazole regeneration can be also favored by the
presence of hydroxyl groups [18, 19].
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Figure 1.9: Anionic ring-opening homopolymerization of epoxides initiated by a tertiary amine.
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If the initiation step is catalyzed by Brönsted or Lewis acids, the propaga-
tion takes place via a cationic mechanism. TiCl4, AlCl3, ZnCl2, BCl3, SiCl4,
FeCl3, MgCl2 and SbCl5 are Lewis acids used as catalysts, but the most
extended one is the BF3/amine complex [20]. In recent years also lanthanide
and rare earth metal triflates have demonstrated to be good cationic initiators
[21–24].

Figure 1.12 shows the mechanism of propagation for the cationic polymerization
of epoxides. In this case, there are two propagation mechanisms that coexist: active
chain end (ACE) and activated monomer (AM) [25]. Both mechanisms start by the
coordination of the initiator with the epoxide to promote the ring opening. The ACE
mechanism consists in the reaction between an activated epoxide and a nonactivated
one. In that way, the activated epoxide is always linked to the growing chain forming
a cyclic oxonium cation. On the contrary, the AM mechanism requires a hydroxyl
group to first open an activated epoxide. Then, there is an intermolecular interchange
of protons with an epoxide that now becomes activated. Thus, themonomer is always
the activated epoxide.

All these systems described constitute a two-component system in which the
monomer and curing agents are stored separately and they are mixed in the correct
quantity just prior to use. However, one-component systems in which the mixture of
epoxy resin and curing agent is commercially supplied, also called one-pot resins,
have considerable advantages over the others, since they are easier to use. One-pot
epoxy resins require a latent curing agent, which does not react at room temperature,
but reacts with epoxy resins under external stimulation, heat or irradiation [26].
Thermal latent curing agents can act mainly by two different mechanisms: the first
one is based on their low compatibility in the epoxy resin because of their crystalline
character or by encapsulation of the active species [27]. The second mechanism is
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Figure 1.12: Active chain end (ACE) and activated monomer (AM) propagation mechanisms for the
cationic polymerization of epoxides.
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based on the use of a precursor compound, inactive at room temperature, but which
under triggering by heat transforms into an active curing agent [28]. Photoirradiation
can also lead to the formation of active species, which originate homopolymerization
by cationic or anionic processes [29]. Although photoirradiation is a more convenient
way of triggering, from the point of view of energy savings, it presents some dis-
advantages, such as the curing of thick samples or with a complex geometry [30]. The
initiation by heat is easier from the experimental point of view and can be applied to
thicker samples or to hidden parts of surfaces.

The selection of the curing agent is the key point in the application, workability
of the curing mixture, characteristics of the final thermosets and other factors.

1.4 Characteristics of epoxy thermosets

The degree of crosslinking and the nature of the bonds in the cured epoxies give them
many desirable characteristics that have placed these thermosets as the standard
option for a variety of applications such as adhesives, coatings, composites for
structural applications, and so on.

Some of the most important characteristics of these materials are the absence of
volatile matter on curing and the capacity to adhere to most substrates due to the
presence of polar groups like hydroxyl or ether [10]. In addition, epoxy resins are
resistant to thermal degradation and are stable to the attack by corrosive chemicals.
These properties are related to the covalent bonds present in the network, which
define their stability. The presence of groups that can be removed by chemical
reactions using weak alkalis, strong acids and organic solvents reduce the chemical
resistance [31, 32]. Moreover, the addition of cleavable linkages in the network
structure allows thermosetting materials to be removed under thermal controlled
conditions [33–35].

Epoxy thermosets are amorphous and highly crosslinked materials. The cross-
linking density is a key parameter in determining the mechanical properties of an
epoxy resin after cure. The higher crosslinked density allows these thermosetting
materials to have high glass transition temperatures and useful properties like high
values of hardness, tensile strength, shear strength or Young’s modulus.

However, in terms of structural applications, they have some disadvantages that
limit their range of applications. Epoxy resins are in general brittle due to their high
crosslinked character, which confers low impact strength and poor resistance to
crack propagation [2]. The fracture resistance decreased with increasing crosslinking
density [35]. Moreover, the tight structure implies a shrinkage that is undergone
during the curing process, which finally leads to the apparition of stresses and
defects in the material. The crosslinked nature enhances the thermal resistance, so
they cannot be removed from a substrate without damaging it. In coatings technol-
ogy, the resistance to scratch is another interesting issue to be improved. Thus, new
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strategies to overcome these drawbacks are needed, but these strategies should not
compromise other properties.

1.4.1 Toughness

Toughness of a specimen refers to the total energy required to cause failure, i.e. the
total area under the stress–strain curve or the energy absorbed in an impact test.
Toughening of the epoxy resins by the addition of toughening agents or modifiers
helps improve the amount energy absorption capacity. As a result, tremendous effort
has been focused on improving the toughness of such materials during the past
decades and many reviews in this area are available [36–38].

There are many approaches for improving toughness in epoxy resins, which
include: a) chemical modification of the network structure to make it more flexible,
b) increasing the molecular weight of the epoxy resin to improve the molecular
weight between crosslinks, c) lowering the crosslink density of the matrix by adjust-
ing the ratio of epoxy resin/crosslinking agent, d) adding reactive diluents, e) adding
toughness modifiers in the formulation or f) incorporating inorganic fillers/reinforce-
ments into the neat resin [36].

The most promising strategy for increasing the toughness of epoxy thermosets is
the incorporation of plasticizers, like thermoplastic or rubbers, which increase the
flexibility of the final network by the incorporation of a second dispersed phase [39,
40]. However, the addition of these modifiers usually compromises the modulus and
thermomechanical characteristics of the thermosets, leading to a reduction of Young
modulus and Tg, and worsening the processability of the formulation by increasing
its viscosity [36].

Another method of preventing the crack from freely developing after impact is
the addition of a modifier that induces the formation of particles that absorb the
impact energy and deflect the crack. The formation of micro/nanostructures in multi-
component thermosets can further optimize the interactions between the thermoset-
ting matrix and the modifiers and thus the mechanical properties of materials can be
significantly improved. This is known as “toughening by micro/nanostructures” and
can be achieved, among other procedures, following the chemical-induced phase
separationmethodology (CIPS) [41, 42]. It starts from an initial homogeneousmixture
composed of the resin, curing agent and modifiers. On curing, a blend of epoxy
matrix filled with rubber or thermoplastic microspheres is formed, with a final size of
these particles controlled by the viscosity of the reacting mixture during curing [43].

Alternatively, new strategies as the incorporation of hyperbranched polymers
(HBPs) [44, 45] or multiarm star polymers (SPs) [42] have been applied with good
results in improving toughness without affecting the other properties of the resin [46].
The improvement in toughness in the case of HBPs is attributed either to the
flexibilizing effect induced by the homogeneous incorporation of the HBP [47] or to
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the local inhomogeneities created in the crosslinked network by the formation of
phase-separated nanoparticles with good interfacial adhesion between phases [48].
The particles hinder the propagation of a certain crack in the material as seen in
Figure 1.13. Since the interaction between phases plays a key role in this toughness
reinforcement mechanism, the structure of the HBP must be carefully selected in
order to obtain the desired properties.

1.4.2 Shrinkage

When any type of monomers undergoes polymerization and crosslinking, shrinkage
occurs throughout the cure process. Shrinkage is the reduction in volume brought
about by increase in density. The curing process of epoxy resins entails shrinkage,
which is a critical point in the field of coatings since it can lead to the appearance of
internal stresses and consequently to defects in the materials, such as microvoids,
microcracks or warping [49]. For this reason, the reduction of stresses is an important
goal since the protection capability is reduced when thermosets are used as coatings.

One should distinguish between thermal and chemical shrinkage. Thermal
shrinkage occurs in thermal curing because after curing the thermosets obtained at
high temperature should be cooled down until room temperature and therefore the
contraction is difficult to avoid. On the other hand, chemical shrinkage occurs
because of the formation of new covalent bonding in the reactions taking place
during the curing process. In general, as the monomer polymerizes, its density
changes as a direct result of the bond changes being affected during polymer forma-
tion. Usually, the new bonds formed are shorter in the polymer than the distances
between monomers [50]. This shrinkage is caused by the chemical reactions taking
place during curing and it is described that the shrinkage during ROP is lower than
chain growth and step growth polymerizations [50]. This is due to the fact that per
each Van der Waals distance that becomes a covalent bond, there is one covalent
bond going to a nearly Van der Waals distance (Figure 1.14). Thus, the use of ROP is a
good strategy to produce the minimally shrinking epoxy thermosets.

a b
Figure 1.13: Crack propagation in materials: a) without particles and b) with dispersed particles.
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Many approaches have been developed to solve the shrinkage issue related to
the chemical reactions occurring during the curing process like the addition of
inorganic inert charges (silica, quartz or mica) or polymeric charges (polyurethane
foams, PVC or polystyrene). Unfortunately, the main problem of this strategy is that
the Tg of the resulting thermosets decreases dramatically, reduces toughness,
increases the viscosity and worsens the material properties, thereby limiting their
range of applications [2].

New strategies such as the addition of HBPs as modifiers in epoxy thermosets can
reduce the shrinkage during curing by reducing the internal stresses [51]. The incor-
poration of HBPs in the network decreases the coefficients of thermal expansion (CTEs)
due to the higher degree of crosslinking coming from the high number of reactive
groups in theHBP and does not reduce the Tg of thefinalmaterials [52]. Moreover, it has
been reported that the increase in the amount of HBP added to the formulation reduces
not only the global shrinkage but also the shrinkage after gelation, which is the true
responsible of the apparition of stresses. [51]. It is worth noting that after the gelation,
the material loses its mobility and therefore the shrinkage produced after gelation
produces tensile, compressive and shear forces within the resin.

1.4.3 Reworkability

The concept of reworkability in thermosets is related to the ability of the material to
break down under controlled conditions in order to be removed from a given sub-
strate (Figure 1.15), but it does not mean that the polymeric material can be reused or
recycled [34].

The decomposition of the degradable linkages upon heating is expected to lead
to a decrease in crosslinking density and modulus of the adhesive or coating,
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Figure 1.14: Changes of distances before and after ring opening polymerization.

Rewore Clean-up

Figure 1.15: Scheme of the process of the elimination of a reworkable coating.
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allowing its removal and replacement. The optimal temperature range for safe rework
operation is desired to be within 200–250 °C [33, 53].

In order to obtain thermally reworkable epoxy thermosets, one of the first
approaches was the introduction of disulfur linkages in the amine curing agent,
which allows the fragmentation of the thermoset with temperature [54]. Other
authors proposed the introduction of thermally labile groups in the structure of
the resin [55, 56]. The introduction of ester groups improves the reworkability since
they can be broken by a β-elimination process (Figure 1.16) at a temperature of
about 235 °C [33].

Alternatively, there also exists the possibility of introducing groups that can be
eliminated by chemical reactions. This is the so-called “chemical reworkability”.
There are many strategies based on this principle. For instance, the introduction of
olefinic unsaturation in the structure of the resins allows the cleavage of the network
by oxidation of the double bonds with permanganate. If the groups introduced are
carbamates, the cleavage is carried out by strong acid treatment [57].

Other examples are the use of epoxy resins with ketal groups in their structure,
which can be hydrolyzed after acid treatment [58] or the copolymerization of epoxy
resins with spirocyclic γ-bislactone obtaining thermosets that can be completely
solubilized in 1M ethanolic KOH solutions [59].

1.4.4 Scratch resistance

In many coating systems, the uppermost layer is a thin coating, which not only
protects the underlying layers or substrate from chemical and UV degradation, but
also provides protection from mechanical damage that can result in surface
blemishes/scratches [60]. Excellent scratch-resistance coatings are characterized by
large plastic deformation, small cracks and high elastic recovery [61].

There are two main ways of improving the scratch resistance of organic
coatings: one is to optimize the polymer lacquer components and the other is to
reinforce the coating by embedding fillers into them [62]. The addition of
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Figure 1.16: Mechanism of pyrolytic β-elimination of esters.
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nanosized silica and alumina particles having diameters of 10–50 nm represents
an attractive alternative to conventional fillers. Because of their nanometer size
and their large active surface, it can be expected that polymeric nanocomposites
exhibit markedly improved properties as compared to pure polymers or conven-
tional composites. Thus, different inorganic and organic nanopowders, such as
SiO2, Al2O3 or ZrO2, have been employed, yielding considerable mechanical
reinforcement [63].

Hybrid organic–inorganic nanocomposites have drawn considerable attention,
in recent years, because they combine the advantages of an organic polymer
(flexibility, light weight, good impact resistance and good processability) and
inorganic materials (high mechanical strength, good chemical resistance, thermal
stability and optical properties) [64]. The formation of inorganic domains generated
in situ for enhanced surface scratch resistance seems to be a very promising
approach toward new, multifunctional technical coatings [65]. The generation of
nanostructures in the polymer matrix by sol–gel processes leads to a fine dispersion
of the inorganic phase into the epoxy matrix, which could be advantageous in
comparison to the addition of performed inorganic nanoparticles, improving
scratch characteristics.

Nowadays, the combined use of HBPs and sol–gel reactions in the preparation of
nanocomposites seems to be advantageous as they can allow better interaction of the
organic phase with the inorganic particles [66, 67]. The multifunctional HBP struc-
ture allows to prepare silica hybrid coatings with a strong increase in surface hard-
ness and scratch resistance.

1.5 Dendritic polymers

In the 1980s, a kind of highly branched three-dimensional macromolecules, also
named dendritic polymers, was born and gradually became one of the most interest-
ing areas of polymer science and engineering [68]. Dendritic architecture is recog-
nized as themain fourth class of polymer architecture after traditional types of linear,
crosslinked and chain-branched polymers that have been widely studied and indust-
rially used [69].

Dendritic molecules are composed of repeating units emanating from a central
core. When the structure of the molecule is perfectly symmetric around the core and
adopts a spherical three-dimensional morphology, a dendrimer is formed. In con-
trast, the presence of some imperfections results in a hyperbranched polymer
(HBP). A schematic representation of dendrimers and HBPs is represented in
Figure 1.17.

In a perfectly branched dendrimer, only one type of repeating unit can be
distinguished, apart from the terminal units. However, HBPs present three different
types of repeating units, named D, L and T, as illustrated in Figure 1.18.
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The degree of branching (DB) is a structural parameter used to characterize the
topology of dendritic polymers and is one of themost important because it has a close
relationship with polymer properties such as free volume, chain entanglement,
mean-square radius of gyration, glass transition temperature (Tg), degree of crystal-
lization (DC), capability of encapsulation, mechanical strength, melting/solution
viscosity, biocompatibility and self-assembly behaviors [70, 71]. Fréchet and cow-
orkers [72] defined the DB as the ratio of the molar fraction of branched and terminal
units relative to that of the total possible branching sites.

DB=
D+T

D+T + L
ð1:1Þ

Generation 0

Generation 1
Generation 2
Generation 3

Figure 1.17: Schematic representation of a dendrimer and a hyperbranched polymer.
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Figure 1.18: Different units present in a HBP obtained from the polymerization of an AB2 monomer.
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where D is the number of fully branched units and L is the number of partially
reacted units. The value of the DB varies from 0 for linear polymers to 1 for dendri-
mers or fully branched HBPs (see Figure 1.4).

Dendritic polymers are characterized by special features that make them
promising candidates for a number of applications. One of the most interesting
physical properties is their lower viscosity in comparison with their linear
analogues, which is a consequence of the architecture of the molecules [73].
The relationship between molecular weight and viscosity for various polymer
topologies is represented in Figure 1.20. Dendrimers in solution reach a max-
imum of intrinsic viscosity as a function of molecular weight as their shape
changes from an extended to a more compact globular structure, especially at
high molecular weights [74, 75].

Well-defined structures require a stepwise synthesis and dendrimers are usually
prepared by an iterative synthesis, with the purification of intermediate stages or
generations while hyperbranched molecules can be synthesized in one step. This
characteristic and their good properties such as low viscosity, good solubility and
good chemical reactivity make HBPs suitable products for a larger application scale
in typical technological fields like coatings and adhesives [76].

1.5.1 Hyperbranched polymers

HBPs are highly branched three-dimensional macromolecules with a large number of
end groups (Figure 1.19) [77]. They have special properties, which are key to their
industrial applications. As mentioned before, one of them is low viscosity compared
with their linear analogues.

Besides, HBPs have high chemical reactivity and enhanced solubility when
compared to their linear analogues. They also exhibit enhanced compatibility with
other polymers as has been demonstrated by blending studies [73]. Hyperbranched
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materials also have outstanding mechanical properties such as modulus, tensile
strength and compressive moduli, which reflect the compact highly branched struc-
tures [73]. Owing to those special properties, HBPs have been used as rheology
modifiers or blend components [44, 78], tougheners for thermosets [43, 45] and
crosslinking or adhesive agents [79]. Also, HBPs have been used as the base for
various coating resins [80], including powder coatings [81], flame-retardant coatings
[82] and barrier coatings for flexible packaging [83].

1.5.2 Star polymers

Dendritic polymers with a single branch point and all arms exhibiting low degrees of
compositional heterogeneity with respect to composition, molecular weight and
molecular weight distribution are named star polymers (SPs) [84]. Basically, SPs
consist of linear polymeric chains radiating from one single branched point, called
“core” or central nodule, and which can itself be polymeric. If the arms are identical,
the SP is said to be regular. If the adjacent arms are composed of different repeating
subunits, the SP is said to be miktoarm. The copolymeric nature of the arms leads to
the so-called copolymeric stars (Figure 1.21). For the preparation of multiarm SPs, a
multifunctional core is needed. The lower cost of HBPs, the presence of reactive final
groups and their easy synthesis from commercially available monomers make them
adequate cores for their preparation.

SPs resemble more closely the hard sphere model, especially when the numbers
of arms in the SP are high. The hard sphere character of SP is directly correlated to
entanglement. If the number of arms is high, the entanglement decreases and it is
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Figure 1.20: Relationship between intrinsic viscosity (η) and molecular weight (M).
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lower than in linear polymers, causing lower intrinsic viscosity of these materials as
compared to linear polymers of the same molecular weight, which is one of the main
features of SPs [75, 85, 86].

Owing to their compact structures and high segment density, SPs have gained
increasing interest. Nowadays, the incorporation of biocompatible segments on the
star copolymer structures is of particular interest for biomedical applications [87].
Moreover, SPs have potential applications as components of different types of
complexes, hydrogels, networks, ultrathin coatings, thermoset modifiers, etc.
[88]-[90].

1.6 Modified epoxy thermosets by using HBPs and other highly
branched topologies

Over the past few years, HBPs have received much attention as modifiers of epoxy
systems to improve the mechanical properties, reduce the shrinkage on curing [51]
and increase the reworkability [31], if the structures are conveniently selected [45, 91].

One of the first HBPs used as modifier for epoxy resins was an aliphatic hyper-
branched polyester based on 2,2-bis(hydroxymethyl)propionic acid (BHMPA) [92].
This polymer was produced and commercialized by Perstorp as Boltorn HX (where X
can be 20, 30 or 40 related with the degree of polymerization). There are several
published papers on the use of Boltorn as a modifier in different epoxy thermosetting
systems. Ratna et al. [93] used Boltorn H30 as a modifier in epoxy/amine thermosets.
The final materials showed globular HBP particles dispersed in the epoxy matrix and
the result was a significant improvement of the impact strength, approximately twice
the value of the neat material, when a high concentration of HBPwas used. However,
Yang et al. [94] obtained homogeneous materials in epoxy/anhydride systems and
the improvement in impact strength was around 25% over the pure epoxy/anhydride
matrix by the addition of HBP as amodifier. This could be explained by the formation
of particles in the first case and a homogeneous material in the second due to the
different chemistry implied in the curing process.

Core

Regular star Miktoarm star Copolymeric star

arm

Figure 1.21: Schematic representation of star polymer structures.
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Different modifications of Boltorn-like polymers have been described in the field
of thermosets. Varley and Tian [95] reported the use of an epoxidized Boltorn as a
modifier of epoxy/anhydride systems. The addition of HBP had a minimal effect on
the viscosity of the mixture. Furthermore, the modified materials showed excellent
improvements in toughness. A 100% increase in fracture toughness was achieved by
the presence of a 20%wt of HBP in the epoxy network.

The effect of DB of HBP in the improvement of epoxy materials cured by the
cationic initiator was studied [96]. In these systems, the viscosity of the formulation
was lower on increasing the DB of the modifier, which confirms the advantages in the
rheological behavior of HBP-modified formulations. On increasing the DB, the Tgwas
increased and the storage moduli in the rubbery state followed the same trend. The
addition of HBP to the formulation led to a reduction of the global shrinkage on the
curing process, which increased with the proportion of modifier and DB. Because of
the aromatic poly(ester) nature of these HBPs, the thermal stability increased, but the
chemical reworkability in the basic solution improved. The high thermal stability is
due to the fact that aromatic ester groups cannot be broken by β-elimination pro-
cesses because of the absence of hydrogen in the β-position [31]. This study put in
evidence the validity of the dendritic characteristics in the improvement of epoxy
thermosets.

Boltorn polyesters have also been used to control the shrinkage in the cationic
polymerization of DGEBA using hydroxyl-terminated HBPs [51]. The reduction in
contraction during curing was observed because intermolecular and intramolecular
H-bond interactions decreased and the free volume increased when HBP reacts and
gets incorporated into the network.

The large number of reactive sites present in the HBPs structure allows the
possibility of changing their solubility in the epoxy matrix by the attachment of
polar or nonpolar units to the end groups [97]. As a result, optimal shell chemistry
design of the HBP could be achieved, which permits one to obtain homogeneous or
nano- and microstructured thermosetting materials [91]. Moreover, by tailoring
their chemistry, it is possible to reach suitable mechanical properties for inducing
the most efficient toughening mechanism [98]. Flores et al. [99, 100] reported the
use of partially modified Boltorn-type polyesters and hyperbranched poly(glycidol)
with 10-undecenoyl moieties as modifiers in DGEBA thermosets. The materials
obtained resulted in a significant increase in impact strength, since the use of
partially modified HBP led to phase-separated materials with particle sizes on the
nanometric or micrometric scale with good interaction between particles and
matrix because of partial covalent bonding. Both structural facts led to a cavitation
mechanism of toughness enhancement. This enhancement was possible without
affecting the thermal stability, thermomechanical characteristics or processability
of the formulations.

Other HBPs as poly(ester-amide) and poly(amino-ester) have been used as modi-
fiers for epoxy resins, leading to improvements in shrinkage, degradability or
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mechanical properties [52, 101]-[103]. The effect of molecular weight of different
hyperbranched poly(ester-amide)s before shrinkage was investigated and a progres-
sive decrease of global shrinkage was observed on increasing the proportion of HBP
and in the higher molecular weight [101].

In addition to HBPs, multiarm SPs can also be considered as a new class of
modifiers for epoxy resins. Meng et al. [42] obtained nanostructured diglycidylether
of bisphenol A thermosets using core-crosslinked stars based on poly(styrene) core
with poly(ethyleneoxide) or poly(styrene)-b-poly(ethyleneoxide) arms. Tgs values
of the epoxy thermosets containing the modifiers were clearly improved. The
mechanical properties (Young’s modulus, impact strength and microhardness)
showed a maximum value when 10%wt of the modifier was added to the
formulation.

It has been reported that multiarm stars with poly(ε-caprolactone) (PCL) arms
and different cores were used as epoxy thermoset modifiers [90, 102, 104]. The
addition of these polymers led to homogeneous materials with a more tough fracture
while reducing the shrinkage on curing without compromising the thermomechani-
cal properties. Multiarm SPs with poly(styrene) and poly(methyl methacrylate) arms
were also used as modifiers in epoxy systems obtaining phase-separated materials or
nanograined morphologies [105, 106]. The impact strength was improved in the
material with the highest content of modifier. Chemically reworkable epoxy coatings
by the addition of these star topologies were also prepared [32]. An important
characteristic of these modifiers is the low viscosity of the formulation. It could be
demonstrated that on increasing the number of arms and shortening them, the
viscosity was lower [107].

Miktoarm SPs were also synthesized with a hyperbranched polyester core and
poly(ethylene glycol) arms or poly(ethylene glycol)/PCL arms [108]. The resulting
materials, due to the amphiphilic character of the multiarm star, showed phase-
separated morphologies with nanosized particles and a significant improvement on
impact strength. The best improvement was obtained by using the miktoarm contain-
ing poly(ethylene glycol)/PCL arms. Due to the hydrophilic/hydrophobic character,
this modifier demonstrated a high self-assembly tendency, responsible for the
improvement.

1.7 HBPs and multiarm SPs from PEI

The common terminal groups of HBPs are hydroxyl moieties. Through them, numer-
ous functional components can be introduced into the HBP structure. However,
amine-terminated HBPs are also interesting and have been scarcely explored.
Hyperbranched PEI presents a high content of amino groups and is very attractive
for several industrial applications [109]. One of the most important features of PEI
macromolecules is their availability at industrial scale and low cost.
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Nowadays, there are many companies selling HBPs, which are used in many
industrial applications. Among them, BASF commercializes a family of HBPs with the
name of Lupasol® that consists of hyperbranched poly(ethylenimine) (PEI) [110]. It
should be said that firstly PEI was commercialized under the name Polymin [111]. PEI,
also called poly(aziridine), is a polymer with a repeating unit composed of an amino
group and an ethylene spacer (Figure 1.22).

The industrial production of ethyleneimine and PEI began in Germany about
1938, when I.G. Farbenindustrie (founded as a merger of BASF, Bayer, Agfa, Hoechst,
Chemische Fabrik Griesheim-Elektron and Chemische Fabrik) built and operated a
plant in Ludwigshafen. In 1951, the company was split into its original constituent
companies. The four largest companies (BASF, Bayer, Agfa and Hoechst) quickly
bought the smaller ones.

Hyperbranched PEIs are produced in a large scale by self-condensing ROP. In
this methodology, a heterocyclic monomer is used and a cationic or anionic mechan-
ism is applied. Lupasol products are obtained through cationic polymerization of the
ethyleneimine monomer (aziridine) by a wide variety of acidic reagents and quater-
nizing agents [112]. The polymerization is terminated by reaction with water. Under
these conditions, branched-chain structures are formed as is shown in Figure 1.23.
The DB is dependent upon reaction conditions such as catalyst and ethyleneimine
concentration. PEI dendrimers were also prepared [113].
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Figure 1.22: Chemical structure of hyperbranched poly(ethyleneimine).
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The Lupasol product range is extensive. Water-free products and aqueous solu-
tions are commercially available and applied to a huge variety of materials providing
advantages and new properties. PEI was first described as an agent for producing
wet-strength papers, being usable in neutral or alkaline systems, a significant depar-
ture from the acid-requiring urea-formaldehyde resins that were extensively used.
However, the use as additive in this field has been diminished, with the exception of
certain special papers, by the arrival of newwet-strength agents that can perform this
function more advantageously [114]. In addition, PEI has been used for the prepara-
tion of cationically active papers from chromatography and electrophoresis [115].

In the textile industry, PEI improves the dye fixation [116], hydrophilicity [117]
and flame-proofing of cotton [118], among others. Moreover, the unique properties of
PEI make it useful in many applications (plastics, metals, etc.) [119] and can be used
as flocculating agents, disinfectants, etc. [120]. In coating technology, the addition of
PEI makes coatings and adhesives stick better to porous and nonporous surfaces
[121]. In the biomedical field, PEI has attracted an increasing interest because of its
potential application in gene delivery [122].

By modification of PEI, the application range can be further expanded. Amidation
with acids, alkoxylation, alkylation and carboxylation has been performed, leading to
PEI-modified structures used as CO2 cells [123, 124], detectors with specific recognition
elements [125, 126], drug delivery [127] or nano-carriers [128], among others.

Recently, Appelhans et al. introduced mono- and oligosaccharide units on the
PEI surface by reductive amidation or N-carboxyanhydride polymerization [129, 130].
These defined novel oligosaccharide architectures on dendritic polymer surfaces
have been studied as nano-sized carrier systems for gene delivery [131, 132] or
metal nanoparticles [133, 134].

PEI shows high potential for the preparation of core-shell-type SPs and it has
been used as a macroinitiator since amine groups can react easily with many of the
reactive groups. Bauman et al. [135] grafted linear polyamide-12 into PEI by two
different pathways, through transamidation of linear PA12 in the presence of PEI
core or by ROP of laurolactam.

Starting from PEI as the core, SPs have been synthesized polymerizing
ε-caprolactone (CL) [136]. These polymers were used as unimolecular micellar
nanocapsules for accommodating guest molecules [122, 137]. Following the same
methodology, SPs containing a PEI core and poly(lactide) arms were prepared and
used as nano-carriers [138].

Unmodified PEI has also been used as a curing agent of the epoxy-amine system.
The HBP can be incorporated into the network structure of the thermosets to improve
the shape-memory behavior with an enhancement of the thermal-mechanical proper-
ties [139, 140].

The reactivity of amino groups in the PEI structure toward acids, isocyanates,
acrylates and epoxides allowed one to prepare a series of new structures that can be
used in the improvement of epoxy thermosets. The incorporation of different reactive

22 1 Improved epoxy thermosets by the use of poly(ethyleneimine) derivatives



end groups in PEI has opened the possibility of obtaining thermosetting materials by
different methodologies. Hybrid organic–inorganic epoxy materials could be pre-
pared by the sol–gel approach from trialkoxysilylated PEI [141, 142] and by using
“click chemistry” different thiol click reactions could be performed on conveniently
modified PEI, forming copolymeric materials with epoxy networks [143, 144]. The
possibility of growing polyester arms from PEI cores by ROP has also been applied to
prepare a family of multiarm stars that have been further used in the epoxy thermo-
sets modification [145]-[148].

1.8 Modification of hyperbranched PEI with long alkyl chains and
its use as modifier in epoxy thermosets

The toughness of epoxy thermosets is an important characteristic in many applica-
tions and many efforts have been made to date in order to improve it. The addition of
conventional toughening modifiers such as rubbers and high-performance thermo-
plastics is the main strategy that has been followed by several authors [149, 150].
However, these additives compromise the modulus and the thermomechanical char-
acteristics of the thermosets, which restrict their range of application. In order to
overcome these limitations, HBPs have been proposed as reactive modifiers, leading
to a significant improvement of this property without negatively affecting the thermo-
mechanical characteristics [151].

The modification of different epoxy systems using commercially available HBPs
has been reported [52, 103, 152, 153]. An increase in impact strength was achieved
without sacrificing the thermal and thermomechanical properties. The enhance-
ment of toughness could be explained by the flexible structures from the HBPs,
which increase the capability of the epoxy matrix to undergo plastic deformation.
The high density of hydroxylic groups that can react with some curing agents allows
the covalent linkage of the HBP to the epoxy matrix, resulting in homogenous
materials.

PEI could be considered as an alternative to hyperbranched polyesters for the
modification of DGEBA since the presence of a high content of amines can increase
the compatibility between the HBP and the epoxy matrix. Santiago et al. reported the
use of hyperbranched PEIs as curing agent and studied in detail the curing kinetics in
comparison with a linear aliphatic triamine [139]. Moreover, as epoxy modifier, the
effect of the molecular weight of the PEI on the thermal, dynamomechanical and
mechanical properties of 1-MI/epoxy-based materials was examined [154]. Recently,
taking into account the results obtained using the PEI as a crosslinking agent, the
shape-memory behavior has been studied [140]. High values of shape-recovery rate
were achieved depending on the crosslinking density. However, amines are very
reactive at room temperature with epoxy resins, leading to a short pot-life. Therefore,
the reduction of the amino reactive groups in the structure is sometimes needed. The
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easy modification of the amino reactive groups allows one to obtain PEI-modified
polymers with many different groups in order to make them suitable for different
applications.

It is known that impact resistance is determined by the morphology formed
during the curing process. The addition of a modifier that can undergo phase
separation during curing is an alternative approach for toughening thermoset poly-
mers [155]. An important method to produce phase-separated thermosets is CIPS.
CIPS generally proceeds from an initially homogeneous solution via liquid–liquid
phase separation to yield a regular phase-separated morphology in the course of
reaction. The increase in the molecular weight of the polymer with the curing
reaction results in a decrease in the entropy of the system. To date, there are several
reviews on the preparation of micro/nanostructured thermosetting polymers by
means of the CIPS methodology [41, 156].

HBPs offer the potential for tailoring their compatibility with epoxy resins
through the conversion of their end-groups. The introduction of nonpolar moieties
reduces the polarity of HBPs with a consequent decrease in their miscibility with
epoxies leading to phase-separated materials by the CIPS methodology. On this base,
the modification of HBPs using long aliphatic chains has been reported [157]. Flores
et al. prepared a series of partially modified Boltorn H30 by the acylation process with
10-undecenoyl chloride [99]. Their addition to epoxy/anhydride formulations led to a
great increase in the impact strength (more than 400%) compared with the neat
material. Following the same approach, different modifications of hyperbranched
poly(glycidol) were performed and the epoxy thermosets prepared showed a signifi-
cant increase in impact strength (greater than 200%) with respect to the unmodified
material [100]. In both cases, the enhancement in impact strength was achieved by
the formation of microphase-separated particles by CIPS with a good interaction with
the epoxy matrix due to the covalent linkage of the remaining OH groups of HBPs
with the curing agent.

The preparation and characterization of PEI derivatives by the amidation pro-
cess have been followed by several authors [158]-[161]. For example, amidation with
fatty acids leads to pigment dispersants for nonpolar solvents [162] due to the
decrease in the polar character by the reduction of the amine content. PEIs modified
with alkanoic acids with different alkyl chains were used as macromolecular anti-
oxidants [163].

The reactive amines present in the PEI structure can be modified by the amida-
tion procedure, since amines can react with acyl chlorides and acids. To form amide
bonds by using acyl chlorides, an additional base is usually required to trap the
formed HCl and to avoid the conversion of the amine into its unreactive HCl salt and
normally 4-(N,N-dimethylamino)pyridine is added [164]. Taking this into account,
the modification of PEI by this procedure is limited by the presence of a high quantity
of amines, which can be protonated, which makes the purification process difficult.
As an alternative, N,N-carbonyldiimidazole (CDI) and dicyclohexyl carbodiimide
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(DCC) are frequently used for amide bond formation since they do not need an
additional base [164]. CDI is the most commonly used reagent for the synthesis of
amides from carboxylic acids and amines through the acyl imidazole intermediate
(Figure 1.24) due to the mild conditions under which it can be used, its low cost and
the formation of innocuous by-products (CO2 and imidazoles).

The synthetic process is carried out in one pot and two steps: first, the activation
of 10-undecenoic acid by reaction with CDI and then the nucleophilic substitution of
imidazole group in the CDI derivative by amines of the PEI structure. On changing the
proportion of CDI and 10-undecenoic acid to NH reactive groups, different modifica-
tion percentages could be obtained [165].

1.9 Synthesis of multiarm SPs by ROP and their use asmodifiers in
epoxy thermosets

SPs are characterized as the simplest case of branched species where all chains of a
given macromolecule are connected to a core. The preparation methods and proper-
ties of star-branched polymers were examined in detail several years back [84].

Commonly, SPs have been widely used as well-defined nanoparticles for applica-
tions in nanomedicine, catalysis, drug and gene delivery, among others [166, 167].
Different functional cores can be used to synthesize multiarm SPs [168, 169] and the
arms can be obtained using different synthetic methods [170, 171]. The possibility of
modifying the structure by the conjugation of different segments to their end func-
tional groups is an advantage to determine the good host–guest properties.
Moreover, star-like topologies have attracted considerable interest as toughness
modifiers of thermally cured epoxy thermosets because of their unusual physical
and rheological properties [42]. The properties of the final materials are related to the
SPs structure, the amount of end groups and the molecular weight and length of the
arms.

The use of SPs as modifiers in epoxy resins has been explored. Different multiarm
SPs were synthesized using poly(glycidol) [104] and poly(styrene) [90] as a
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Figure 1.24: Synthetic procedure of CDI mediated amide formation.
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macroinitiator and PCL arms and the use of these star-like structures has been
demonstrated to be suitable to modify epoxy resins due to their potential as toughen-
ing agents. They also showed the capacity to improve other characteristics, without
negatively affecting the curing and processability as well as the final thermomecha-
nical properties of the materials.

Generally, SPs can be prepared by “core-first” and “arm-first”methodologies. In
the first method, the polymerization of the monomer for the growth of arms is
conducted from either a well-defined initiator with a known number of initiating
groups or a less-defined multifunctional macromolecule or HBP (Figure 1.25) [172].

In the arm-first synthesis (Figure 1.26), two different approaches are possible: one
is where a linear polymer, previously synthesized, with a reactive chain end is
directly attached to a multifunctional core (A). The other is the direct copolymeriza-
tion of a macromonomer with a di- or multifunctional monomer in the presence of an
initiator (B) [84].

In the core-first methodology, the arm length can be tailored by the ratio of active
sites to the amount of added monomer obtaining well-defined SPs with a known
number of arms. High yields are achieved with only simple purification methods
compared with the arm-first method in which the purification processes are much
more complex since the impurities consist of polymers that have not been attached to
the star structure. Moreover, the number of arms in “arm-first” methodology is not
always well-controlled. Despite the approach used, obtaining SP with a high number
of arms is a tough task since a macroinitiator is needed (i. e. HBP) and the molecular
weight of the arms can be only determined by indirect methods. In most of the core-
first syntheses, HBPs like polyesters, polyethers or PEI have been used as macro-
initiator [173]-[175].

To date, well-defined stars have been prepared through the ROP of lactide (LA)
and CL using polyhydroxyl compounds as co-initiators [174, 176]. ROP processes,
which take place by a living polymerization, provide sufficient polymerization
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Figure 1.25: Synthesis of a muktiarm star polymer by the core-first methodology.
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control, producing polymers of the expected molar masses and leading to the desired
end-groups [177]. The mechanism allows preparing defined arms in the SPs struc-
tures. It has been shown that LA and CL can be polymerized in a controlled manner
using Sn-based catalysts in combination with initiating hydroxyl or amine groups.
However, references devoted to SPs prepared through the PEI-initiated ROP of LA and
CL were scarce [136, 138].

The polymerization mechanism of CL and LA co-initiated with amines involves
several steps to obtain the desired products [178]. The reaction of PEI with CL is
preceded by the carboxylate-imine groups exchange at the tin atom in Sn(Oct)2,
accompanied by the octanoic acid (OctH) release (Figure 1.27).
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Figure 1.26: Synthesis of multiarm star polymers by arm-first methodology.
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The polymerization is followed by CL monomer insertion, forming a new tin(II)-
alkoxide specie (Figure 1.28.a) initiating the propagation step (Figure 1.28.b).

Finally, the exchange reaction with OctH results in the final product and the
Sn(Oct)2 is recovered again (Figure 1.29).

By this mechanism, different degrees of polymerization in the arms can be
achieved taking into account the ratio of CL and LA to the reactive amine groups.
The different structures of repetitive units in the arms can tailor the characteristics of
the SPs modifiers [145, 146].

PCL is a hydrophobic, semicrystalline polyester with a high chain flexibility,
which is miscible in most epoxy systems [179]. The use of PCL to modify epoxy resins
appears to be a good choice due to the presence of OH groups as chain end that could
be covalently linked to the epoxy network if the proper curing agent is used. Its
flexible structure is capable of promoting crazing and shear yielding, leading to a
toughened material [180]. Moreover, the presence of aliphatic esters, which can
undergo thermal degradation by a pyrolytic elimination process, allows the rework-
ability of the modified coating.

In the same manner, the incorporation of poly(lactide) (PLA) in SPs can enhance
the final mechanical properties of the thermosetting materials and a higher thermal
reworkability is expected by the lower thermal stability of the secondary ester groups
of PLA compared to esters of the primary alkyl groups of PCL [181].

O
O

PEI

NH2

NH

NH2

n CL

NH
NH

NH2

O
OC

NH
NH

O
O SnOct

SnOct

n+1

C CH2

CH2

5

5

NH Sn(Oct)

N
PEI N

PEI N

NH
NH

NH2

O
OC SnOctCH2
5

PEI N

+

a b

Figure 1.28: Initiation (a) and propagation (b) of the polymerization reaction.

PEI N

NH

H2O

NH
O
C O SnOct

n+1 n+1

H

OctH
PEI N

5
CH2

NH
NH

NH2

O
C O

5
CH2

Figure 1.29: Termination step.

28 1 Improved epoxy thermosets by the use of poly(ethyleneimine) derivatives



It is known that the formation of micro- or nanostructures improves the overall
properties of thermosetting materials [182]. One strategy to reduce the compatibility
of SPs and to form well-dispersed SPs microparticles in the final materials is the
modification of hydroxyl groups by acetylation to obtain end-capped multiarm SPs
[147, 148]. Following this strategy, impact resistance could be enhanced by 300%
compared to neat DGEBA/anhydride formulations.

1.10 Ethoxysilylation of hyperbranched PEI and the use in the
preparation of hybrid thermosets

Demands for epoxy resins are extremely strong because of their wide applications as
adhesives, coatings and as advanced composites in aerospace and electronic indus-
tries [10]. However, epoxy thermosets have several limitations mainly related to their
low mechanical properties and high thermal expansion coefficient (CTE) compared
with inorganic materials. Thus, when applied as protective coatings on metal sub-
strates, they are quite fragile and the variation in the temperature leads to amismatch
between the substrate and the coating, leading to the loss of adhesion and to the
apparition of cracks. These limitations can be overcome by using inorganic/epoxy
materials [183]. Inorganic fillers are the most common additives used in epoxy
formulations to improve mechanical properties, such as modulus, strength and
scratch resistance [184].

These materials can be obtained by different routes: (a) by the addition of
preformed nanoparticles or nanoclusters [185] or (b) by the in situ generation of an
inorganic phase through a conventional sol–gel process [186]. The in situ sol–gel
polymerization of metal precursors in a polymeric (or monomeric) matrix is a better
approach before the addition of silica fillers since this makes possible a very fine
dispersion of the inorganic phase in the polymeric matrix.

The sol–gel process consists of two different reactions onmetal oxide precursors:
hydrolysis and condensation, which occur in aqueous solutions, or in the liquid
state, or in organic solutions in a highly humid atmosphere, producing polymeric
inorganic metal oxide particles. As inorganic precursors, Si derivatives, Al, Ti, Zr, Sn
and V salts can be used [187]. However, Si derivatives are the most used. The
formation of silica structures is represented in Figure 1.30.

Hydrolysis is a reversible process in which there is the possibility that alcohol
attacks the silanol, leading to the formation of an alkoxide. This process is known as
re-esterification and is favored at high content of alcohol as the solvent or in the
presence of other hydroxylic species [188].

Another reaction that can occur during a sol–gel process is transesterification,
which is the reaction of an alcohol with a silylalkoxide with the corresponding
formation of a different silylalkoxide (Figure 1.31).
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This reaction occurs when the alcohol used as the solvent is different from that
formed in the hydrolysis reaction but can also be used to link poly(hydroxylic)
compounds to silica structures or to functionalize hydroxylated surfaces.

The sol–gel process is acid or base catalyzed and the silica structure is deter-
mined mainly by the catalytic conditions. Thus, acid catalysis favors a faster hydro-
lysis of the precursor, finally leading to an open weakly branched polymer-like
structure. On the contrary, in a basic medium the hydrolysis occurs slower but the
polycondensation is faster, producing compact colloidal particles [189, 190]. In
Figure 1.32 the effect of the catalyst in the morphology of the network is depicted.

The formation of the inorganic silica network depends on the condensation
reaction of the previously formed silanol structures that leads to new Si–O–Si
bonds. Generally, the precursors have three (trialkoxysilane, Tn) or four (tetraalkox-
ysilane, Qn) hydrolyzable groups. The subscript n indicates the number of silanol
groups condensed to siloxane bonds. In Figure 1.33 the chemical structures of
silanols and the possible structures produced in the condensation are represented.
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Figure 1.30: Sol-gel reaction of silicon inorganic precursors.
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From [29] Si NMR experiments, it is possible to determine the structural details on the
degree of hydrolysis and polycondensation.

The formation of the inorganic silica structure in epoxy hybrids can take place
before or after the curing process. Many sol–gel hybrid materials have been prepared
by different curing methodologies [191]. In order to obtain good mechanical proper-
ties, the compatibility of organic and inorganic structures by the formation of cova-
lent bonding is an essential condition, and for this reason, the use of coupling agents
is needed [192, 193]. Usually, commercially available trialkoxysilyl compounds with
organic reactive groups are applied as coupling agents in epoxy hybrids, with (3-
glycidyloxypropyl)trimethoxysilane (GPTMS) being the most widely used [194, 195].
Moreover, the addition of tetraethyl orthosilicate (TEOS) to the formulation contain-
ing organoalkoxysilane precursors usually aims to increase the SiO2 content and the
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size of the particles formed. The organic–inorganic networks can be tailored by
combining the addition of TEOS and the type of coupling agent [196], and the size
of particles formed is related to the mechanical properties of the final material [197].

The cyclization of alkoxysilanes by intramolecular polycondensation allows one
to form polyhedral functional silsesquioxanes (POSS) with random, ladder cage or
semi-cage structures. Octasililsesquioxane T8 (Figure 1.34) has been observed in sol–
gel processes starting from trialkoxysilanes under some particular synthetic condi-
tions [198].

The cage-like structures of POSS can allow the construction of materials with
precise control of the nanoarchitecture. For this reason, POSS reagents, monomers
and polymers are emerging as a new chemical technology for the nanoreinforced
organic–inorganic hybrids and the polymers incorporating POSS are becoming the
focus of many studies due to the simplicity in processing and the excellent compre-
hensive properties of this class of hybrid materials [199, 200].

As has been mentioned before, HBPs are advantageous modifiers to enhance the
properties of epoxy thermosets. Taking all of this into account, some authors com-
bined the strategy of the generation of silica particles by the sol–gel procedure with
the use of hyperbranched structures to improve some characteristics of thermosetting
materials [66, 201, 202].

Since the use of coupling agents is highly advisable, the preparation of multi-
functional coupling agents by silylation of the final groups of HBPs can be greatly
advantageous to improve epoxy resins by the generation of silica particles by the sol–
gel process from the alkoxysilanes at the end groups of the hyperbranched structures
[67]. As an alternative, the use of epoxy-terminated HBP as an epoxy component has
also been proposed [203].

Taking into account that amino groups are reactive toward isocyanates, the
complete modification of PEI with (3-isocyanatopropyl) triethoxysilane was achieved
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[141, 142]. Triethoxysilylated hyperbranched PEI (PEI-Si) was used to prepare differ-
ent hybrid organic–inorganic materials with different silica contents and different
inorganic structures. An advantage of the amino groups in the PEI structure is that
the amines cannot react with silanol groups in contrast with the hydroxyl groups,
avoiding the gelation process during the preparation of the modifier or during
storage, which is an undesired side-reaction in OH-terminated hyperbranch. The
hybrid materials obtained by the sol–gel process of mixtures of DGEBA and PEI-Si
in different proportions showed improved scratch resistance and even self-repairing
behavior was observed with the highest proportion of PEI-Si. The mechanical char-
acteristics were studied in depth using the depth-sensing indentation methods,
which showed the special viscoelastic behavior explaining the self-repairing char-
acteristics [204].

1.11 Use of modified hyperbranched PEI as a macromonomer in the
preparation of thermosets by a two-stage click-chemistry
process

“Click Chemistry” is a term that was introduced by K. B. Sharpless and coworkers in
2001 to describe reactions that are high yielding, wide in scope, stereospecific, simple
to perform and can be conducted in easily removable or benign solvents [205].
Sharpless defined click chemistry early on as the generation of complex substances
by bringing together smaller units via heteroatoms. This chemistry is not limited to a
specific type of reaction and the most commonly used click reactions that have been
adapted to fulfill the above criteria are: a) pericyclic reactions commonly the Huisgen
type [3+2] cycloadditions and Diels–Alder reaction [206, 207], b) ring-opening of
strained molecules such as epoxides, aziridines and aziridiniumions [208], c) non-
aldol carbonyl chemistry (involving amines, oximes and hydrazones) [209], d) addi-
tion reactions especially thiol-ene/yne chemistry, andMichael additions (Figure 1.35)
[210]. Nowadays, the characteristics of click reactions include a) high yields, b)
regiospecificity and stereospecificity, c) insensitivity to oxygen or water, d) mild,
solventless (or aqueous) reaction conditions, e) orthogonality with other common
organic synthesis reactions and f) amenability to a wide variety of readily available
starting compounds [211, 212].

Since the foundation of click chemistry, there has been an explosive growth in
publications of this practical and sensible chemical approach, and over the years, the
developments in the area of click chemistry have been considerable. As a conse-
quence of its simplicity, this chemistry has a significant impact in applications such
as bioconjugation [213], materials science [214] and drug delivery systems [215].

Click chemistry provides powerful and versatile tools for materials synthesis
owing to its simplicity, selectivity, efficiency and tolerance of various functional
groups. Consequently, a wide range of controlled-architecture materials have been
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synthesized through various click reactions, including block copolymers, micelles,
dendrimers, gels and networks [216, 217].

In material science, the aim is to achieve performance and a set of desired
characteristics in the final material and/or device in as simple and effective manner
as possible. These performances include specifications on mechanical and physical
behavior as well as chemical characteristics. This is related to the goal of click
chemistry wherein it argues that the focus of chemical process selection should be
directed toward the identification, optimization and simplification of an overall
process [205]. For this reason, click chemistry is used in materials development as
an effective tool to modify polymers or materials with a variety of functional compo-
nents and to prepare polymer networks [218]-[220]. Moreover, by different click
methodologies stimuli-responsive materials have been synthesized [221] and nanos-
cale materials have been prepared due to their efficiency and selectivity [222].

Among all the click reactions, thiol chemistry has attracted a great deal of
attention due to its efficiency and versatility with numerous thiol reactions [223].
The reactivity of the thiol gives rise to an advantage of the thiol-click reactions in that
they proceed, under appropriate conditions, more rapidly than many other click
processes in some cases, with the reaction times necessary to achieve high conver-
sions being less than 1–10 s.

Thiol chemistry can be divided into two categories: the base-catalyzed nucleo-
philic reactions associated with the thiol–epoxy, thiol–isocyanate and thiol Michael
addition reactions and radical-mediated reactions related to the thiol–ene and thiol–
yne reactions (Figure 1.36) [210].

Click
Chemistry

a) Cycloaddition
Reactions

Diels-Alder

Azide-Alkyne

Non-activated

Activated

b) Nucleophilic
Ring-Opening Reactions

R1

R1

R1

R1

R2 SH

R4

R2

R1
R3

R1

R2

R2

R1

NN

N

R3

R1

R1

R2

R1

R1

R1

SR2

Nu

O

N

HO

Nu

R2

R4

N3

+

+

+

+

+

+

O

O

O

Nu-

H2N -R2

Nu-

c) Non-aldol
Type Carbonyl Chemistry

Figure 1.35: Selection of click reactions.

34 1 Improved epoxy thermosets by the use of poly(ethyleneimine) derivatives



The thiol–epoxide reaction has been implemented in many important biosyn-
thetic and biomedical applications [224]. In addition, the ring-opening reaction
involving thiols and epoxides is industrially important and involved in the formation
of adhesives, high-performance coatings and composites [225].

The basic thiol–epoxy reaction mechanism is a simple nucleophilic ring-opening
reaction by the thiolate anion followed by protonation of the alkoxide anion via the
quaternary ammonium (Figure 1.37a) originally formed via reaction of the base
catalyst and thiol to generate the initial thiolate or by proton exchange between the
formed alkoxide and another thiol (Figure 1.25). This mechanism was proposed to
describe the curing of thiol–epoxy systems catalyzed by bases [226].

However, the low basicity of some tertiary amines that can be used as catalyst for
the thiol–epoxy reaction makes the proton exchange leading to the formation of a
thiolate anion highly unlikely. An alternative reaction mechanism was recently
proposed to model successfully the thiol–epoxy curing catalyzed by a moderately
basic tertiary amine [227]. First of all, there is a nucleophilic attack of the tertiary
amine on the epoxy ring, with the assistance of a proton donor such as an alcohol to
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facilitate ring-opening (Figure 1.37), followed by proton exchange between the thiol
and the alkoxide to produce the thiolate anion and a hydroxyl ammonium com-
pound. The thiolate anion propagates the reaction by nucleophilic attack on the
epoxy ring and the regeneration of the thiolate anion by proton exchange of the
formed alkoxide with another thiol (Figure 1.37). Usually, this reaction occurs under
thermal conditions and the reaction kinetics and the mechanism of the curing
process are determined by the base used (Figure 1.38).

Thiol-ene and thiol-yne processes take place by the stoichiometric reaction
of alkynes with thiols via a radical step growth mechanism that can be initiated
by light, peroxides, thermal initiators or any systems whereby radicals are
generated [228]. However, these reactions are commonly initiated photochemi-
cally [229]. It should be said that one of the distinct features between thiol-ene
and thiol-yne is that in thiol-ene each ene functional group reacts only once
with a thiol group whereas in thiol-yne each yne group reacts twice. The use of
these thiol reactions ranges from high-performance protective polymer networks
to processes that are important in the optical, biomedical, sensing and bioor-
ganic modification fields [230].

Both reactions are efficient tools for the post-polymerizationmodification of well-
defined reactive precursor (co)polymers [231] and for the construction of complex
(macro)molecules, such as poly(thioether) dendrimers (Figure 1.39) [232]. Due to their
fast reaction kinetics and high yield, thiol-ene and thiol-yne reactions are highly used
for the bioconjugation of polymers, for tissue engineering applications, for the
production of degradable polymers and for the preparation of high-quality soft
imprint lithographic stamps, among others [230].

In the thermosetting field, thiol-ene and thiol-yne step growth processes are
widely used since they allow one to obtain uniform networks with low shrinkage
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and stress. Moreover, the incorporation of tioether networks permits a higher refrac-
tive index than comparable organic networks [233, 234].

Using thiol-ene and thiol-yne methodologies, polysulfide networks have been
prepared [235, 236]. However, the materials obtained are limited by their poor
mechanical and physical properties due to the flexibility of the thiol monomers. To
overcome this disadvantage, several authors combine thiol-ene systems with a net-
work structure derived from thiol-acrylate or thiol-epoxy reaction [237]-[239]. As an
alternative, the use of a multifunctional monomer to increase the functionality of the
reactive mixture to enhance the thermomechanical characteristics of the final mate-
rials has been reported [240].

Taking into account this new alternative, the preparation of allyl and propargyl
terminated-hyperbranched PEI as multifunctional macromonomers for thiol-ene and
thiol-yne polymerizations was carried out [143, 144]. The nucleophylic attack of
amine groups in the PEI structure to the oxirane of allyl or propargyl glycidylethers
allow one to reach a quite high degree of modification in mild conditions.

Dual curing is a processing methodology based on the combination of two
different and compatible polymerization reactions taking place simultaneously or
sequentially, in a well-controlled way. Sequential dual-curing processing makes
possible to obtain stable materials after the first curing stage that maintain the
ability, upon application of a second stimulus, to activate the second curing stage
and complete the processing, leading to a fully cured material with the desired final
properties [241].

[G4]-OH48

Figure 1.39: Dendrimer synthesized via radical thiol-ene reaction.
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One goal of click chemistry is the potential of combiningmultiple click reactions,
either performed simultaneously or in tandem, to synthesize complex structures and
materials. In recognition of this task, several recent examples of sequential processes
involving two thiol reactions, or even more interestingly, thiol-click and alkyne–
azide click reactions, are considered. An advantage coming from the first combina-
tion is that the thiol component can participate in both processes and therefore the
networks arising from thiol-ene and thiol-epoxy reactions are covalently intercon-
nected. Another advantage comes from the fact that both thiol-ene and thiol-epoxy
reactions are step-wise so that relevant network buildup parameters during both
curing stages such as gel point conversion, gel fraction or crosslinking density can be
easily calculated using well-established methods [242]. Thus, it is possible to tailor
the curing process and the material properties in the intermediate stage and at the
end of it in order to fit different processes andmaterial requirements in a flexible way.

Recently, sequential dual curing systems have been reported using different
methodologies. Thermosets by two-stage sequential aza-Michael addition and free-
radical polymerization of amine-acrylate systems have been prepared. Furthermore,
the strategy of combining two thiol-click reactions has been studied [227, 243].
Thermosetting materials were obtained by combining sequential thiol-ene/thiol-
epoxy reactions in which the first stage is a radical thiol-ene reaction initiated by a
photoinitiator and the second one is a base-catalyzed thiol-epoxy reaction initiated
by a tertiary amine [243]. Since the first process is activated by UV-light and the
second one is thermal, the aim of this methodologywas to reach a dual-curing system
with a controlled curing sequence, with no overlapping between both curing reac-
tions, and with sufficient stability in the intermediate stage.

The use of allyl and propargyl-terminated PEIs as macromonomers in thiol-ene
and thiol-yne reactions has been studied [143, 144]. The formation of hybrid networks
from the combination of thiol-ene or thiol-yne and thiol-epoxy process allows one to
increase the crosslinking density in the final materials obtaining higher Tg values
compared with polysulfides. Moreover, the use of thesemacromonomers asmodifiers
in epoxy thermosetting materials improves the plastic character of the fracture which
must enhance the toughness of the materials.
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2 Developments in the use of rare earth metal
complexes as efficient catalysts for ring-opening
polymerization of cyclic esters used in biomedical
applications

Abstract: Biodegradable polymers represent a class of particularly useful materi-
als for many biomedical and pharmaceutical applications. Among these types of
polyesters, poly(ε-caprolactone) and polylactides are considered very promising
for controlled drug delivery devices. These polymers are mainly produced by
ring-opening polymerization of their respective cyclic esters, since this method
allows a strict control of the molecular parameters (molecular weight and dis-
tribution) of the obtained polymers. The most widely used catalysts for ring-
opening polymerization of cyclic esters are tin- and aluminium-based organo-
metallic complexes; however since the contamination of the aliphatic polyesters
by potentially toxic metallic residues is particularly of concern for biomedical
applications, the possibility of replacing organometallic initiators by novel less
toxic or more efficient organometallic complexes has been intensively studied.
Thus, in the recent years, the use of highly reactive rare earth initiators/cata-
lysts leading to lower polymer contamination has been developed. The use of
rare earth complexes is considered a valuable strategy to decrease the polyester
contamination by metallic residues and represents an attractive alternative to
traditional organometallic complexes.

Keywords: biodegradable polymers, catalysts, polymerization

2.1 Biodegradable polymers

In the last decades, biodegradable polymers have become increasingly impor-
tant in the development of drug delivery systems (DDS). Most of the polymers
used in DDS are based on biodegradable and biocompatible materials, mainly
aliphatic polyesters, polyanhydrides, polyethers, polyamides, polyorthoesters
and polyurethanes [1].

Biodegradable polymers can be natural or synthetic. The synthetic polymers
have many advantages over the natural ones since their structure can be tailored to
meet specific requirements such as hydrophobicity, crystallinity, degradability, solu-
bility, glass transition temperature and melting temperature, by changing the

https://doi.org/10.1515/9783110469745-002
 Open Access. © 2017 Iuliana Cota, published by De Gruyter.  This work is licensed under the 

Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.



synthesis protocol. In contrast, natural biodegradable polymers lack versatility since
they can only be modified. Among the various families of biodegradable polymers,
aliphatic polyesters are of most interest since by their chain cleavage, compounds
which are easily metabolized are formed.

Poly(lactides) (PLAs) (Figure 2.1) are the most used among the aliphatic polye-
sters for drug delivery as a result of their fast and adjustable degradation rate. Due to
their versatile physical properties, PLAs are being widely used in medicine as surgi-
cal sutures and resorptable prostheses and in pharmaceutics and tissue engineering
such as media for the controlled drugs release, scaffolds and delivery of antibodies
and genes [2].

2.2 Polymerization mechanisms for polyester synthesis

Polyesters can be synthesized by two types of mechanisms:
– step-growth polymerization or polycondensation (PC);–ring-opening polymeri-

zation (ROP) of cyclic esters and related compounds.

The PC technique consists of condensation between hydroxy-acids or mixtures of
diacids and diols (Figure 2.2).

The PC method may appear more direct than ROP, but with this technique it is
difficult to obtain high-molecular-weight polymers with well-defined structure.
Another major drawback of the PC mechanism is that it requires high temperatures
and long reaction times, which ultimately favour the side reactions. Moreover, since
they are equilibrium reactions, water must be removed from the polymerization
medium in order to increase the conversion and the molecular weight of the obtained
product.

n = 1: β-propionolactone (βPL)
n = 3: δ-valerolactone (δVL)
n = 4: ε-caprolactone (εCL)

R2 = R4 = H and R1 = R3 = Me: L -lactide (L-LA)
R2 = R4 = Me and R1 = R3 = H: D -lactide (D-LA)
R1 = R4 = H and R2 = R3 = Me:Meso -lactide (meso-LA)
D -LA/L -LA = 50/50; racemic LA (D,L-LA)
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Figure 2.1: Ring-opening polymerization of unsubstituted lactones and lactides.
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On the other hand, the polymerization of lactides and lactones by the ROP
process does not present these limitations. ROP mechanism allows a good control
of the polymer characteristics; thus high-molecular-weight polyesters can be easily
prepared under mild conditions from lactones of different ring size, substituted or not
by functional groups [3, 4].

The ROP proceeds mainly via two major polymerization mechanisms depending
on the used organometallics. Some of them act as catalysts and activate themonomer
by complexation with the carbonyl group (Figure 2.3). Polymerization is then
initiated by any nucleophile (water or alcohol) present in the polymerizationmedium
as impurities or as added compound.

In the second mechanism, the organometallic plays the role of initiator and the
polymerization proceeds through an “insertion–coordination”mechanism (Figure 2.4).
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Figure 2.2: Synthesis of aliphatic polyesters by step-growth polycondensation.
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The initiator (typically metal alkoxides) first coordinates the carbonyl of the
monomer, followed by the cleavage of the acyl–oxygen bond of the monomer and
simultaneous insertion into the metal alkoxide bond [1].

Stridsberg et al. explored for the first time the ROP technique for lactones, cyclic
anhydrides and carbonates [5]. Since then, this method has been applied to a wide
range ofmonomers with a great variety of initiator and catalyst systems. Table 2.1 lists
some of the most commonly used monomers and their related polyester chains
obtained by ROP which are currently used as biomaterials as well as ecological
materials that preserve the environment.
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Figure 2.4: ROP of lactones by the “coordination–insertion” mechanism.

Table 2.1: Monomer and polymer structures of the most common aliphatic polyesters obtained by
ROP [6].

Monomer Polymer

O

O

R C

R = -(CH2)2-βPL, β-propiolactone
R = -(CH2)3-γBL, γ-butyrolactone
R = -(CH2)4-δVL, δ-valerolactone
R = -(CH2)5-εCL, ε-caprolactone
R = -(CH2)2-O-(CH2)2-DXO, 1,5-dioxepan-2-one
R= -(CH2–CH(CH3))–βBL, β-butyrolactone
R = -(C(CH3)2–CH2)-PVL, pivalolactone
R = -CH2-CH(CO2C7H7)–βMLABz, benzyl β-
malolactonate

Polylactone poly(ω-hydroxy acid)
PβPL
PγBL
PδVL
PεCL
PDXO
PβBL isotactic
PβBL atactic
PPVL
P(R,S)MLABz
P(R)MLABz
P(S)MLABz
Polydilactone

(continued )
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Nowadays, PLAs of high molecular weight are produced almost exclusively by
ROP of the corresponding cyclic monomers.

2.3 Catalysts for ROP of PLAs

A broad range of catalysts have been reported for the ROP; most of them are
organometallic derivatives of metals with d-orbitals of a favourable energy, such as
Al, Sn, Nd, Y, Yb, Sm, La, Fe, Zn, Zr, Ca, Ti and Mg [7, 8].

Since the contamination of the aliphatic polyesters by potentially toxic metallic
residues is particularly of concern for biomedical applications, the possibility to
replace organometallic initiators by novel less toxic or more efficient organometallics
has been studied. Thus, a large variety of rare earth (RE) derivatives have been used
to initiate the ROP of lactones and lactides due to their high reactivity [9]. The use of a
catalytic amount of lanthanide complexes is a valuable strategy to decrease the
polyester contamination by metallic residues as compared to the previously
described tin- and aluminum-based initiators which must be used in stoichiometric
amount vs. alcohol to favour the polymerization kinetics [1].

On the other hand, lanthanide complexes have been of considerable interest in
the recent years as a result of their implications in the optical imaging of cells, such as
luminescent chemosensors for medical diagnostics and contrast reagents for medical
magnetic resonance imaging, in bioorganic chemistry [10, 11] and in the manufacture
of superconductors [12–15], ceramics [16] and glass for optical, electronic andmedical
applications [13].

Table 2.1: (continued )

Monomer Polymer

O

O

O

O

R3
R4

R1
R2

R1 = R2 = R3 = R4 = H GA, glycolide
R1 = R4 = CH3, R2 = R3 = H L,L-LA, L,L-lactide
R1= R4 = H, R2 = R3 = CH3 D,D-LA, D,D-lactide
R1 = R3 = CH3, R2 = R4 = H meso-LA, meso-lactide
D,D-LA/L,L-LA (50-50) D,L-LA, (D,L) racemic
lactide

Poly(α-hydroxyacid)
PGA
PL, L-LA
PD, D-LA
PmesoLA
PDLLA
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RE metal oxides have also found numerous applications in the field of catalysis
[17–20]. Thus, organolanthanide chemistry has registered a growing interest in the
past decades; the design and application of organolanthanide complexes as catalysts
for polymerization and organic synthesis have occupied an especially important
place. Changing the ligand environment of a complex to modify its properties has
been an important strategy for the development of more efficient or selective
catalysts.

Initially, organolanthanide chemistry has been dominated mainly by metallo-
cene complexes that bear two substituted or unsubstituted cyclopentadienyl ligands.
In the following years, the search for new ligand systems to extend the lanthanide
chemistry has increased considerably [21].

2.4 Rare earth-based catalysts for synthesis of PLAs

In 1995, Mortreux et al. patented a method for the synthesis of complexes of the type
[(C5Me5)2LnCl2Li(OEt2)2] with Ln-Sc, Y and lanthanides as initiators for the prepara-
tion of caprolactone–ethylene block copolymers [22]. One year later, Nomura et al.
reported the block copolymerization of tetrahydrofuran (THF) with δ-valerolactone
by alkylsamarium (RSmI2) complex [23]. Polymerization of δ-valerolactone by butyl-
samarium gave the corresponding poly(valerolactone) in good yield, while the poly-
merization of δ-valerolactone with poly-THF led to the block copolymer of THF with
δ-valerolactone.

In 1997, Boffa and Novak reported the synthesis of “link-functionalized” poly(ε-
caprolactone) (LFP) using bimetallic complexes of the type (C5Me5)2Sm/R/Sm
(C5Me5)2 [24].

LFPs are of special interest because:
– they may serve as building blocks to other architectures;
– are useful models for the environment experienced by the polymer backbone;
– their functionalitymay be used to influence the polymerization process itself [25].

Hultzsch et al. investigated the ROP of ε-caprolactone catalysed by the
heterobimetallic complexes Li[Ln(η5:η1-C5R4Si-Me2NCH2CH2X)2] (Ln = Lu, Y)
[26]. The product of this polymerization had a high molecular weight and
moderate polydispersity. The initial step of the polymerization is a nucleophilic
attack by one of the nucleophilic amido-nitrogen atoms at the lactone carbonyl–
carbon atom, followed by acyl bond cleavage and formation of an alkoxide
(Figure 2.5).

In 1998, Nomura et al. published a novel transformation reaction of living
poly(THF) from cationic into anionic propagation species [27]. These species were
formed by end-capping of living poly(THF) with potassium iodide (Figure 2.6) fol-
lowed by the reduction with bis(pentamethyl cyclopentadienyl)samarium (Cp∗2Sm).
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The formed terminal anionic carbanion was active for the polymerization of
ε-caprolatone and δ-valerolactone and leads to the selective formation of unimodal
block copolymers.
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Figure 2.5: ROP of ε-caprolactone catalyzed by the heterobimetallic complexes Li[Ln(η5:η1-C5R4Si-
Me2NCH2CH2X)2].
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ROP of lactones using SmX2 (X = I, Br, C5H5) catalysts was reported by Agarwal
et al. [28]. Successful room temperature ROP of ε-caprolactone and δ-valerolactone
has been carried out using the SmX2 catalysts. SmI2 in the presence of metallic Sm
was found to enhance the reactivity at room temperature in ROP processes as
compared to pure SmI2. SmBr2 and Sm(C5H5)2 showed increased reactivity compared
with the Sm/SmI2 system owing to their higher reductive power [28].

Among other studies of other samarium (II) aryloxide complexes, Nishiura et al.
showed that [(C5Me5)Sm(μ-OC6H2

tBu2-2,6-Me-4)]2 exhibited an extremely high activ-
ity for the ROP of ε-caprolactone and δ-valerolactone [29].

In the article of Yuan et al., it was shown that the homopolymerization
and copolymerization of ε-caprolactone and lactides can be initiated efficiently
by 2-methylphenyl samarium according to the mechanism of “coordination–
deprotonation–insertion,” by which the monomer is inserted on the Ln–O bond
of RE enolate [30]. When the polymerizations are conducted in bulk, 2-methylphenyl
samarium can give high yield and high-molecular-weight products.

Desurmont et al. described the first example of well-controlled block copolymer-
ization of 1-olefins with ε-caprolactone using bridged Me2Si(C5R4)2LnH (Ln =Y, Sm)
type complexes [31]. These initiators are highly active in copolymerization processes
without the presence of any cocatalyst (Figure 2.7).

The dimeric structure of the yttrium and samarium hydride complexes is con-
verted into a monomeric structure in the first step of the reaction. Subsequent
reactions lead to a chain elongation. The authors reported the preparation of block
copolymers of hexene or pentene with ε-caprolactone [31].

In the study of Deng et al., ROP of D,L-lactide was initiated with RE phenyl
compound in bulk and solution [32]. These RE phenyl initiators gave high yield and
high-molecular-weight poly(D,L-lactide) products. The results showed that
reaction conditions have a great influence on the yield and molecular weight of
PLA. Thus, a high molecular weight of PLA was obtained in the case of lower M/I
molar ratio.

The ROP of cyclic esters (ε-caprolactone and L-lactide) initiated with LnCp3
complexes (Ln = Sm, Er, Pr, Gd and Ce) was reported by Agarwal and Puchner [33].
The size of the metal atom was found to have an effect on the catalytic activity. Thus,
the order of reactivity was Er ~ Gd > Sm > Pr > Ce. Although the polymerization system
was not living, the growing polymer chains were found to be active for the polymer-
ization of second monomer, thus capable of synthesizing block copolymers.
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Figure 2.6: Transformation reaction of living poly(THF) with potassium iodide.
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In the work of Cui et al., the substituted indenyl ytterbium (II) complex
(C9H6C5H9)2Yb(THF)2 showed high activity for ROP of lactones [34]. Scandium dialkyl
complexes containing bulky iminophenolato ligands have been found to be efficient
catalysts for the ROP of ε-caprolactone [35]. The ROP of cyclic esters (ε-caprolactone
and L-lactide) is initiated by Cp3Ln complexes (Ln = Ce, Pr, Sm, Gd, Er), and it was
observed that the size of the metal ion had an effect on the catalytic activity. Other
complexes which have been found to exhibit high catalytic activity in the ROP of
ε-caprolactone include Cp3Dy2(NPPh3)3 [36].
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Figure 2.7: Bridged organolanthanide hydrides of yttrium and samarium.
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ROP and block copolymerization of L-lactide has also been achieved with the
divalent samarocene complexes (C5H4C5H9)2Sm(THF)2 as catalyst [37], while D,L-lactide
was effectively polymerized using Cp*2SmMe (THF) [38].

In their study, Satoh et al. showed that the complexes [(C5H4SiMe3)2Sm(μ-Me)]2
and [{C5H3(SiMe3)2-1,3}2Ln(μ-Me)]2 (Ln = Nd, Sm) performed the block copolymeriza-
tion of L-lactide with ε-caprolactone with high yields in the absence of any cocatalysts
[39]. The guanidinate lanthanide methyl complexes [(Me3Si)2NC(NPr

i)2]2Ln(μ-Me)2Li
(TMEDA) (Ln =Nd, Yb) have been established as effective single-component initiators
for ε-caprolactone polymerization [40]. Other organolanthanide complexes reported
to catalyse the (co-)polymerization of ε-caprolactone include homoleptic lanthanide
guanidinate complexes [41], Cp*2Sm(BH4)(THF) [42] and sterically hindered lantha-
nide allyl complexes [43].

Single-component RE tris(4-tert-butylphenolate)s [Ln(OTBP)3] (Ln=La, Nd, Gd,
Er, Y) were found to be effective initiators for the ROP of ε-caprolactone. Among
them, La(OTBP)3 has shown higher activity and gave higher-molecular-weight poly-
(ε-caprolactone) [44].

In the work of Fan et al., a novel single-component RE phenolate catalyst-
lanthanide tris(2,4,6-trimethylphenolate)s [Ln(OTMP)3] (Ln=La, Nd, Sm, Er, Y)
(Figure 2.8) initiated ROP of ε-caprolactone [45]. It was found that the polymerization
activity of the compounds had the following order: La ≈ Sm > Nd > Er > Y. Among the
studied complexes, La(OTMP)3 exhibited the highest activity and the prepared
poly(ε-caprolactone).

Single-component RE 2,6-dimethylaryloxide [Ln(ODMP)3] (Figure 2.9) was used
as catalyst or initiator for the ROP of L-lactide, and it was shown that the catalytic
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Figure 2.8: Structure of Ln(OTMP)3 (Ln = La, Nd, Sm, Y, Er).
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Figure 2.9: Structure of Ln(ODMP)3 (Ln = La, Nd, Sm, Gd, Er, Y).
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activity of different RE compounds followed the order: La > Nd > Sm > Gd > Er > Y,
which may result from different coordination abilities of these RE elements with the
monomer [46].

In the same work, ROP of ε-caprolactone was achieved by a novel RE initiator of
scandium tris(2,6-di-tert-butyl-4-methylphenolat) producing poly(ε-caprolactone)
under mild conditions [47].

Several tris(allyl) and bis(allyl)(diketiminato)lanthanide complexes have been
demonstrated to be highly effective single-component catalysts for the ROP of
ε-caprolactone and rac-LA. Polymer end-group analysis showed that the polymeriza-
tion process was initiated by allyl transfer to the monomer [48]. Reactivity studies of
amine–bis(phenolate) complexes of the type [Me2NCH2CH2N{CH2(2-OC6H2Bu2t-3,5)}2]
LnMe(THF) (Ln = Er, Yb) showed them to be efficient initiators for the ROP of
ε-caprolactone [49].

A comparison of organolanthanide complexes Cp∗2SmMe(THF) and (μ-PhC=C=C
=CPh)[Cp∗2Sm]2, with tin compounds Bun2Sn(OMe)2 and Bun2Sn(OCH2CH2CH2O) in
the preparation of random diblock and triblock copolymers composed of L-lactide
and D,L-lactide, has been described by Nakayama et al. [50].

In the same year, Wu et al. reported that lanthanide complexes containing silyl
group-functionalized indenyl ligands exhibited high catalytic activities for ε-capro-
lactone polymerization [51]. Also, the organosamarium thiolate complex
[(MeC5H4)2Sm(μ-SPh)(THF)]2 has been reported to be an efficient initiator for the
homo- and copolymerization of ε-caprolactone [52].

A Lewis acidic yttrium (III) complex of an anionic, metal-tethered carbene ligand
(Figure 2.10) was reported to act as bifunctional catalyst for the polymerization of
D,L-lactide, using a combination of Lewis acid and base functionalities to initiate the
ROP of the cyclic monomer.

The alcohol- and amino-functionalized carbenes from which the complexes
derive provide models for the first insertion step and also display metal-free poly-
merization catalysts to generate polylactic acid [53].

In 2007, several articles dealing with the use of lanthanide complexes as cata-
lysts for the ROP of lactide were published. For example, the lanthanide alkyl
complexes bearing N,O-multidentate ligands shown in Figure 2.11 were successfully

But

But

N

N
N

Y
N"

N"

Figure 2.10: Structure of metal-tethered carbene ligand N” = N (SiMe3)2.
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tested. It was found that the combination of aminoamine-modified bis(phenolate)
ligands with lanthanide alkyl units generated unprecedented stereoselective initia-
tors for the ROP of rac-LA to give heterotactic poly(lactide) [54].

The RE complexes shown in Figure 2.12 (R = H, Me, tBu; R′ = Me, Et, pyridyl; R′′ =
alkyl, amino, phenoxy; Ln = Sc, Y, Lu) were also found to catalyse the stereoselective
ROP of rac-LA.

Bulk polymerizations were carried out with THF, dichloromethane or toluene as
solvents, obtaining a conversion of 100%. The content of heterotactic polymer in the
obtained poly(lactide) reached 0.99, which is higher than the highest value (0.96)
previously reported [55].

The aminophenolate-supported lanthanide mono(alkyl) complexes shown in
Figure 2.13 were found to be highly active initiators for the ROP of L-lactide to give
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Figure 2.11: Structure of the lanthanide alkyl complexes with N,O-multidentate ligands.
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Figure 2.12: Structure of RE complexes (R = H, Me, tBu; R’ = Me, Et, pyridyl; R” = alkyl, amino,
phenoxy; Ln = Sc, Y, Lu).
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isotactic poly(lactide) with high molecular weight and narrow-to-moderate polydis-
persity [56]. RE metal alkyl complexes stabilized by anilido-phosphinimine and
amino-phosphine ligands (Figure 2.14) were reported to initiate the ROP of D,L-lactide
with high activity to give atactic PLAs [57].

Atactic PLAs were also obtained from D,L-lactide using as catalysts the pyrrolide–
ligated organoyttrium complexes shown in Figure 2.15 [58].

Lanthanide (II) complexes containing tetrahydro-2H-pyranyl functionalized
indenyl ligands (Figure 2.16) were reported to exhibit high catalytic activity in the
polymerization of ε-caprolactone [59].
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Figure 2.13: Structure of aminophenolate-supported lanthanide mono(alkyl) complexes.
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Figure 2.14: Structure of RE metal alkyl complexes stabilized by anilido phosphinimine and amino
phosphine ligands.
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ROP of ε-caprolactone was also achieved using [ethylene bis (η5indenyl)][bis
(trimethylsilyl)amido] lanthanide (III) complexes (EBI)LnN(SiMe3)2 (Ln = Y, Sm, Yb)
(Figure 2.17) [60].

The polymerization mechanisms of ε-caprolactone initiated by either the RE
hydride Cp2Eu(H) or the borohydrides Cp2Eu(BH4) or (N2NN′)Eu(BH4) (N2NN′=(2-
C5H4N)CH2(CH2CH2NMe)2) proceed in two steps: hydride transfer from the RE initiator
to the carbonyl carbon of the lactone, followed by ring-opening of the monomer. In
the last step, a difference was observed between the hydride and borohydride

THF

THF
N

N
N N

N

NN

Ph2

Me3Si

SiMe3

SiMe3

SiMe3

Ph2
N

Ar

Ar

Ar
N

Y1
Y

Y2

HC

HC

N

H

P

P

Figure 2.15: Structure of pyrrolide-ligated organoyttrium complexes.
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Figure 2.16: Structure of lanthanide (II) complexes containing tetrahydro-2H-pyranyl functionalized
indenyl ligands.
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complexes, because for the latter, the ring-opening is induced by an additional B–H
bond cleavage leading to a terminal –CH2OBH2 group. This corresponds to the reduc-
tion by BH3 of the carbonyl group of ε-caprolactone. Upon reaction of Cp2Eu(H) with
ε-caprolactone, the alkoxy–aldehyde complex produced Cp2Eu[O(CH2)5C(O)H] is the
first-formed initiating specie. In contrast, for the reaction of ε-caprolactone with the
borohydride complexes (Lx)Eu(BH4) (Lx = Cp2 or N2NN′), an aliphatic alkoxide with a
terminal –CH2OBH2 group, (Lx)Eu[O(CH2)6OBH2] is formed and subsequently propa-
gates the polymerization [61].

The dialkyllanthanide complexes shown in Figure 2.18 were found to display
high activities for the ROP of ε-caprolactone, in which narrow-polydispersity poly-
mers were produced.

Ln

N

Ln = Y, Sm

Me3Si SiMe3

Figure 2.17: Structure of [ethylene-bis(η5- indenyl)][bis(trimethylsilyl)amido]lanthanide(III) com-
plexes (EBI)LnN(SiMe3)2 (Ln = Y, Sm).
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Figure 2.18: Structure of dialkyllanthanide complexes.
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The size of the pendant arm has a significant effect on themolecular weight of the
obtained polymer. In comparison to the Y complex with an –NMe2 group, the Y
complexes with NEt2 and –N((CH2CH2)2CH2) groups yield much higher-molecular-
weight polymers (60,000 vs. 20,000) [62].

RE metal bis(alkyls) supported by a quinolinyl anilido-imine ligand (Figure 2.19)
were reported to catalyse the ROP of ε-caprolactone with high activities; the Lu
complex was proved to be more active than its Sc and Y analogues [63].

The scandium dimethylbenzyl complex Sc(fc[NSi(tBu)Me2]2)(CH2Xy-3,5)(THF)
and its adduct with AlMe3 (Figure 2.20) were reported to polymerize L-lactide [64].

RE metal complexes having piperazine-alkyl-bridged bis(aryloxy) ligands have
been claimed in a patent as polymerization catalysts for L-lactide [65]. In particular,
the complexes [OArNNArO]Ln(CH2SiMe3)(THF), wherein Ln = heavy RE metals
selected from Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and Y([OArNNArO] = C4H8N2[1,4-(2-O-
5-R1-3-R2-C6H2CH2)2], R

1,2 = C1-C4 alkyl) were found to be useful as monocomponent
catalysts for the ROP of L-lactide under mild conditions with high catalytic activity,
high poly(lactide) molecular weight, narrow poly(lactide) molecular weight distribu-
tion and good polymerization controllability [65].

In the work of Mahrova et al., the tertbutoxide and borohydride complexes (DAB)
Y(OtBu)(THF)(DME) and [Li(DME)3][(DAB)Y(BH4)2] shown in Figure 2.21 acted as
monoinitiators for the room temperature ROP of rac-LA and β-butyrolactone
(Figure 2.22). In these reactions, atactic polymers with controlled molecular weights
and relatively narrow polydispersities were obtained [66].

The neutral mono(amidinato) REmetal bis(alkyl) complexes shown in Figure 2.23
exhibited activity towards L-lactide polymerization to give high-molecular-weight
and narrow-molecular-weight distribution polymers [67]. The neodymium
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Figure 2.19: RE metal bis(alkyls) supported by a quinolinyl anilido-imine.
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heteroscorpionate complex shown in Figure 2.24 acted as an efficient single-site
initiator for the controlled ROP of rac-LA, which showed a homosteric preference
for one of the two enantiomers at low conversions [68].

Preliminary results of Otero et al. showed that heteroscorpionate complexes with
acetamide and thioacetamide functionalities (Figure 2.25) can act as single-component
living initiators for ROP reactions. Polymerization of ε-caprolactone occurred within
minutes to give medium-molecular weight polymers and narrow polydispersities.
Polymer end-group analysis showed that the polymerization process is initiated by
alkyl transfer to the monomer [69].
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Figure 2.20: Synthesis route for scandium dimethylbenzyl complex Sc(fc[NSi(tBu)Me2]2)(CH2Xy-3,5)
(THF) and its adduct with AlMe3.
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Figure 2.21: Structure of tertbutoxide and borohydride complexes (DAB)Y(OtBu)(THF)(DME) and
[Li(DME)3][(DAB)Y(BH4)2].
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Figure 2.23: Structure of mono(amidinato) RE metal bis(alkyl) complexes.
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The catalytic properties of the divalent lanthanide 2-pyridylmethyl-substituted
fluorenyl complexes (η5:η1-C5H4NCH2C13H8)2Ln (Ln = Eu, Y) on the ROP of
ε-caprolactone have been studied and the temperatures and solvent effects on
the catalytic activities of the complexes examined [70]. It was reported that the
lanthanide alkyl complexes supported by a piperazidine-bridged bis(phenolato)
ligand shown in Figure 2.26 are highly efficient initiators for the controlled ROP
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Figure 2.24: Structure of neodymium heteroscorpionate complex.

R = Ph,   M = Sc, Y
R = tBu,   M = Sc, Y

CH2SiMe3

Me

M

S

R

NN

N

C

HC

NN

MeMe

Me

CH2SiMe3

Figure 2.25: Structure of heteroscorpionate complexes with acetamide and thioacetamide
functionalities.
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of L-lactide, giving polymers with high molecular weights and narrow-molecular-
weight distributions.

It was found that the complex [ONNO]Y(CH2SiMe3)(THF) (Figure 2.26) can also
initiate rac-LA polymerization with high activity, but the stereoselectivity was poor.
In contrast, the dimeric gadolinium complex depicted in Figure 2.27 exhibited appar-
ently low activity for this polymerization [71].
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Figure 2.26: Structure of divalent lanthanide 2-pyridylmethyl substituted fluorenil complexes (η5:η1-
C5H4NCH2C13H8)2Ln (Ln = Eu, Y).
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Several bimetallic lanthanide bis(alkyl)complexes bearing bridged amidinate
ligands (Figure 2.28) also showed activity towards L-lactide polymerization in
toluene [72].

In another study, the behaviour of the samarium (II) borohydrides Sm(BH4)2
(THF)2 and Cp*Sm(BH4)(THF)2 as initiators in the ROP of ε-caprolactone has been
investigated [73]. ROP could be performed rapidly at room temperature with both
initiators. The half-sandwich complex Cp*Sm(BH4)(THF)2 led to narrow polydisper-
sities and higher activity.

An initiating system comprising a rare neodymium–alkyl–carbene complex
Nd[C(PPh2N

iPr)2][CH(PPh2N
iPr)2] and externally added iPrOH was also proved to

be an efficient catalyst for the ROP of lactide [74].
Dicationic and zwitterionic yttrium compounds, prepared according to

Figure 2.29 from the tris(alkyl) precursors Ln, have been reported to act as
catalysts for the primary or secondary amine-initiated immortal ROP of rac-LA
[75]. Amine-terminated, highly heterotactic poly(rac-LA) with narrow polydisper-
sities and well-controlled molecular weights have been obtained following this
method.

The scandium and yttrium complexes supported by tridentatephosphido-
diphosphine ligands shown in Figure 2.30 have been studied as initiators for the
ROP of lactide [76].
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Figure 2.28: Structure of binuclear lanthanide bis(alkyl) derivatives with bridged amidinate ligands.

2.4 Rare earth-based catalysts for synthesis of PLAs 71



THF

2 H2O2NN'

or

THF OiPr

BPh4

2

N

N

N

N

N

O

O

OY

Y

Y (CH2SiMe3)3(THF)2
(i) 2 [NHEt3 ][BPh4]

(ii) HC (Me2pz)3

(iii) iPrOH

O

N

N
H

H

C

N
N

N
2

THF

Me2Me2

tBu
tBu

tBu
tBu

tBu

tBu

tBu
tBu

Y N(SiMe3)2 3

Figure 2.29: Synthesis route for dicationic and zwitterionic yttrium compounds.

M = Y,  R =  iPr,  n = 1

M = Sc, R = iPr,  n = 1
M = Sc, R = Ph,  n = 2SiMe3

SiMe3

PR2

PR2

P (THF)nM
M = Y,  R =  Ph,  n = 1

Figure 2.30: Structure of scandium and yttrium complexes of the type LLn(CH2SiMe3)2(THF)n sup-
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The yttrium complexes exhibited high activity and good polymerization control,
while the analogous scandium complexes gave a good molar mass control but lower
activities.

Neodymium complexes are known to be active initiators for the ROP of lactide
and lactones, giving rise to medium–high molar mass polymers under mild condi-
tions andwith narrow polydispersities. The heteroscorpionate complexes depicted in
Figure 2.31 were found to be well-suited for achieving well-controlled polymerization
through an insertion–coordination mechanism.

A chiral and racemic complexes did not affect stereocontrol in the polymerization
of rac-LA, but the enantiomerically pure complex [Nd{N(SiHMe2)2}(NNE)]2 was found
to exhibit a homosteric preference for one of the two enantiomers of rac-LA at low
conversions [77].

DAuria et al. reported the ROP of cyclic esters promoted by phosphido-diphosphine
pincer Group 3metal bis(alkyl) complexes [78]. The phosphido-diphosphine complexes
[(o-C6H4PR2)2P]Ln(CH2SiMe3)2 (Ln = Sc, Y; R = iPr, Ph) have been found to be very
efficient catalysts for the ROP of ε-caprolactone, L-lactide and δ-valerolactone under
mild polymerization conditions. In the ROP of ε-caprolactone, all four complexes
promoted the quantitative conversion of high amounts of monomer with very high
turnover frequencies showing a catalytic activity among the highest reported in the
literature. In the ROP of δ-valerolactone, the catalysts showed the same activity
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Figure 2.31: Structure of complexes containing dianionic heteroscorpionate pseudoallyl ligands.
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observed for lactides (L- and D,L-lactide) producing high-molecular-weight polymers
with narrow distribution ofmolarmasses. The complexes also promoted the ROP of rac-
β-butyrolactone affording at low-molecular-weight poly(hydroxybutyrate) bearing
unsaturated end-groups probably generated by elimination reactions [78].

The bent-sandwiched calix[4]-pyrrolyl lanthanide amido complexes displayed in
Figure 2.32 were found to exhibit high catalytic activities towards the ROP of L-lactide,
using the dinuclear trivalent lanthanide amido complexes bearing a {(CH2)5}4-calix
[4]-pyrrolyl ligand [79].

The heterobimetallic oxo-bridged aluminum–RE metal complexes shown in
Figure 2.33 have been investigated as lactide polymerization initiators. The hetero-
bimetallic samarium alkoxide derivative (Figure 2.33 right) was found to be highly
active, yielding high-molecular-weight PLs with over 91% conversion [80]. Reactions
of LAl[C(Ph)CH(Ph)](μ-O)Ln(CH2SiMe3)[NN](THF)2 (Ln = Y, Sm) with 1 equiv. of iPrOH
yielded the corresponding alkoxide complexes (Figure 2.33 left).

A germyl-bridged lanthanocene chloride, [Me2Ge(
tBuC5H3)2]NdCl, was prepared

and successfully used as single catalyst to initiate the ROP of ε-caprolactone for the
first time [81]. It was found that under mild conditions, [Me2Ge(

tBuC5H3)2]NdCl
efficiently catalysed the polymerization of ε-caprolactone, giving high yield (> 95%)
of poly(lactones) with high molecular weight. When the polymerization was carried
out in bulk or in petroleum ether solution, it gave poly(lactones) with higher mole-
cular weight and perfect conversion (100%). The higher catalytic activity of this
neodymocene chloride could be attributed to the bigger atom (Ge) in the bridged
ring ligands. It was also found that some activators, such as NaBPh4, KBH4, AlEt3 and
Al(iBu)3, can promote the polymerization of ε-caprolactone by [Me2Ge(

tBuC5H3)2]

R = { - (CH2)5 - }0.5, Ln = Nd, Sm
R = Me, Ln = Nd, Sm, Dy

R groups were omitted for clearity
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Figure 2.32: Structure of dinuclear alkali metal-free trivalent lanthanide amido complexes (5:1:5:1-R8-
calix[4]-pyrrolyl)[LnN(SiMe3)2]2 (R =Me, Ln = Nd, Sm, Dy; R={ (CH2)5}0.5, Ln = Nd, Sm).
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NdCl, which leads to an increase both in the polymerization conversion and in the
molecular weight of poly(lactones) [81].

Zhao et al. developed a new strategy for the facile synthesis of fluorescent dye-
labelled polyesters via immortal ROP of heterocyclic monomers (ε-caprolactone,
racemic β-butyrolactone and rac-LA, etc.) by using a catalytic amount of metal-
based complexes (including a lutetium alkyl derivative) with an excess of hydroxy-
lated dye compounds (Figure 2.34) [82].

This strategy breaks the “one catalyst-one dye-labeled polymer chain” limitation
in that a series of “clean” dye-labeled polyesters have been obtained in the form of
low metal residue, designed molecular weight, narrow distributions, excellent α-dye
labelled and o-hydroxyl fidelity and high stereoregularity [82].

Bis(imino)diphenylamido RE metal dialkyl catalysts [o-(2,6-iPr2C6H3N CC6H4)2N]
Ln(CH2SiMe3)2 (Ln = Sc, Y, Lu) have been synthesized according to Figure 2.35 in good
yields. They served as highly efficient single-component catalysts for the living ROP
of ε-caprolactone, with the activity being dependent on the steric hindrance around
the metal centre [83].

The neutral mono-indenyl-ligated RE metal bis(silylamide) complexes
(C9H6CMe2CH2C5H4N-α)Ln[N(SiHMe2)2]2 (Ln = La, Sm, Er, Lu) shown in Figure 2.36
have been found to be highly active for the ROP of L-lactide and rac-LA (Figure 2.37)
[84].

Several dinuclear RE metal bis(o-aminobenzyl) complexes bearing a 1,4-pheny-
lenediamidinate co-ligand (Figure 2.38) have also been reported to show high activity
for rac-LA and ε-caprolactone polymerization. For rac-LA, a synergistic effect
between two metal centres was observed [85].
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corresponding alkoxide complexes (left).
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The bis(oxazolinylphenyl)amide (BOPA) ligand-supported lanthanide alkyl
complexes shown in Figure 2.39 have been successfully employed in the ROP of
rac-LA [86].

A series of heteroscorpionate yttrium and lutetium zwitterionic initiators (Figure
2.40) all showed similar high activity towards the ROP of rac-LA at room temperature,
and both the alkyl species participated in initiation, of which the lutetium complexes
exhibited slightly higher selectivity than their yttrium analogues [87].

2.5 Conclusions

Biodegradable polymers represent a class of particularly useful materials for many
biomedical and pharmaceutical applications. Among these types of polyesters, poly
(ε-caprolactone) and polylactides are considered very promising for controlled drug
delivery devices. These polymers are mainly produced by ROP of their respective
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cyclic esters, since this method allows a strict control of the molecular parameters
(molecular weight and distribution) of the obtained polymers. The most widely used
catalysts for ROP of cyclic esters are tin- and aluminium-based organometallic com-
plexes; however, since the contamination of the aliphatic polyesters by potentially
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Figure 2.39: Bis(oxazolinylphenyl)amide (BOPA)-supported yttrium alkyl complexes.
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Figure 2.38: Structures of dinuclear RE metal bis(o-aminobenzyl )complexes with 1,4-C6H4[C(NR)2Ln
(o-CH2C6H4NMe2)2]2 (R = 2,6-iPr2C6H3, Ln = Sc, Y, Lu) catalysts.
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toxic metallic residues is particularly of concern for biomedical applications, the
possibility of replacing organometallic initiators by novel less toxic or more efficient
organometallics has been intensively studied. Thus, in the recent years, the use of
highly reactive RE initiator/catalysts leading to lower polymer contamination has
been developed. The use of RE complexes is considered a valuable strategy to
decrease the polyester contamination by metallic residues and represents an attrac-
tive alternative to traditional organometallic complexes.
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3 BioArtificial polymers

Abstract: Nowadays, the polymer science has impact in practically all life areas.
Countless benefits coming from the usage of materials with high mechanical and
chemical resistance, variety of functionalities and potentiality of modification drive
to the development of new application fields. Novel approaches of combining these
synthetic substances with biomolecules lead to obtain multifunctional hybrid con-
jugates which merge the bioactivity of natural component with outstanding proper-
ties of artificial polymer. Over the decades, an immense progress in bioartificial
composites domain allowed to reach a high level of knowledge in terms of natural-
like systems engineering, leading to diverse strategies of biomolecule immobiliza-
tion. Together with different available options, including covalent and noncovalent
attachment, come various challenges, relatedmainly with maintaining the biological
activity of fixed molecules. Even though the amount of applications that achieve
commercial status is still not substantial, and is expanding continuously in the
disciplines like “smart materials,” biosensors, delivery systems, nanoreactors and
many others. A huge number of remarkable developments reported in the literature
present a potential of bioartificial conjugates as a fabrics with highly controllable
structure and multiple functionalities, serving as a powerful nanotechnological tool.
This novel approach brings closer biologists, chemists and engineers, who sharing
their effort and complementing the knowledge can revolutionize the field of bioarti-
ficial polymer science.

Keywords: polymeric biomaterials, biomimetic materials, stimuli-responsive
polymers

3.1 Introduction

Imitating the nature by researchers from all the fields of science is a common trend
since decades and is continuously developing dynamically. The versatile applica-
tions of materials able to work like biological structures have made them a major
interdisciplinary research focus. Since the discovery of macromolecules by the
German scientist Herman Staudinger (Nobel Prize in 1953), the field of material
sciences and technology reached countless life-changing developments, followed
up with a drastic growth of plastic–polymer industry. The variety of possibilities
offered by compounds chemically andmechanically stable with simultaneous poten-
tial of modification and functionalization opened a door for novel approaches that
focus on designing materials able to adapt multiple functions, structures and

https://doi.org/10.1515/9783110469745-003
 Open Access. © 2017 Kamila Szałataand and Tania Gumi, published by De Gruyter.  This work 

is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.



capabilities – also biological like. The evolution of bioinspired polymeric materials
leads to obtaining structures that combine the benefits coming from both sources –
biological and synthetic ones. They can have advantages over the natural version,
like improved mechanical robustness and reproducible chemistry, but at the same
time operate according to biological mechanism, with the same or even higher
efficiency. Those materials are developed by applying various strategies.

One of them is the synthesis of completely new chemical compounds that are
able to adopt the same structure and function like pattern biomolecule. They are
named biomimetic materials.

Within this approach, many stimuli-responsive polymers have been designed,
like for instance a novel gel system developed by Yoshida from Tokyo University [1].
Over years of improvement, those polymeric gels are able to mimic autonomous
oscillation movements present in living systems such as heartbeat or brain waves.
This so-called biomimetic actuators convert a chemical oscillation process into a
mechanical alteration in gels and can be also controlled by change of some para-
meters, like temperature or substrate concentration. This development provides a
smart material that can generate self-propelled motions, pendulum motions, or
directional motions and find variety of applications in biomedical sciences.
Another example of the same concept is imitation of enzymes for widely understood
sensing applications and biocatalysis [2, 3], which recently improved, overcomes the
challenges concerning poor selectivity of synthesized sensors by application of
molecular imprinted polymers [4]. It is reported that molecular imprinted poly-
mers-based nitroreductase has been already successfully applied for efficient deter-
mination of a drug metronidazole or hexazinone herbicide – pervasive ground water
contaminant [5]. A known example of natural polymer replacement by artificial one
can be synthetic rubber; which it is used e. g. for car wheels production or artificial
hair as a synthetic substitute of keratin [6–9].

Another approach to create polymeric biomaterials is based on a concept of its
biocompatibility and, thus, possibility to use them in living organisms. This is a
common challenge in terms of application of many synthetic structures – to be safely
used in vivo, polymers need to be biodegradable and its decomposition products
cannot be toxic at all. Several synthetic polymers have been found to fulfil these
requirements and are widely used, for instance polypropylene and polyurethane in
breast implants, polyurethane in artificial heart or poly(glycolic acid) as absorbable
sutures [10–12].

Besides, a big part of the research concerning the design of biological-like
artificial systems is dedicated to the development of hybrid protein-synthetic poly-
mer materials. The first attempts to obtain synthetic polymers containing biomole-
cule have been reported already in 1964 [13], and since this time the knowledge in this
term has evolved significantly. This combination of synthetic and biological parts is a
step forward to fabrication of hybrid bioinspired structures with unprecedented
properties and applications which are discussed in this chapter.
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3.2 Biomolecule immobilization techniques

This chapter is dedicated to specific kind of materials that contain both units –
artificial polymer and biomolecule. The goal of this approach is to obtain materials,
which would possess advantages of synthetic polymers, like their performing
mechanical properties, reproducible chemistry and thus possible large-scale produc-
tion, and also coming from biomolecule- biocompatibility and functionality of nat-
ural system. This establishment correlates to many challenges which depend on the
type of protein incorporated into artificial medium and on the desired application of
the material. However, the main defiance, present in all kinds of used protein, is
maintaining their biological activity, which often is lost due to change in a conforma-
tion or incompatibility with polymer [14–16]. Thus, within this particular concept,
different methods of protein incorporation can be applied and are usually classified
as follows.

3.2.1 Adsorption

The simplest and very commonly used method is physical adsorption on a
support material (Figure 3.1). If performed under suitable conditions, this
method can efficiently bind biomolecule into a support via hydrophobic or van
der Waals interactions. Although this strategy found application in immobilizing
enzymes for e. g. medicine purification purposes [17–20], it is usually too weak
to cope industrial conditions; thus, in this field, it is preferable to employ other
methods.

Adsorption is relatively easy to perform and due to the fact that it is free from
chemical modification, it is a very efficient and non-invasive method, which main-
tains the biological activity of proteins. Also, since it is reversible, it facilitates the
purification of used biomolecules and supports. However, the main handicap is
requirement of mild working conditions and very careful adaptation of both mole-
cules and carriers.

Biomolecule

Polymeric support

Figure 3.1: Scheme of physical adsorption of biomolecule on the polymeric support.
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3.2.2 Covalent binding

This method provides much stronger linkages between polymeric support and bio-
molecule (Figure 3.2). Normally linkage occurs between functional groups present in
the support surface and the groups of protein. Usually reactions used to create new
bonds are 1,3-dipolar cycloadditions of terminal alkynes and azides, peptide bond
formation, isourea linkage, [21] coupling via tresyl chloride, coupling via cyanogen
bromide, coupling via cyanuric chloride or glutaraldehyde coupling [22].

In this case, due to strong interactions, leakage of biomolecule is minimized.
However; this is a much more expensive immobilization method in comparison to
physical adsorption. Moreover, it is also connected with the use of organic solvents
what, unfortunately, is very often related to the loss of biological activity.

3.2.3 Entrapment

Entrapment of biomolecules consists of suspending themwithin the polymeric gelwhich
delimits the movements and stabilizes the protein/polymer structure (Figure 3.3).
In this system, the gel acts also as a biomolecule protector, separating it from environ-
ment. As the polymer porosity can be controlled, it is possible to create a gel-net adjusted
to the protein size in order to avoid leakage, with simultaneous permission to free
moieties and active structure adaptation.

Biomolecule

Polymeric support

Figure 3.2: Scheme of chemical attachment of biomolecule to the polymeric support.

Biomolecule

Polymeric gel-support

Figure 3.3: Scheme of entrapment of biomolecule in the polymeric gel.
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Although protein loading achieved with this technique can be very high, there is
a big disadvantage of this technique related to diffusion limitation through the gel:
certain times, the gel does not allow the products of enzymatic reaction to release
from it.

3.2.4 Encapsulation

Encapsulation is widely used in drug delivery system as well as in biocatalysis.
Biomolecule closed in a polymeric semi-permeable shell has enough free space to
freely move, but is isolated from environment (Figure 3.4). Possibility to create pH- or
light-sensitive microcapsules allows to release the protein from its core under desir-
able conditions [23, 24]. Because of the capability to produce capsules in different
sizes, it is possible to encapsulate even relatively big biomolecules. The limitations
related to this method are similar to the one with gel entrapment and concern
diffusion problems. Another important factor is sensitivity of polymer to external
factors like temperature or pH. Depending on the biomolecule function, the proper-
ties of polymeric capsules needs to be adjusted in order to release it under the
adequate condition in the target. The next chapter will discuss in more detail the
function of nanospheres and nanocapsules for drug delivery systems.

All these techniques have some disadvantages and the concrete design of the
perfect system needs to take into account both types of limitation – from the side of
polymeric support and from the site of biomolecule. However, development of new
chemical strategies and production process optimization resulted in the immobiliza-
tion of various biological elements on different polymers and induced many remark-
able discoveries. Election of the method depends on the type of immobilized
biocompound and application of the final product.

3.3 Polymer/biomolecule conjugates

Researchers from all over the world are struggling to face challenges connected with
specificity of particular biomolecules and polymers, trying to overcome obstacles to
obtain desirable, perfect, defect-free biomaterials with multiple functions.

Biomolecule

Polymeric
capsule

Figure 3.4: Scheme of biomolecule entrapment inside the polymeric capsule.
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Biological/artificial conjugates found plenty of application in industry, technology,
biosensing, tissue engineering and pharmacology [25, 26]. Those applications
according to the type of used biomolecules and polymers are described in the
following section, while application in drug delivery systems will be discussed
specifically in the next chapter.

3.3.1 Enzymes

Enzymes are proteins that assist catalytic functions of biochemical processes. Their
presence is crucial for living organisms because most of the reactions do not occur
spontaneously at normal body temperature. The characteristic work done by
enzymes is related to their extremely high specificity coming from its particular
geometric configuration, which allows to bind only proper-shaped molecules (key
and lock mechanism). The catalytic activity of enzymes can be affected by different
factors like temperature, pH or concentration of enzyme or substrate. They are also
sensitive to various chemicals which inhibit catalytic reactions in a reversible or
irreversible way [27]. Thus, all those features need to be taken into account while
designing immobilization conditions and method.

High efficiency and selectivity of enzymatic reactions has always been an
inspiration for the development of novel bioreactors and biosensors. Recently,
the industrial competence in biocatalysis is achieved due to common use of
lipases, esterase or peptidases [18, 20, 28–30]. Polymer/enzyme conjugates are
reaching significance also in the field of decontamination. As a trend in green
chemistry, organophosphorus (OP) hydrolase was used [24, 25, 31]. This enzyme
hydrolyzes OP compounds present in the soil, which are pesticide components.
OPs are very toxic and can cause damage to the central nervous system. An
example of hydrolase/polymer conjugate is reported in the literature and
employs enzyme immobilization in the thermostable triblock copolymer
micelles. This strategy overcomes low biomolecule stability under different
working and storage conditions [32]. Methyl parathion hydrolase was entrapped,
for the same purpose in the poly(gamma-glutamic-acid)/gelatin hydrogel and
this even enhanced its catalytic efficiency. An interesting approach, published
recently by Xiao-Yu Yan and coworkers [33], was the creation of nanofibrous
membrane containing OP hydrolase which managed to fulfil both filtration and
degradation functions for biochemical protective applications. In this approach,
OP hydrolase is immobilized covalently via glutaraldehyde crosslinking on
polyamide nanofibers. This novel design of the material makes it a potential
tool for various civilian and military protection equipment and clothier produc-
tion. Those fabrics would be able to protect human body via double mechan-
isms: by filtration of toxic products and converting it to nontoxic derivatives.
This purpose is schematically demonstrated in Figure 3.5.
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Immobilization of OPH via the same technique – glutaraldehyde crosslinking –
found also an application in bioremediation. Obtained in this way, OPH-polyester
textiles are cheap in production and easy to handle. Immobilized enzyme has
enhanced stability, has good activity in un-buffered water and is able to degrade
even very low concentrations of organophosphate pesticides. Moreover, its reusa-
bility in batch or continuous processes demonstrates that this kind of polymer/
enzyme structure has a potential in environmental bioremediation of contaminated
water [34].

Noncovalent immobilization strategy was used to design a membrane that was
able to immobilize even three enzymes at the same time [35]. This goal was reached
by creation of flat sheet polypropylene membrane first coated with cellulose sub-
layer and application of simple pressure-driven filtration. By controlling of biofoul-
ing formation and driving it to form enzyme cake layers, obtained sheets maintain
the activity of all three enzymes (formate dehydrogenase, formaldehyde dehydro-
genase and alcohol dehydrogenase). This strategy provides a membrane that has an
excellent potential application in multienzymatic cascade reactions, in this case
bioconversion of carbon dioxide into methanol. The benefit coming from the strat-
egy selected in this study is that there is no need to use organic solvents which very
often are toxic and difficult to handle, and thus, may influence enzyme activity. To
better understand the concept of performed immobilization, the new method was
compared to sequential immobilization technique. Both options are shown in
Figure 3.6.

Another interesting point found by authors of this work is considering simulta-
neously two immobilization mechanisms. At first, enzymes are physically immobi-
lized on a surface by adsorption, but some of the aggregates were also found inside of

Ops adhesive
aerosol particles

Function 1
Particle filtration Dual-functional

nanofibrous enzymes

OPH

OPs

Toxic OPs
Function 2

Degradation

Non-toxic product

Biochemical
protection

Figure 3.5: Schematic demonstration of double function of OP hydrolase-immobilized nanofibrous
polymeric clothing.
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the membrane, which suggests also an entrapment of the biomolecules.
Nevertheless, because of the fact that any of those techniques is not involved in the
creation of new covalent bonds, enzymes are still maintaining their performance.
However, results of CO2 conversion prove that the presented method requires addi-
tional modifications and improvements because of poor efficiency of carbon dioxide
transformation, which is probably a result of insufficient space between the immo-
bilized enzymes. Interferences coming from this fact cannot ensure proper reaction
conditions for the following enzymatic reaction steps.

Most part of the research in this field is dedicated to enzyme immobilization for
biosensing application, and the literature reports multiple examples of successful uses
of this approach. The initiator of this branch of development was Thompson, who
already in 1980 made a first step into novel material science expansion [36]. He used
natural lipid bilayer with incorporated bioreceptors, which in living organisms play a
role of biosensors. Thompson isolated this primal structure and immobilized on
artificial polyamide support. By increasing the support stability, hemade this sensitive
structure handable and useful in biosensing applications. Since this moment, his idea
was applied for immobilizing lipid bilayer on various supports and further modifying
with proteins or artificial receptors, enzymes, antibodies, channel formers and carriers
which play the role of transducers or analyte detectors. Possible determination ofmany
psychoactive or toxic substances at very low concentration level makes biosensors
have almost unlimited applications in our daily life. Very fast development of new
bioelectronicsmakes a huge impact on progressing analytics, diagnostics, biomedicine
and in all type of industries like agriculture and other industries. To draw an idea about
how large is the application area of enzyme-based bioartificial polymers in biosensor
production a few examples will be mentioned below.

Support layer
Skin  layer

Co-immobilization Sequential immobilization

Enzymes

vs.

CH3OH

CH3OH

NADH

NADH
Formate

dehydrogenase

Formaldehyde
dehydrogenase

Alcohol
dehydrogenase

HCOOH

HCH0

NAD*

NAD*

CO2

CO2

Figure 3.6: Schematic representation of two biomolecule immobilization mechanisms: pressure
driven filtration-co-immobilization and sequential immobilization.
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As suitable supports for enzyme immobilization are chosen electroconductive
polymers which, thanks to its electronic properties, enhance the speed and sensitiv-
ity of biosensors [37]. Those kinds of conjugates are based on direct binding of
biomolecule (biocatalyst) into the electronic device. Azak et al. and Ekiz [38, 39]
e. g. developed a novel conducting polymer matrix electropolymerized onto the
graphite electrode, to which glucose oxidase was covalently attached using glutar-
aldehyde crosslinking. Later, Ayranci used the same method to bond an enzyme to a
metalo-polymer, ferrocenyldithiophosphonate [40]. These examples of hybrid mate-
rials found application in glucose detection biosensors. One interesting approach
uses enzymatic degradation of ethanol by alcohol dehydrogenase, or alcohol oxi-
dase, for the production of detectors for alcohol concentration in breath [41, 42]. In
this kind of system, the reactions take place in the three-phase interface; thus, a
perfect application in this field found breathable electrodes. To better understand the
working principle of those equipment, a device developed by Winther-Jensen can be
mentioned [43]. The group from Monash University immobilized alcohol dehydro-
genaze [44] on a widely used biocompatible conductive polymer poly(3,4-ethylene-
dioxythiophene) PEDOT. Immobilization of biomolecule was performed by stuffing
method, which is considered to be a gentle and noninvasive technique, potentially
applicable for immobilization of biological elements. In the aforementioned method,
biomolecule immobilization was enhanced also as an effect of shrinkage of material
after additional post-polymerization coating. The schematic reactions occurring in
this three-phase interface system and its application in the construction of breathable
electrode are shown in Figure 3.7. Alcohol dehydrogenaze-immobilized PEDOTmate-
rial is placed between two compartments – to the first one is collected the breath air,
and the second is filled with a solution containing NADH (redox mediator), Ag/AgCl
reference electrode and counter-electrode. As the alcohol vapour concentration in
the first compartment increases, ADH in the presence of NADH converts it into the
aldehyde and the reaction performance is amplified to a current response detectable
by the electrode. Experiments show that enzyme maintained its activity and oxidizes
alcohol efficiently.

NADH

Alcohol
from breath air

PEDOT with
Immobilized ADH

Uectrode

Aldehyde

NAD+

ADH

Figure 3.7: Schematic representation of the breathable electrode based alcohol detector device.
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Besides this fields, in a food industry alike agriculture and other life areas,
gas sensors known as a electronic noses are also of great importance. They are
devices that are designed to mimic human olfactory systems. This technology is
a novel trend in “smell” sensors for a quick detection of vapour even at very low
concentration. Possibility of using it in the determination of toxic gases in
conditions that are dangerous for human health and life is an excellent and
beneficial approach. An example of detector for formaldehyde (very harmful),
widespread in environment volatile organic compound, was presented by
Mitsubayashi et al. [45], who designed bio-sniffer stick based on a formaldehyde
dehydrogenase enzymatic reaction. Dehydrogenase was mixed with functiona-
lized poly(vinyl alcohol) and then immobilized on polytetrafluoroethylene
(PTFE) chip. This chip was then placed on a PTFE/Pt electrode, which provides
chemical stability and mechanical strength by maintaining flexibility of the
device. Dehydrogenation of formaldehyde is performed at first by oxidized
NAD+, next reduced NADH is oxidized as a result of reaction with PTFE/Pt
electrode. Reactions occurring in the system are as follow:

HCHO + NAD+ HCOOH + NADH

NAD+ + H+ + 2e-

Formaldehyde
dehydrogenase

+700 mV vs PtNADH

The fabricated biosensor exhibits high selectivity for formaldehyde recognition,
and the detection limit is much lower than the human sense of smell; thus it presents
a great perspectives for application in environmental monitoring. This is only one of
many examples of the human sense reflection in electronic devices. Fast develop-
ment of biosensor market allowed creating various apparatus like electronic tongue
or stimuli-sensitive artificial skin. Fabrication of bioinspired enzyme-based materials
is a revolution in nanotechnology and continuously delivers new tools with untold
number of applications.

3.3.2 Polysaccharides

Polysaccharides are complex carbohydrates formed from at least two monosacchar-
ides linked by glycosidic bond. In living organisms, they serve as energy storage and
building functions. They are widespread and easy to obtain from natural sources.
They possess a variety of structural and chemical properties, and they can be long
chain or short chain, water soluble or insoluble and exhibit different functionalities.
What is also the most important in terms of use it for bioconjugates synthesis, is their
non-toxicity and environmental friendliness.
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Polysaccharides found application in production of affinity membranes [46, 47].
The filtration mechanism through these kinds of membranes leads to adsorbate
capturing (depending on the case; it might be for example viruses, endotoxins,
bacteria or heavy metals) onto functionalized material surface, while the feed is
passing through it. Rejected substance can be even smaller than the pores present
in a membrane, but even though, due to big affinity to the “capturing” area, it will get
adsorbed. For example, the pore surface might be functionalized with positively
charged active group and within electrostatic interaction adsorb negatively charged
ones from the feed [48] (Figure 3.8).

These kind of membranes are characterized by low pressure drop and thus low
energy consumption, high efficiency and high fluxes and can be easily regenerated.
Various examples of the use of polysaccharide/polymer composite concern chitosan,
a natural amino polymer extracted from chitin. As it is positively charged at low pH, it
found application in development of materials which exhibit big affinity to removal
of negatively charged species, such as heavy metals, across nanofibers or membrane
contactors (chitosan//polyvinyl alcohol) reported by Prateek Khare et al. [49] or
through membranes (PET/chitosan membrane) described by Li [50]. One of the
interesting approaches of implementing this polysaccharide into artificial polymeric
matrix is artificial liver development studied among others by Teotia [51]. They
designed a system composed of polysulfone/tocopheryl polyethylene glycol succi-
nate (Psf/TPGS) composite hollow fibre membrane, which is coated with chitosan.
The coating procedure was performed by introducing first negatively charged groups
into the polymer composite (sulfonation), which facilitated electrostatic interaction
with amine groups of chitosan. The surface coated with polysaccharide exhibits
biocompatibility and supports growth of cells (HepG2 cell line), thus mimicking
liver-specific functions. This particular approach perfectly shows advantages of
mechanical and chemical stability of synthetic Psf/TPGS membrane and
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Figure 3.8: Scheme of affinity membrane separation mechanism.
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biofunctionality of natural chitosan, which makes this polymer/polysaccharide con-
jugate a good potential material for artificial liver application.

Tissue engineering is another focus of scientists around the world who keep on
looking for new ways to develop materials able to mimic biological bone tissues,
facilitating its regeneration and simultaneously maintaining good mechanical stabi-
lity. In this approach, polysaccharide-based composites are applied in a membrane
configuration, like cellulose, alginate and chitosan [44, 52, 53], which supports tissue
regeneration and makes permeable platform for new cells growth. Because of its
ability to adopt different shapes and well adapt to hydrated environment, hydrogels
are a type of polysaccharide composites that have beenwidely studied recently [54–56].
This group of highly hydrophilic polymeric materials is able to accumulate large
amount of water and thus can form flexible, three-dimensional structures[57].
Examples of chitin/PCL and chitin/PCL/nHAp microgel developed by Arun Kumar et
al. [58] explore the potentiality of its use in engineering of bone tissue in inaccessible
places, like skull. Moreover, hydrogels due to its unique structure can incorporate
drugs and other growth factors, which accelerate tissue regeneration and the most
important – its degradation products are completely biocompatible. Nevertheless,
although the easiness of handling and good rheological properties are remarkable,
poor mechanical stability is undoubtedly the main disadvantage of hydrogels.
However, this handicap is recently improving by mixing polysaccharides with natural
minerals. This is the case of composite of less explored natural polymer which is
pullulan. Developed by Amrita et al., hybrid fibres containing poly(β-hydroxybutyrate)
(PHB) and hydroxyapatite (naturally occurredmineral), when combinedwith pullulan,
enhance the mechanical stability of hydrogel even 10 times [59].

Chitosan has also shown potential as a flame retardant coating material. Laufer
et al. applied its properties in coating polyurethane foams and polylactic acid (PLA)
film [60] using layer-by-layer (LbL) assembly method. Positively charged chitosan
was used to construct a multilayered film by convertible deposition of negatively
charged mineral montmorillonite. The good performance of formed “nanobricks”
presents a promising alternative for substituting halogenated flame retardant mate-
rials for environmentally friendly eco-coatings.

Another polysaccharide having big industrial importance is cellulose. This material
found application not only in food packaging industry or as a biomedical device
component but its interesting mechanical and optical properties give light on new
potential functions. In the literature, various examples can be found of the use cellu-
lose/synthetic polymer composites for construction of optoelectronic devices such as
light diodes, flexible electrodes, biosensors or optical displays [4, 61–64]. Shaukat Khan
et al. prepared PEDOT/PPS/cellulose composite membranes by ex situ incorporation of
those conductive polymers into bacterial cellulose pellicles. A similar approach has been
achieved by Marins et al. who polymerized polyaniline doped with dodecyl benzene
sulfonic acid onto bacterial cellulose sheets [65]. One year later, Müller et al. applied the
same method by polymerizing polyaniline onto cellulose nanofibers [66]. Those novel
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conductive materials characterize outstanding stiffness and strength followed by biode-
gradability and renewability. Those properties make polymer/cellulose conjugates a
material to be used for the production of intelligent clothes e. g. for health-monitoring
system like heartbeat recording, body temperature control, body odour control, hemo-
static materials and plenty of other tremendous possibilities [67–70].

Cellulose is used also to produce other smart - shape memory materials, which
deformed to temporary configuration are able to recover their original form as a result
of response to some external stimulating factor. In the case of thermo-responsive
shape memory materials, this factor is temperature. The original form of material can
be first modified by applying external force and temperature above transition tem-
perature and then, if the material is cooled down without releasing external force, a
temporary shape will be fixed. To recover the original shape, the only thing needed is
again heating up the device above transition temperature. Auad et al. [71] demon-
strate reinforcement of thermoplastic polyurethane after confinement of small con-
centration of cellulose nanofibrils. Those kind of materials have potential application
in medical devices; however, very often the temperature needed to induce shape
change is not applicable for use in human body. This handicap has been overcome by
Bai et al. [72], who applied ethyl cellulose/polycaprolactone (PCL) conjugate in order
to adjust transition temperature to human body friendly (around 40 °C). This inter-
esting strategy lies in a design of water-activated rapidly switchable shape memory
effect, reported by Zhu et al. [73] in cellulose nano-whiskers/thermoplastic polyur-
ethane. They used the unique properties of a percolation network in nanocellulose
which in combination with elasticity of a polymer lead to temporary shape fastening
and original form quick recovery when wetted (Figure 3.9).

Later, Liu et al. [74] applied a similar strategy in microcrystalline cellulose/poly
(D,L-lactide) composite. This recent enhancement has an unprecedented impact on
development of novel smart materials with shape memory functions with innumer-
able and inestimable potential. Moreover, polysaccharide availability and easiness of
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Figure 3.9: Schematic representation of water activated switchable shapememory effect mechanism.
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handling and treatment continuously force the researchers to explore new properties
of natural polymers and find still new applications.

3.3.3 Channels

Other biomolecules widely used in the field of bioartificial composites are ionic
channels. Ion channels are proteins that catalyse the diffusion of ions across the
biological membranes and thus are responsible for maintaining electrochemical
balance between cell and its surrounding. Since the cell membranes are electrical
insulators, ionic channels function as a selective gate which opens for some of the
molecules allowing them to pass into the cell and due to conformation change closes
to the others [75]. Because of the type of factor which impact its “gating”motions, ion
channels can be classified into different groups.

One of the transport mechanisms occurs when the ligand attached to the channel
binds the ion and then, because of conformational change, allows it to pass through
that formed door, according to the concentration gradient. That type of receptor is
called extracellular ligand-gated ion channel and it is present in brain and muscles.
Voltage-gated ion channels are activated due to the change in membrane electrical
potential. Those proteins are well-known potassium and sodium ion channels and
also calcium channel and proton channel. When the signal influencing conforma-
tional change in a protein structure comes from the interior of the cell, this channel is
called intracellular ligand-gated ion channel, e. g. cystic fibrosis transmembrane
conductance regulator which is ATP-gating anionic channel. Understanding com-
pletely all of these mechanisms leads to proper design of bioartificial conjugates with
very specific functions and destiny. Ion channels are proteins with incredible impor-
tance in many biological processes that cause rapid changes in cells, like muscle
contraction, selective transport of nutrients and ions or hormone release. They work
very specifically and its characteristic selectivity is a result of responsive conforma-
tional changes which then regulate the ionic transport [75]. Because of its extraor-
dinary properties, they found a huge interest in developing new polymeric hybrid
materials, mainly for biomedical and biosensing applications. Since ion channel
functionality is related to transportation, their properties are mostly applied in
biomimetic membrane technology.

To incorporate this biomolecule into artificial polymeric matrix with maintaining
its proper functionality and without affecting the structure, it is desirable to reflect its
natural environment, the most possibly similar to the one in the cell membrane. To
cope with this goal, scientists tended to synthetize materials able to mimic those
present in living organism lipid bilayer. The most important criterion was obtaining
materials which have high thermal and chemical long-term stability and mechanical
durability but simultaneously exhibited specific flexibility which would provide a
proper free space necessary to perform ionic channel conformational changes. The
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great alternative to cope with this challenge is synthesis of self-assembly block
copolymers which, in combination with bioactive component, offer variety of possi-
bilities to create highly organized supramolecular structures. Because of its dual
nature, those synthetic amphiphiles provide large variability of possible architec-
tures. They are built from hydrophobic and hydrophilic blocks which are organizing
spontaneously in the solution, similar to the natural lipid bilayers present in cellular
membranes. The layer binding occurs through weak noncovalent interactions like
van derWaals forces, hydrophobic interactions or hydrogen bonds, and thus they are
flexible and can adapt to diverse topologies. As an example, Zhang et al. [76] synthe-
tized an amphiphilic block copolymer (poly(butadiene)52-blockpoly(ethylene oxide))
in which functionally incorporated model membrane channel protein alpha-haemo-
lysin, responsible for transport of little molecules like ions, nutrients or antibiotics.
This innovative approach coped with the challenge of incorporating biomolecule in a
large area in a stable, supported artificial tethered solid-supportedmembrane, which
provided a novel material with potential applications in drug screening, biosensing
or trace analysing. Those kinds of active self-assemblies can be organized in a shape
of membrane, micelles, tubes or vesicles. An important factor regulating successful
protein ion channel incorporation into artificial surface was discussed by the
research group of Meier [77], who studied in detail protein interaction with the
support and events which can lead to deactivation or affect a structure. Their work
concerning preparation of well-organized hybrid ion channel/artificial polymer
structures resulted in the production of supramolecular assemblies. Hydrophobic
polymer polydimethylsiloxane (PDMS) plays a role in the plasticity maintenance of
structure in contact with solid support, while hydrophilic component – PMOXA – is
separating ion channel from the direct contact with the base material. The same
group from Basel proposed the modern concept of nano-machines, based on the
combination of functionality and adjustability of amphiphilic copolymers and
powerful biological activities [78]. Designed by them, nanoreactors connect enzy-
matic operation with function of ionic channel/polymer conjugate. Enzyme was
encapsulated in amphiphilic poly(2-methyloxazoline)-block-poly(dimethylsilox-
ane)-block-poly(2-methyloxazoline) (PMOXA6−PDMS44−PMOXA6) copolymer with
incorporated outer membrane protein F (OmpF) ion channel, which additionally
modified, acts like a stimuli responsive gate- opening and closing dependently on
the pH (Figure 3.10). This strategy is a big step leading to create robust and stable
capsules, which can serve as a device to entrap various biological components, and
apart from that, the concept of regulating membrane shell permeability by introdu-
cing stimuli responsive ion channel is a step forward to optimize nanoreactors in
terms of the size of transported species and type of reaction performed.

Ion channels are perfect candidates to be used in applications related to ion
exchangemembranes and technologies as fuel cells or energy conversion systems. In
the literature, we can find various examples of synthetizing polymers and copolymers
with incorporated biological channels for this aim [79]. Aquaporins attract great
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interest in researchers because of its enhancing water flux properties [80]. This
membrane water channel is bidirectional, which means that it regulates flow of
water entering and going out of the cell. Aquaporins are composed of four monomers
assembled in a way that the channel is narrow in themiddle andwider at the ends, so
allowing the passing of water molecule chain, but rejecting bigger solutes. Moreover,
the internal local electrostatic field pushes the water molecules to rotate, which
enhances the transport. These unusual properties depict aquaporin molecules as
an excellent candidate for potential use for increasing water passage in water treat-
ment membranes. Since aquaporin works in two directions, its orientation in a
membrane film is not crucial for the membrane performance. This convenience
allowed applying various techniques of its incorporation. In the literature, one can
find examples of LbL immobilization [81], active layer formation [82, 83] or covalent
bonding to lipid bilayer [84]. Improvements in gradient-driven water diffusion in ion
channel containing membrane designs have been discussed wider in recent reviews
[85, 86]. Since the incorporation of aquaporin focused mainly on the water flow
increase, random organization of channels did not affect significantly the attainment
of the goal. However, for selective ion transport, confinement of channels requires
the highest possible organization of biomolecule. But still, together with increase of
transport properties, it is difficult to maintain the high specificity of incorporated
ionic gates, which is often related to the lack of control during the immobilization
process. This challenge is continuously a main problem for researchers who face
difficulties with assembling ion channels in the desired orientation along the mem-
brane. The study on a well-controlled immobilization of biological channels within
confinement in a precisely shaped and sized nanopores of polymers like PC and PET
was performed by Balme et al. [87–89]. They studied the controlled incorporation of
avidin, streptavidin and amphotericin B in track-etched membranes and also suc-
cessfully incorporated gramicidin ion channel improving both flux and selectivity of
polymers. Gramicidin was also reported as an biomolecule used for reverse osmosis

pH change

1.Channel opening
2.Substrate introduction
3.Product release

Figure 3.10: Scheme of the nanoreactor working mechanism.
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desalination enhancement [90]. This protein, selective for monopositive ions in
combination with polymeric membrane, increased water flux ameliorating desalina-
tion efficiency. In this approach, the most important factor, which decided the
novelty of applying this particular molecule, was high resistance in the presence of
big hydraulic pressure, which is standard operation condition during reverse osmosis
process.

Apart from overcoming water scarcity problem, biological channel-based biomi-
metic filters have good potential in recently developing application which is mem-
brane crystallization technique [91]. Crystallization is a widely used separation
technique in a chemical industry in which a crucial parameter is the ability to
reproduce crystals with the desired, strict characteristics. However, traditional meth-
ods assimilate many disadvantages which hamper reaching this goal. Not exact
agitation and nonhomogenous solvent–nonsolvent distribution in traditional eva-
porators results in poor crystal recurrence and thus low efficiency of the process.
Furthermore, high energy consumption related to this technology drives for looking
for alternatives. Membrane crystallization is definitely a more economic approach,
which applies membrane technology to produce well-controlled crystals that grow
gradually from unsaturated solution. Aquaporin biomimetic membrane found an
application in this technology [92]. Significantly enhanced water passage through
the protein channels incorporated in the commercial polymeric membrane (AIM60
FOmembrane fromAquaporin InsideTM) constitutes an interesting alternative for use
in sodium carbonate crystallization systems in carbon dioxide capturing purpose.

Energy storage and conversion, solutions for energetic crisis and water scarcity,
biosensing technology, tissue engineering, drug industry and models of understand-
ing the mechanisms occurring in biological systems are invaluable gains from
biomimetic ion channels/polymer materials. Continuous interest and growth of
ideas, strategies and methods of functional channel immobilization make those
biomimetic materials very special implement in membrane technology and other
fields.

3.3.4 Nucleic acids

Nucleic acids, which include DNA and RNA, are composed of a pentose sugar, a
phosphate group and a nitrogenous base. They fulfil a function of encoding and
transmitting genetic information in all living organisms. Because of extremely spe-
cific interactions between nucleic acids in DNA helix (Watson–Crick base pairing AT
and GC affinity), those components provide invention of highly programmable mate-
rials which are very useful biotechnological and biomedical tool. Development of
amphiphilic bioinspired polymers which are able to self-organize in a form of various
shapes, as mentioned before, is widely applied to separation of nucleotides, encap-
sulate biomolecules and drugs. Amphiphilic phenomenon is also used for fabrication
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micelles and solid lipid nanoparticles which have been broadly reported as efficient
drug carriers (see the chapter “Recent advances in Bioartificial Polymeric Materials
Based Nanovectors”). Combination of nucleic acids and synthetic elements allows
production of materials which possess excellent information storage capability.
Unusual properties of artificial matrix is an outset to create constructs with many
possible assemblies and related to these functions. DNA can be conjugated with
hydrophilic or hydrophobic polymers by covalent attachment. The strategies applied
for this purpose is click chemistry coupling, Michael addition, amide bond formation,
phosphoramidate linkage and others [93–96]. The challenging factor of this tactics is
the difficulty related to common DNA denaturation caused by harsh reaction condi-
tion. Even though covalent methods introduce some limitations and various strate-
gies to overcome this fact were applied, many examples of covalently conjugated
materials with variety of applications are reported [97, 98].

As described before, amphiphilic properties of synthetized conjugates lead to
obtain specific properties which allow the formation of nanoscale components. In
case of copolymers being a base to ion channel immobilization, the whole amphi-
philic constituent was artificial. However, for DNA, the only artificial element needed
to create amphiphile is hydrophobic polymeric tie, while the other part is made by
nucleic acid itself. Properties of those designed composites permit engineering
structures in various shapes, related to their particular and unique properties. They
can be organized in the shape ofmicelles, when hydrophobic polymeric tie is directed
to the interior of the sphere and hydrophilic DNA is turned to the exterior, forming a
core. The same single amphiphilic layer can form elongated shape of tubes; however,
double layer can be arranged in vesicles. In vesicles, both interior and exterior are
hydrophilic, but the middle layer is built from hydrophobic polymeric chain. All of
the morphologies are presented in Figure 3.11. Also, possibilities to engineer the
structure in a very controlled way allow the design of a variety of architectures, e. g.
so-called star polymers [99].

TubeMicelle Vesicle

DNA Hydrophobic
polymer

Thiol- end modified P(E-b-EO)

Figure 3.11: Scheme of DNA/hydrophobic polymer conjugates morphologies.
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Even though polymers conjugated with DNA have found application mainly in
drug delivery systems, a wide range of possibilities offered by those structures found
other applications with a great impact on a technology expansion.

Because of the high organization level of nucleic acids, they may be used in
the organization of other macromolecular constructions [100–102]. Going along
with the capability of DNA/polymer conjugates to bind to other particles, the
range of its applicability is widening, e.g. in combination with magnetic nano-
particles they could be used for magnetic resonance imaging [97]. With extre-
mely advanced specificity of binding and the highest level of molecular
recognition, they are also perfect tools for diagnostics and analytic assays,
because nucleic acid sequence identification in real time allows recognizing
genetic mutations or monitoring gene delivery.

DNA-grafted polymeric probe reported by Gaylord et al. has potential as a detec-
tor for DNA, proteins and other biological molecules. For this approach, properties of
conjugated polymers were studied [103]. Conjugated polymers are the class of com-
pounds, which, due to the presence of delocalized electrons in their structure are
fluorescent and able to interact with light. In proposed assay, detection mechanism
bases on a Forester energy transfer effect, which occurrs between two chromophores.
Schematic representation of those interactions is presented in the Figure 3.12.
Conjugated polymer (poly(9,9-bis(6-N,N,N-trimethylammonium)-hexyl)-fluorene
phenylene)), called donor chromophore, is placed in a solution with peptide nucleic
acid which has exactly determined sequence, called acceptor chromophore- pre-
viously labelled with a chromophore dye. When the donor chromophore enters in
an excitation state, it transfers the energy to the acceptor chromophore within
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Figure 3.12: Schematic representation of interaction between conjugated polymer and DNA strand in
the presence of complementary DNA strand (A) and non-complementary strand (B).
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dipole–dipole interaction. Thus, the smallest is the distance between donor and
acceptor, the more efficient is energy transfer and thus the optical properties of
both polymer and peptide need to be adjusted in a way that they would favour
FRET. When conjugated polymer is in the solution with noncomplementary nucleic
acid strand, electrostatic interactions are too weak and the distance between strands
is too large for efficient FRET effect. When a complementary single-strand DNA
appears, occurs hybridization with present peptide nucleic acid and as a result, a
donor chromophore gains multiple negative charges. This local higher charge den-
sity enables electrostatic interactions with conjugated polymer, which decrease the
distance between donor and acceptor activating FRET.

The accessibility of nucleic acid/polymer conjugate allows very high, character-
istic specificity and can be used in DNA diagnostics even in very low concentrations.
Moreover, recent progress in modification of DNA creates new perspectives for novel
composite materials which exhibit biocompatibility, adopt various shapes and
morphologies (capsules, vesicles, hydrogels etc.) and are important implement for
biorecognition approaches.

3.3.5 Cells

The basic structural unit of an organism is a cell. This macromolecule can reproduce
independently, is filled with cytoplasm, contains organelles and genetic material and
is surrounded by semi-permeable membrane. Immobilization of cells is a proponent
in the creation of so-called “living composites.” Those types of synthetic polymeric
materials contain immobilized live microorganisms, and its applications vary from
medicine to agriculture or food industry.

Use of free cells in technological spheres is quite widely described [104–106].
However, immobilized microorganisms have a lot of advantages over their nonim-
mobilized forms. Thanks to attachment to artificial polymers, it is possible to separate
them from environment, protect its biological activity and control its release. For
encapsulation of microorganisms, polyvinyl alcohol (PVA) is widely used. To better
control or even stop release, different blocking strategies have also been studied
[107]. There are also many examples of entrapping bacteria for tissue engineering or
biosensing approaches in various types of hydrogels [108–110]. Their high water
content and elasticity make them perfect candidates as a scaffold matrix for growing
cells and entrapment of live or mobile microorganisms and also drugs (look at the
chapter “RECENT ADVANCES IN BIOARTIFICIAL POLYMERIC MATERIALS BASED
NANOVECTORS”). Those gel crosslinked cells are introduced to degraded tissue and,
while growing, they induce polymer fibres to degradation, allowing the growth of
new tissues [108] (Figure 3.13).

Synthetic polymers that found application as a tissue engineering biodegradable
matrix are, for example PEG or PLGA, used for entrapment of human bone and
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embryonic stem cells [111–113]. However, limited diffusion abilities of hydrogels put
some restriction in their application in medicine and thus resulted in developing new
research interests which are colloidal carriers called nanoaggregated (see the chapter
“RECENT ADVANCES IN BIOARTIFICIAL POLYMERIC MATERIALS BASED
NANOVECTORS”). PEG hydrogels are used also in cell biosensors for environmental
monitoring, drug screening and diagnostics, as a captor of E. coli or murine fibroblasts
[114, 115].

Cell immobilization, as in the case of other biomolecules, is related to some
limitations, which in this case is construction barrier. Due to cultivation method and
conditions, researchers perform usually two-dimensional growth of the culture.
Nevertheless, this challenge has been overcome recently, again with the help of
polymeric hydrogel. Flexibility of those provide creation of tridimensional cell-
entrapping structures which are potential tool for progress in tissue engineering
and biotechnology [109].

Immobilization of microbial cells is also considered to be a potential solution in
terms of bioremediation and for removal of pollutants in soil and water. PDMS, PVA,
latex copolymer, PLA, PU/PC and many other polymers are used as encapsulants for
biomolecules. However, some of these materials, although commonly used, are
poorly applicable in the bioremediation field because of its water solubility [116] or
biomolecule activity limitations. Lately, another way to entrap cell biomaterial is the
production of electrospun polymeric fibres [117–119]. In this approach, design of the
cell/polymer composite provides significant improvement. In order to last longer, for

Isolated cells Gel precursor Crosslinking

Tissue regeneration and polymer degradation

Figure 3.13: Schematic representation of a new tissue cell growth mechanism over the crosslinked
gel.
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a predetermined period of time, biomolecules need to be entrapped in a water-
insoluble material which still allows for mobility of the cell. To do it, Klein et al.
immobilized cells of Escherichia coli, Pseudomonas ADP and Pseudomonas putida S12
in an electrospun hollow fibre PCL fibres [119]. From the performance of the com-
posed fibres, it can be seen that design needs to be enhanced even though the study
shows that denitrification activity in the fibres is maintained. A similar approach was
repeated by Knierim who uses a similar strategy to encapsulate bacteria in PVA and
then cover the shell with hydrophobic poly-chloro-p-xylylene (PPX) [116] and letnic,
closing yeast cells in PVA and cover it with PVDF [118]. This newly developing
method is a potential way to support bioremediation material challenges, and the
principle of the idea is presented in Figure 3.14.

Many examples of applying nanofiber technology (especially as blends with
chitosan) in drug entrapment for tissue engineering approaches are mentioned in
the following chapter. The immobilization of living cells is a challenge, but a variety
of applications and benefits which it can bring over the “free cells” use approach
drive researchers to find new methods for efficient entrapment with maintaining
biological activity. Biodegradable, synthetic polymers with adjusted or modified
properties are promising devices to settle numerous problems and inconveniences
related to fixing microorganisms, and new methods are continuously developing.

3.4 Summary

Nowadays, the polymer science has an impact in practically all life areas. Countless
benefits coming from the usage of materials with high mechanical and chemical
resistance, a variety of functionalities and potentiality of modification drive to the
development of new application fields. A novel approach of combining these syn-
thetic substances with biomolecules leads to obtaining multifunctional hybrid con-
jugates which implement bioactivity of natural component with outstanding
properties of artificial polymer. Over the decades, an immense progress in bioartifi-
cial composites domain allowed to reach a high level of knowledge in terms of
natural-like systems engineering, leading to diverse strategies of biomolecule

Bacteria
Hydrophilic polymer

Hydrophobic polymer

Figure 3.14: Scheme of a composite nanofiber.
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immobilization. Together with different available options, including covalent and
noncovalent attachment, come various challenges, related mainly with maintaining
the biological activity of fixed molecules. Even though the amount of applications
that achieve commercial status is still not substantial, and is expanding continuously
in disciplines like “smart materials,” biosensors, delivery systems, nanoreactors and
many others. A huge number of remarkable developments reported in the literature
present a potential of bioartificial conjugates as a fabrics with highly controllable
structure and multiple functionalities, serving as a powerful nanotechnological tool.
This novel approach brings closer biologists, chemists and engineers, who sharing
their effort and complement the knowledge can revolutionize the field of bioartificial
polymer science.
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4 Recent advances in “bioartificial polymeric
materials” based nanovectors

Abstract: This chapter analyzes the advantages of the use of bioartificial polymers as
carriers and themain strategies used for their design. Despite the enormous progresses
in this field, more studies are required for the fully evaluation of these nanovectors in
complex organisms and for the characterization of the pharmacodynamic and phar-
macokinetic of the loaded drugs. Moreover, progresses in polymer chemistry are
introducing a wide range of functionalities in the bioartificial polymeric material
(BPM) nanostructures leading to a second generation of bioartificial polymer thera-
peutics based on novel and heterogeneous architectures with higher molecular weight
and predictable structures, in order to achieve greater multivalency and increased
loading capacity. Therefore, research on bioartificial polymeric nanovectors is an “on-
going” field capable of attracting medical interest.

Keywords: chitosan, doxorubicin, nanofibers, poly(ethylene glycol)

4.1 Introduction

4.1.1 Bioartificial polymeric materials

“Bioartificial polymeric materials” (BPMs) are a class of polymeric composites based on
the blend between synthetic and natural polymers, designed to produce new materials
combining the biocompatibility of the biological components with the physical and
mechanical features of the synthetics [1–3]. These materials are engineered for different
applications such as biodegradable delivery systems, leak proof membranes, systems of
proteins purification, dialysis membranes, wound dressing, artificial skin, cardiovascu-
lar devices, nerve guide channels, implantable devices, bone graft substitutes [4–6] and
have an enormous repercussion in the human life quality [7]. Table 4.1 summarizes the
main applications of these materials (Table 4.1).

4.1.1.1 Natural polymers for BPMs
Natural polymers are macromolecules produced by living organisms (e.g. plants,
mammals, crustaceans) with structural or functional purposes. The main classes of
natural polymers are polynucleotides, polypeptides and polysaccharides [8].
Polynucleotides act as carriers of the genetic information, polypeptides function as
structural materials or catalysts, polysaccharides are components of membranes and
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enhance intracellular communication [9]. Natural polymers are broadly used as
advanced materials for the production of fibers, adhesives, coatings, gels, thermo-
plastics, resins, etc. and most of them have medical applications [9, 10]. (Table 4.2).
These polymers possess several inherent advantages such as bioactivity, the ability to
present receptor-binding ligands to cells, susceptibility to cell-triggered proteolytic
degradation and natural remodeling. However, their immunogenicity, variability in
purity across groups, complex structure, strength inadequacies and difficulty in
controlling material degradability limit their utilization [11].

4.1.1.2 Synthetic polymers for BPMs
Synthetic polymers are petroleum-based products produced by chemical reactions.
These materials are important components of BPMs thanks to their inert nature, high
resistance of chemical linkages to hydrolytic and oxidative degradation and ability to
tailormechanical properties. Synthetic polymers contribute to the efficient functioning
of devices providing mechanical support to implants such as articulating surfaces and
scaffolds (e.g. knee and hip implants), protective coatings to improve blood compat-
ibility, electrically stimulating devices (e.g. pacemakers, heart valves), catheters and

Table 4.1: Uses of bioartificial polymeric materials.

Area Examples

Replacement of damaged parts Artificial joint
Healing devices Sutures, bone plates
Assistance of functionality Cardiac pacemaker, ocular devices
Diagnosis Probes
Aesthetics Breast implants
Drug delivery Nanoparticles, Nanofibers

Table 4.2: Natural polymers used for bioartificial polymeric materials.

Polymer Structure Natural derivation

Albumin NH2-E-A-H-K-S-E- (N terminal
sequence of the protein)

Blood plasma

Chitosan (C6H11NO4)n Shrimp and other crustacean shells
Collagen -(-G-Hyp-P-A-Hyp-P-)- (repeated

sequence of the glycoprotein)
Animal connective tissues

Fibrin NH2-Q-G-V-N-D-N- (N terminal
sequence of the protein)

Blood plasma

Fibroin -(-G-S-G-A-G-A-)- (repeated
sequence of the protein)

Silk

Heparin C12H19NO20S3 Blood plasma
Hyaluronic acid (C14H21NO11)n Animal synovial fluids Microbial

production
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dialysis tubing, vascular grafts and implantable drug delivery systems (e.g. drug
eluting coatings on vascular stents). The main classes of synthetic polymers used in
BPMs include poly(olefins), poly(urethanes), poly(carbonates), poly(siloxanes), poly
(amides), poly(ethers), poly(sulfones) and poly(esters) [12–15]. Table 4.3 summarizes
their chemical structures and general properties (Table 4.3).

4.1.2 Nanotechnology and medicine

Nanotechnology (NT) is the science of manipulating matter at the atomic or molecular
scale and holds the promise of providing significant improvements in the technologies
intended to enhance human well-being and protect the environment [15]. NT is often
regarded as a product of the latter part of the twentieth century but it influencedhuman
evolution from the earliest civilization. Indeed, the ancient Greeks used permanent
hair-dying recipes composed of 5 nm lead sulfide crystals and European medieval
artists colored stained glass using metal nanoparticles. Modern NT, started in 1959
when physicist Richard Feynman recognized the possibility to build machines able to
manufacture objects with atomic precision and explained that, at the nanoscale, sur-
face phenomena dominate the behavior of the objects [16]. The term NT, however, was

Table 4.3: Synthetic polymers used for bioartificial polymeric materials.

Polymer Structure Key properties

Poly(ethylene) (C2H4)n Excellent chemical resistance
Low- and high-density grades
Thermoplastics features

Poly(propylene) (C3H6)n Flexible with good fatigue resis-
tance Thermoplastics features

Poly(methyl methacrylate) (C5O2H8)n Good impact strength
Lightweight, transparent Poor
chemical resistance
Thermoplastics features

Poly(dimethyl siloxane)
O

Si
CH3

CH3

Excellent viscoelastic properties
Transparent, elastic, inert,
nontoxic

Poly(ether ether ketone)

O

O

O

Excellent chemical resistance
Excellent mechanic properties
Thermoplastics features

Polyurethane

O

O O

ON

H

N

H

Biodegradable Biostable
Thermoplastics features
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introduced in 1974 by Norio Taniguchi referring to the “production technology to get
the extra-high accuracy and ultra-fine dimensions” [17]. Practical application of NT
started with the description of the molecular manufacturing [18] and the invention of
the scanning tunneling microscope (STM) that allowed the first direct manipulation of
individual atoms [17]. Nowadays, NT is a dynamic field where over 50,000 articles
published annually and more than 2,500 patents filed [19].

Nanomedicine, an offshoot of NT, uses nano-sized tools for the diagnosis, pre-
vention and treatment of diseases (Figure 4.1). Applicative examples are biosensors,
implantable devices, prostheses components and drug delivery platforms. This
chapter focuses on the delivery of therapeutic substances through bioartificial poly-
meric nanovectors, a novel and interesting aspect of nanomedicine.

4.2 Bioartificial polymeric nanovectors

Drug delivery is the method of administering pharmaceutical compounds to achieve
therapeutic effects in humans or animals [20]. The delivery vehicles are films, plasters,
gels and polymeric-based nanovectors. Among these, nano-sized delivery systems
have a significant role in the alteration of bioavailability, pharmacokinetic
and pharmacodynamic properties of drug molecules thanks to their favorable

POLIMERIC OR PROTEIN
NANOPARTICLE

PRECLINICAL STUDIES

CLINICAL TRIALS IN HUMAN

FDA-APPROVED

LIPOSOME
INORGANIC NANOPARTICLE

NANOMEDICINE
IN VITRO STUDIES

NANOMEDICINE

Figure 4.1: Nanovectors direction to the FDA approval.
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chemical-physical characteristics due to the reduced dimensions, their ability of deli-
vering therapeutic agents directly into the intended site of action and their capability to
overcome tight junction membrane barriers (e.g. blood brain barrier and blood-ocular-
barrier) [21–24]. Nanovectors are particularly useful to transport drugs that have poor
solubility or a short half-life and have numerous biological applications such as cancer
therapy, stabilization and protection of molecules, proteins, peptides and DNA, ana-
lysis of environmental hazards, protein and gene delivery, action as self-regulated
devices bio-recognizable systems and stimuli-controlled vectors [25–27].

BPMs are widely used as nano-sized drug delivery systems due to the synthetically
controllable size, surface charge and morphology, solubility, mechanical properties
and pharmacokinetic [24, 28–30]. Bioartificial polymeric nanovectors are targeted to
the biological substrate using three different mechanisms: active targeting, passive
targeting and endocytosis. Active targeting is an internalization method that uses
receptors, surface ligands, antigen-antibody combinations or aptamers to enter tar-
geted tissues or cells. Passive targeting takes advantage of nanosystems’ physicochem-
ical properties (e.g. small size, surface functionalization, morphology) to accumulate
in target tissues. In particular, the nanovehicles are able to enter into the cells through
van der Waals forces, electrostatic charges, steric interactions or interfacial tension
based on the pathophysiological characteristics of the tissues (e.g. extravasation of
nanovectors through the “leaky” endothelium of tumor tissue). Finally, endocytosis,
the major route for nanomedicines, allows transport of nanodelivery systems across
cell membrane and is generally classified into phagocytosis and pinocytosis [31–34].
The synthesis of BPM nanovectors depends on the polymeric units of the material and
follows top down or bottom up approaches. “Top down” approach refers to the
reduction of a bulk material to get nano-sized particle, while “bottom up” allows the
build of nanoparticles starting from the monomers [35]. The technique used greatly
impacts the physical, chemical and biological properties of the produced vehicles and
influences their size, shape and surface chemistry [36–38]. However, clinical utilization
of BPM-based nanovectors is still at the early stages and the commercialized vehicles
are mainly composed of synthetic polymers. Table 4.4 summarizes the marketed
polymeric nanovectors for drug delivery applications (Table 4.4).

4.2.1 Nanospheres and Nanocapsules

Nanospheres (NSs) and nanocapsules (NCs) are nano-sized vectors composed of
amphiphilic copolymers structured with hydrophobic chains forming the inner part
of the particles and hydrophilic portions on the surface. NSs have homogeneous solid
matrices [39] while NCs exhibit a core-shell structure in which the drug is confined to a
reservoir or within a cavity surrounded by a polymermembrane [40]. BothNSs andNCs
allow the fine tuning of their properties through surface functionalization, the use
of different shell materials and with the regulation of their size [41–43]. Poly-lactic
acid (PLA), poly-glycolic acid (PGA), poly-lactic-co-glycolic acid (PLGA), poly
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ε-caprolactone (PCL), chitosan (CS) and polyethylene glycol (PEG) are the main mate-
rials used for the synthesis of these systems due to their wide biocompatibility and
biodegradability [44–48]. NSdrugs are dissolved, entrapped, encapsulated, chemically
bound or adsorbed to the constituent polymermatrix [49, 50] while NCs carry the active
substance in the core, or on their surfaces or absorbed in the polymericmembrane [51–
53]. The use of NSs and NCs is an attractive strategy for the vectorization of a variety of
active substances such as antineoplastics, antiinflammatories, immunosuppressants,
antigens, hormones, antivirals, antibacterials, antifungals, diuretics, antipneumocys-
tics and vitamins. Moreover, these systems are useful to mask unpleasant tastes, to
provide controlled release properties, to protect vulnerable molecules from degrada-
tion and to increase the therapeutic efficacy of active molecules [54, 55]. Finally, NSs
and NCs have high intracellular uptake and require a low amount of polymer for each
particle, resulting in high drug loading [46, 49]. NSs and NCs have common prepara-
tion techniques that are classified into two general categories depending on the starting
material. The use of monomers requires emulsion polymerization, interfacial polymer-
ization or ionic gelation methods. Differently, for preformed polymers, nanoparticle
preparation is achieved through emulsification/solvent evaporation, emulsification/
solvent diffusion, salting out, dialysis and nanoprecipitation. The emulsion polymer-
ization method is carried out using organic or aqueous solvents as continuous phase

Table 4.4: Commercialized polymeric nanovectors for drug delivery applications.

Product Nano-system Payload Therapeutic indication

Copaxone® Polymeric drug Poly(alanine, lysine,
glutamic acid, tyrosine)

multiple sclerosis

Renagel® Polymeric drug Poly(allylamine) end stage renal failure
Emmelle® gel Polymeric drug dextrin-2-sulphate HIV/AIDS -

vaginalvirucide
Adagen® Polymer-protein

conjugate
PEG-adenosine
deaminase

severe combined
immunodeficiency
syndrome

Zinostatin Stimalmer® Polymer-protein
conjugate

SMANCS cancer - hepatocellu-
larcarcinoma

Oncaspar® Polymer-protein
conjugate

PEG-L-asparaginase acute lymphoblastic
leukamia

PEG-intron™ Polymer-protein
conjugate

PEG-a-interferon 2b hepatitis C

PEG-Asys® Polymer-protein
conjugate

PEG-a-interferon 2a hepatitis C

Pegvisomant® Polymer-protein
conjugate

PEG-human growth
hormone

acromegaly

Neulasta™ Polymer-protein
conjugate

PEG-GCSF prevention of neutro-
peniaassociated with
cancerchemotherapy
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[46]. Surfactants or protective soluble polymers are used to prevent aggregation in the
early stages of the polymerization. The polymerization process starts using an initiator
molecule (ion or free radical), or activating the monomer with high-energy radiations.
Incorporation of active principles is obtained dissolving the substance in the same
phase of the monomers. The interfacial polymerization is a process with a similar
mechanism that involves the dissolution of two reactive agents into two phases (i.e.,
continuous- and dispersed-phase), with the reaction that takes place at the interface of
the two liquids [56]. Interfacial polymerization permits to modulate the formation of
NSs or NCs using different eluents. In fact, to promote NC formation, aprotic solvents
are used, while protic liquids induce the formation of NSs [57]. Incorporation of active
principles is obtained dissolving the drug into the dispersed phase. Ionic gelation
permits the preparation of polymeric nanoparticles using biodegradable hydrophilic
polymers such as CS, gelatin and sodium alginate. This method requires the mixture of
two aqueous phases, one containing the hydrophilic polymer and the other a cross-
linker (e.g. poly-anion sodium tripolyphosphate). The positive groups of the polymer
interact with negative charged crosslinkers to form nano-sized vectors [58]. Drug is
added in the same phase of the hydrophilic polymer [58]. Emulsification/solvent
evaporation is a method that requires the preparation of the polymer solution in
lipophilic volatile solvent with a subsequent formation of an emulsion, adding water
and stabilizers. The lipophilic solvent diffuses through the emulsion and its evapora-
tion lead to the formation of a nanoparticle suspension. High-speed homogenization or
sonication is utilized to improve the diffusion, while the solvent evaporation is favored
by continuous magnetic stirring at room temperature or under reduced pressure. The
solidified nanoparticles are collected by centrifugation andwashedwith distilled water
to remove additives [59]. Drug loading is carried dispersing the substance in the volatile
solvent. Similarly, in the emulsification/solvent diffusion method, the encapsulating
polymer is dissolved in a partially water soluble eluent and saturated with water to
ensure the diffusion. Subsequently, the polymer-water saturated solvent phase is
emulsified in an aqueous solution containing stabilizers, leading to the solvent diffu-
sion to the external phase and to the formation of nanovectors. Drug loading is
achieved dissolving the substance in the polymer phase [46]. Salting out is a modifica-
tion of the emulsification/solvent diffusion in which polymer and drug are initially
solubilized in the volatile solvent which is emulsified into an aqueous gel containing
salting-out agents (e.g. electrolytes, such as magnesium chloride, calcium chloride,
and magnesium acetate, or non-electrolytes such as sucrose) and colloidal stabilizers
(e.g. polyvinylpyrrolidone or hydroxyethylcellulose). This oil/water emulsion is diluted
with aqueous solutions to enhance the diffusion. The salting out agents improve the
encapsulation efficiency of the drug [46]. In the dialysis methodology, the polymer is
dissolved in an organic solvent and placed inside a dialysis tube. Dialysis is performed
against a non-solvent miscible with the lipophilic eluent. The progressive aggregation
of polymer and the formation of nanoparticles is the consequence of the displacement
of the organic solvent inside themembrane [59]. Drug incorporation is obtained adding
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the active principle in the same eluent of the polymer. Finally, in the nanoprecipitation
method, the polymer is solubilized in a water-miscible solvent and is injected into a
stirred aqueous solution containing a surfactant. The stirring causes a fast diffusion of
the solvent and the polymer deposition on the interface between the water and the
organic eluent, leading to the instantaneous formation of a colloidal suspension [60].
The aqueous solutionmust be a non-solvent of the polymer [61]. Drug encapsulation is
achieved solubilizing the drug into the organic solvent [61]. A schematic representation
of the described preparation techniques is available in Figure 4.2. Bioartificial polymers
are widely studied as components of NSs and NCs. Such systems are described by
Bellotti et al. as composed of butyl methacrylate, poly(ethylene glycol) methyl ether
methacrylate, 2-(dimethylamino) ethyl methacrylate crosslinked with trimethylolpro-
pane trimethacrylate and functionalized with folic acid on their surface in order to
specific target enclosed anticancer drug to cancer cells [62]. The antitumor activity is
the subject of research of several other authors. For example, Cui et al. formed ionically
assembled nanoparticles from poly(ionic liquid-co-N-isopropylacrylamide) with
deoxycholic acid through electrostatic interactions. These nanoparticles exhibit dual-
responsive properties based on pH and thermal environment conditions with practical
applications as drug delivery carriers, as shown by the encapsulation of doxorubicin.

Figure 4.2: Schematic representation and manufacturing methods of nanospheres –left- and nano-
capsules –right.
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In particular, low pH and high temperature provoke structural collapse of the ionically
assembled nanoparticle and the release of doxorubicin. In fact, 80%of drugmolecules
are releasedwithin 48h at pH 5.2, 43 °C, but only 30%of doxorubicin is releasedwithin
48h at 37 °C and pH 7.4 [63]. Bahadur et al. designed nanoparticles formed by poly(2-
(pyridin-2-yldisulfanyl)ethyl acrylate) conjugated with PEG and cyclo(Arg-Gly-Asp-d-
Phe-Cys) peptide. These nanovectors are loaded with doxorubicin. The size of the
vehicle is 50.13 ± 0.5nm in PBS. Such vectors are stable in physiological condition
and release doxorubicin with the trigger of acidic pH and redox potential. Moreover,
these acrylate-based nanoparticles show a two-phase release kinetics, providing both
loading and maintenance doses for cancer therapy. The conjugation with the peptide
enhances the cellular uptake and nuclear localization. In fact, these vectors exhibit
significantly higher anticancer efficacy compared to that of free doxorubicin at con-
centrations higher than 5μM [64]. Barick et al. synthesized glycine functionalized
magnetite (Fe3O4) nanoparticles by Michael addition/amidation reaction. These nano-
carriers have average size of about 10nm and are resistant to protein adsorption in
physiologicalmedium.Moreover, the terminal amino acids on the shell of themagnetic
nanocarriers allow outer functionalization and potential conjugation with drug mole-
cules. The encapsulation of doxorubicin as model drug revealed high loading affinity,
sustained release profile, magnetic-field-induced heating and substantial cellular
internalization. Moreover, the enhanced toxicity to tumor cells using a local magnetic
field suggests their potential for combination therapy involving hyperthermia and
chemotherapy [65]. Similarly, Zhao et al. produced arginine–glycine–aspartic acid-
modified Fe3O4 nanoparticles to control the delivery and release of doxorubicin. The
conjugation of these targeted magnetite nanoparticles with the drug is via acid-labile
imine bond. Such linkage gives magnetic control, specific targeting and pH-responsiv-
ity to the nanocarriers. The cell toxicity assays indicate higher anticancer activity of
these pH-sensitive magnetic nanocarriers compared to free doxorubicin and increased
cytotoxicity consequent to the conjugation with arginine–glycine–aspartic acid pep-
tides [66]. Cheng et al. developednanoparticles of carboxy-terminatedpoly(d,L-lactide-
co-glycolide)-block-poly(ethylene glycol) conjugated with A10 RNA aptamers, able to
bind the prostate specific membrane antigens. Such nanoparticles deliver docetaxel
and paclitaxel to tumor cells. These nanovectors are evaluated in a xenograft mouse
model of prostate cancer. The surface functionalizationwithA10 aptamers significantly
enhances the delivery to tumors [67]. Patil et al. synthesized copolymer PLA–PEG
nanoparticles functionalized with biotin or folic acid and incorporating paclitaxel, by
solvent polymerization technique. The addiction of the ligands significantly enhances
nanoparticles accumulation in tumor cells in vitro and results in improved efficacy of in
a mouse xenograft tumor model [68]. Farokhzad et al. synthesized a bioconjugate
composed of PLA-block-PEG copolymer and aptamers for targeted delivery to prostate
cancer cells. These nanovectors encapsulate the model drug rhodamine labeled with
dextran. Such nanoparticles present carboxylic acid groups on the particle surface,
useful for functionalization and for covalent conjugation with amine-modified
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aptamers. Moreover, the coating of PEG enhances circulating half-life and decreases
the uptake into non-targeted cells. The bioconjugation with RNA aptamers permits the
targeting on prostate LNCaP epithelial cells [69]. Schiffelers et al. produced self-assem-
bling nanoparticles with siRNA and polyethyleneimine PEGylatedwith an Arg-Gly-Asp
(RGD) peptide ligand attached at the distal end of the PEG. These nanovectors deliver
siRNA inhibiting vascular endothelial growth factor receptor-2 expression into tumor
neovasculature expressing integrins. Intravenous administration of this system into
tumor-bearing mice results in selective tumor uptake, siRNA sequence-specific inhibi-
tion of protein expression within the tumor and reduction of both tumor angiogenesis
and growth rate [70]. Cho et al. synthesized retinoic acid loaded poly(L-lactic acid)
nanoparticles coated with galactose-carrying polymer for hepatocyte-specific targeting
using galactose ligands as recognition signals to asialoglycoprotein receptors. The
authors study the effects of released retinoic acid on morphology and DNA synthesis
of hepatocytes. Such drugs modify in vitro shapes of hepatocytes. Moreover, fluores-
cence and confocal laser microscopic studies confirm the positive influence of galac-
tose-carrying polymers coating on nanoparticles internalization [71] Soppimath et al.
synthesized core-shell nanoparticles, self-assembled from the amphiphilic tercopoly-
mer poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide-co-10-undecenoic acid)
in which 10-undecenoic acid is employed as hydrophobic and pH-sensitive segment.
The temperature responsiveness of the core-shell nanoparticles is triggered by a
change in the environmental pH. The shell of these nanoparticles is composed of
amine groups able to conjugate biological signals for specific affinities to certain cell
types. Such nanoparticles, loaded with doxorubicin, are stable in PBS at 37 °C but
precipitate in acidic environment, triggering the release of the enclosed drugmolecules
[72]. Shu et al. produced crosslinked hollow polyelectrolyte NCs composed of cystea-
mine conjugated CSanddextran sulfate by adsorption on β-cyclodextrin functionalized
silica spheres. TheseNCs have enhancedphysical stability against acidic pH conditions
and decrease the loss of protein caused by the gastric cavity and the release of drugs in
the intracellular environment after glutathione reduction. Bovine serum albumin (BSA)
used as model drug exhibits spherical morphology, dimension of 120nm, with a good
polydispersion index and sustained release without the initial burst [73]. The cited
vehicles are summarized in Table 4.5.

4.2.2 Nanohydrogels and nanoaggregates

Nanohydrogels (NHYs) are nano-sized networks of polymer chains able to incorporate
H2O in their structure. Usually, NHYs are macromolecular hydrocolloids with numer-
ous hydrophilic functional groups [74]. Their composition ranges from linear water-
soluble polymers towater insolublemolecules that act as swellable networks stabilized
by crosslinking agents. In general, these substances have high molecular weight
(5000–10000Da) and cannot cross-biological membranes. Further, they include cel-
lulosic components like sodium carboxymethyl cellulose or polyanion bioadhesives
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like polyacrylic acid. These nanovectors are classified on the basis of the presence or
absence of electrical charge located on the crosslinked chains. In fact, they are grouped
as nonionic, anionic, cationic, amphoteric electrolytes or zwitterions. The surface
charge regulates the adhesivity. For example NHYs, due to their capability of forming
strong non-covalent bonds with the mucin, have prolonged ocular residence time and
reduced dosing frequency [75]. Production of hydrogels requires the simple prepara-
tion of polymer solutions in low or intermediate concentrations and the formation of
crosslinks for the prevention of the dissolution. Many crosslinking methods are

Table 4.5: Bioartificial polymeric nanospheres and nanocapsules.

Nanovectors Composition Encapsulated
drug

Reference

Nanospheres Butyl methacrylate, poly(ethylene glycol) methyl
ether methacrylate, 2-(dimethylamino) ethyl metha-
crylate crosslinked with trimethylolpropane tri-
methacrylate and functionalized with folic acid

Anti-cancer drugs [62]

Ionically assembled nanoparticles from poly(ionic
liquid-co-N-isopropylacrylamide) with deoxycholic
acid

Doxorubicin [63]

Poly(2-(pyridin-2-yldisulfanyl)ethyl acrylate) conju-
gated with polyethylene glycol and cyclo(Arg-Gly-
Asp-d-Phe-Cys) peptide

Doxorubicin [64]

Glycine functionalized Fe3O4 magnetic
nanoparticles

Doxorubicin [65]

Arginine–glycine–aspartic acid (RGD)-modified
Fe3O4 nanoparticles

Doxorubicin [66]

Poly(d,L-lactide-co-glycolide)-block-poly(ethylene
glycol) conjugated with A10 RNA aptamers

Docetaxel and
paclitaxel

[67]

Polylactide–polyethylene glycol nanoparticles func-
tionalized with biotin or folic acid

Paclitaxel [68]

Bioconjugate composed of poly(lactic acid)-block-
polyethylene glycol copolymer and aptamers

Rhodamine-
labeled dextran

[69]

Polyethyleneimine PEGylated with an Arg-Gly-Asp
peptide ligand attached at the distal end of the
polyethylene glycol

siRNA [70]

Poly(L-lactic acid) nanoparticles coated with galac-
tose-carrying polymer

Retinoic acid [71]

Nanocapsules Butyl methacrylate, poly(ethylene glycol) methyl
ether methacrylate, 2-(dimethylamino) ethyl metha-
crylate crosslinked with trimethylolpropane tri-
methacrylate and functionalized with folic acid

Anti-cancer drugs [62]

Poly(N-isopropylacrylamide-co-N,N-dimethylacryla-
mide- co-10-undecenoic acid)

Doxorubicin [72]

Cysteamine conjugated chitosan and dextran sulfate Bovine serum
albumin

[73]
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currently available for hydrogel synthesis. Generally, physically crosslinked gels are
those whereas physical interactions exist between polymer chains (e.g. hydrogen
bonds, amphiphilic graft) while chemically crosslinked hydrogels are synthesized
with covalent bonds (e.g. crosslink with aldehydes, free radical polymerization). The
nanodimensions are usually obtained with sonication [76]. The medical application of
nano-sized hydrogels is limited by the difficult administration of an accurate dose of
active principle due to the variable release of gelified systems [75]. Nanoaggregates
(NAGs) are colloidal carriers formed from amphiphilic block copolymers. In some
cases, further molecules act as crosslinker agents. NAGs possess inherent properties
such as high loading efficiency and in vivo stability. These vehicles are able to provide
site-specific drug delivery via either a passive or active targeting mechanisms. NAGs
are suitable for encapsulation of poorly water-soluble drugs by covalent conjugation as
well as physical encapsulation. Active transport is achieved by conjugating a drugwith
vectors or ligands that bind specific receptors [77]. The synthesis of NHYs and NAGs is
summarized in Figure 4.3. The use of bioartificial materials for the preparation of NHYs
and NAGs is a novel research interest. Despite of this, a number of papers are available
in literature. For example, CS-poly (acrylamide-co-methacrylic acid) hydrogels were
synthesized by Ullah et al. They use different coupling agents (3-dimethylaminopro-
pyl)-3-ethylcarbodimide hydrochloride and 3-aminopropyltriethoxysilane) and the
functionalization with phenylboronic acid, a glucose sensing moiety, to design multi-
functional NHYs with enhanced glucose sensitivity, stability, drug loading and release
profile. Moreover, the authors study the glucose-induced volume phase transition and
release profile at physiological conditions of the model drug Alizarin Red (a compound

Bioactive compounds to be encapsulated

Polymers dispersion in aqueous solution

mixing/ addition of cross linkers

sonication

Formation of aggregates\ hydrogels

Formation of nano aggregates\ hydrogels
Mixing and sonication

Figure 4.3: Schematic representation and manufacturing methods of nanoaggregates –top- and
nanohydrogels –bottom.
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with 1,2-diol structure, similar to insulin) in order to find potential application in self-
regulated insulin delivery with enhanced sensitivity toward glucose [78]. Jaiswal et al.
synthesized poly N-isopropylacrylamide – CS-based NHYs encapsulating iron oxide
(Fe3O4) magnetic nanoparticles through free radical polymerization of the acrylate in
presence of CS. These NHSs are spherical shaped with size ranging from 50nm to 200
nm on the base of the feed ratios of CS. The encapsulation of Fe3O4 nanoparticles into
poly N-isopropylacrylamide–CS based NHYs is confirmed by transmission electron
microscopy. This system shows optimal magnetization, good specific absorption rate
and excellent cytocompatibility, finding potential applications in hyperthermia treat-
ment of cancer and targeted drug delivery [79]. Yoon et al. produced self-assembled
NAGs co-encapsulating doxorubicin and oligonucleotides through the conjugation of
four-armpoly(ethylene glycol) with doxorubicin and anti-bcl-2 oligonucleotides. These
conjugates are hydrophobically self-assembled into NAGs in aqueous solutions.
Elemental scanning of the products reveals a core-shell structure with the drug located
at the core of the vectors and the genetic materials at the shell. Analysis by dynamic
light scattering and electron microscopy proves the complete disappearance of the
particles under reducing conditions and the liberation of oligonucleotides at low pH. In
vitro studies confirm the uptake of drug and oligonucleotides in cells treatedwithNAGs
[80]. Table 4.6 recaps the described nanovectors (Table 4.6).

4.2.3 Micelles (MCs) and solid lipid nanoparticles (SLNs)

Micelles (MCs) are colloidal dispersions belonging to a large family of systems
consisting of particulate matter (the “dispersed phase”), distributed within a con-
tinuous phase (the “dispersion medium”), usually constituted by water. MCs form
spontaneously at certain concentration (critical micelle concentration) and tempera-
ture (critical micelle temperature) values from amphiphilic or surface active agents.
Usually, these vehicles have particle size ranging between 5 and 100nm [81, 82].
Regarding the structure, the hydrophobic fragments of amphiphilic molecules form
the core of MCs, while hydrophilic fragments the shells. The formation of MCs is
driven by the decrease of free energy in the system because of the removal of

Table 4.6: Bioartificial polymeric nanohydrogels and nanoaggregates.

Nanovectors Composition Encapsulated drug Reference

Nanohydrogels Chitosan-poly (acrylamide-co-methacrylic
acid)

Alizarin red Insulin [78]

Poly N-isopropylacrylamide-chitosan-based
nanohydrogels

Anticancer drugs [79]

Nanoaggregates Four-arm poly(ethylene glycol),doxorubicin,
anti-bcl-2 oligonucleotides

Doxorubicin Anti-bcl-2
oligonucleotides

[80]
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hydrophobic fragments from the continuous phase, and the re-establishing of hydro-
gen bond network in water. Moreover, additional energy results from the formation of
van der Waals bonds between hydrophobic blocks in the core of the formed MCs [83].
MCs possess high stability both in vitro and in vivo, good biocompatibility and are
able to solubilize a broad variety of poorly soluble pharmaceuticals through the
interaction of the lipophilic substances with their hydrophobic core [84]. Many of
these drug-loaded vehicles are currently at different stages of preclinical and clinical
trials [85]. Micellar nano-drug delivery systems have increased water solubility,
improved bioavailability, reduction of toxicity, enhanced permeability across the
physiological barriers, substantial changes in drug biodistribution, extended blood
half-life and protection from degradation [86]. Moreover, MCs have spontaneous
interstitial penetration into the body compartments with leaky vasculature (tumors
and infarcts) [87]. Active targeting of MCs is obtained through surface chemical
attachment of driving molecules [88]. MCs are prepared simply dissolving the amphi-
philes in water. These vectors are thermodynamically stabilized against disassembly
if the amphiphilic concentration remains above the CMC. While, upon dilution below
the CMC, MCs disassemble with a rate depending on the structure of the amphiphiles
and on the interactions between the chains [89]. The encapsulation of molecules is
obtained dissolving the substance into the micellar solution [89]. A further method of
MCs preparation, useful to encapsulate non-water soluble molecules, is the thin-film
hydration method. The amphiphilic copolymer and the lipophilic drug are dissolved
in organic solvent. Then, the apolar eluent is removed to get the drug-containing lipid
membrane. This film is resuspended in a polar solvent for nano-MCs self-assembly.
The driving force of this process is the hydrophobic effect between the non-polar
segments of the polymers. The hydrophobic effect also plays an important role in the
drug encapsulation, stabilizing the intermolecular interaction between the substance
and the hydrophobic segment [90]. SLNs are colloidal carrier systems, generally
spherical in shape, composed of a high melting point lipids, as a solid core, coated
by aqueous surfactants. The core lipids are fatty acids, acylglycerols and waxes,
whereas phospholipids, sphingomyelins, bile salts and sterols are utilized as stabi-
lizers [91]. SLNs are useful for the delivery of poor water soluble drugs [92]. The
particle diameters are in the range of 10–1000nm. SLNs are characterized by high
biocompatibility, high bioavailability, physical stability, protection of incorporated
labile drugs from degradation, excellent tolerability, prevention of problems related
withmultiple routs of administration, avoidance of the use of organic solvents during
the preparation, formation of films over the skin showing occlusive properties and
absence of problems concerning large-scale production and sterilization [93, 94].
However, common disadvantages of SLNs are particle growth, unpredictable gelation
tendency, uncertain diffusion of the drug within the lipid matrix of the vector,
unexpected dynamics of polymorphic transitions and inherent low incorporation
rate due to the crystalline structure of the solid lipid [95, 96]. SLNs are prepared
through homogenization, solvent-evaporation, microemulsion and film-ultrasound
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dispersion techniques. In the homogenization method, the homogenizers push a
liquid with high pressure (100–2000bar) through a narrow gap. The high shear
stress and cavitation forces disrupt the particles down to the submicron range. This
technique is carried in hot or cold conditions. Hot homogenization requires tempera-
tures above the melting point of the lipid and necessitates the preparation of a pre-
emulsion of the drug loaded lipid melt with the aqueous emulsifier. Higher tempera-
tures result in lower particle sizes. In cold conditions, the drug containing lipid melt
is cooled and dispersed into a cold surfactant solution. This pre-suspension is
homogenized at or below room temperature, breaking the lipids in solid nanoparti-
cles. In the solvent-evaporation method, the lipids are dissolved in a water-immisci-
ble organic solvent that is emulsified in an aqueous solvent. The nanoparticles
dispersion is obtained upon evaporation of the eluent that leads to lipid precipita-
tion. The microemulsion technique is operated stirring a mixture of low melting fatty
acids, emulsifiers and water, at 65–70 °C. This hot liquid is dispersed in cold water
(2–3 °C) under stirring. The high-temperature gradient facilitates rapid lipid crystal-
lization and prevent aggregation. Finally, in the film-ultrasound dispersion method,
the lipid and the drug are put into suitable organic solution that is evaporated to form
a lipid film. The following addition of an aqueous solvent results in an emulsion that
is sonicated giving SLNs with uniform particle size [97]. A recap of the production
methods for both MCs and SLNs is available in Figure 4.4. Bioartificial polymers are
widely used in the preparation of both these vesicular systems. For example, Zhang
et al. used the core crosslinking method to generate MCs able to increase curcumin
delivery to HeLa cells (immortalized cancer cells) in vitro and improve tumor accu-
mulation in vivo. These MCs are designed with folic acid-PEG as the hydrophilic unit,
pyridyldisulfide as the crosslinkable and hydrophobic unit, and disulfide bond as the
crosslinker. Such nanovectors show spherical shape with a diameter of 91.2 nm and
high encapsulation efficiency. Cytotoxicity effectiveness is demonstrated by the high
cellular uptake and the positive in vitro antitumor studies. The linkage with folate
targets the curcumin against cancer cells and enhances the in vivo efficacy of these
MCs [98]. Similarly, Lee et al. produced pH-sensitive polymeric MCs composed of
poly(l-histidine), PEG and poly(L-lactic acid) block copolymers with folate conjuga-
tion, delivering adriamycin. These MCs are investigated for pH-dependent drug
release, folate receptor-mediated internalization and cytotoxicity using MCF-7 cells
(human breast adenocarcinoma cell line) in vitro. These nanovectors show acceler-
ated drug release only at acidic pH. Moreover, the conjugation with folic acid
enhances tumor cell kill due to folate receptor-mediated tumor uptake [99]. Li et al.
reported linear PEG and dendritic cholic acids block copolymers MCs stabilized with
boronate esters at the core–shell interface for efficient anticancer drug delivery. Such
system is loaded with paclitaxel to assess its capacity to retain the encapsulated drug
under physiological conditions and release the payload when triggered by the lower
pH value of the tumor environment or by the presence of competitive diols (e.g.
mannitol). This nanovector shows minimal premature drug release at physiological
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glucose level and physiological pH values in blood circulation and simple activation
at the acidic tumor microenvironment or by the additional intravenous administra-
tion of mannitol as an on-demand triggering agent [100]. Paclitaxel-loaded mixed
polymeric MCs consisting of poly(ethylene glycol) distearoyl phosphoethanolamine
conjugates, solid triglycerides and cationic lipofectin lipids were prepared by Wang
et al. Optimized MCs have average size of about 100 nm, and zeta-potential of about
−6mV. Such vehicles are stable when stored at 4°C or at room temperature. Release of
paclitaxel starts at 37 °C and, approximately, 16% of the drug is dispensed in 72 h. In
vitro anticancer effects of the nanovectors are evaluated using human mammary
adenocarcinoma (BT-20) and human ovarian carcinoma (A2780) cell lines. The
results show enhanced anti-cancer activity due to the ability of the MCs to escape
from endosomes and enter the cytoplasm of BT-20 and A2780 cancer cells [101]. Lee
et al. developed paclitaxel-loaded sterically stabilized SLNs for parenteral adminis-
tration. These nanovectors, prepared using the hot homogenization method, are
composed of trimyristin as a solid lipid core and egg phosphatidylcholine and
pegylated phospholipid as stabilizers. The particles are spherical in shape, with
sizes and zeta potentials of around 200nm and −38mV. Paclitaxel is loaded to the
solid cores at a w/w ratio of 6% with high encapsulation efficiency. In vitro drug
release studies show a slow sustained release and high cytotoxicity on OVCAR-3
human ovarian cancer cell line and MCF-7 breast cancer cell line [102]. Gao et al.
prepared poly(ethylene glycol)/phosphatidyl ethanolamine (PEG−PE) conjugates for
the solubilization and delivery of various poorly soluble anticancer drugs such as
m-porphyrin, tamoxifen and taxol. These MCs are stable and have the size of 10 to
40nm [103]. Wong et al. investigated the in vivo efficacy, unwanted toxicity and loco-
regional distribution of doxorubicin-loaded polymer-lipid hybrid nanoparticles for-
mulation in a murine solid tumor model after intratumoral injection. These SLNs are
prepared by dispersing the drug in stearic acid and tristearin, with subsequent
addition of the hydrolyzed polymers of epoxidized soybean oil to enhance doxor-
ubicin incorporation into the lipids. This formulation is injected intratumorally in
murine solid tumors of approximately 0.3 g. In vivo, SLNs-treated tumors develop
substantially larger central necrotic regions compared to the untreated tumors, with
minimal systemic toxicity [104]. Kukowska-Latallo et al. produced polyamidoamine
dendritic polymers conjugated to folic acid as targeting agent formethotrexate. These
conjugates are injected intravenous into immunodeficient mice bearing human KB
tumors overexpressing the folic acid receptors, resulting in high internalization into
the tumor cells [105]. Table 4.7 acts as a recap of the described nanosystems.

4.2.4 Nanofibers

Nanofibers (NFs) are fibers with diameters less than 100 nanometers that exhibit
special properties due to the extremely high surface to weight ratio, low density, high
pore volume and tight pore size [106]. These properties make NFs suitable for
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applications ranging frommedical (e.g. drug delivery systems) to industrial and high-
tech fields (e.g. aerospace, capacitors, transistors, battery separators, energy storage,
fuel cells) [106]. In nanomedicine, NFs are widely used due to their similarity to the
extracellular matrix (ECM), the possibility to use several materials for their synthesis
(in fact, natural and synthetic polymers along with several solvent systems are
effectively used to create NFs) and the possibility to change their architecture in
regard to porosity, diameter, mechanical properties, structure arrangement and
structure functionalization [107]. The synthetic techniques for NFs are self-assembly,
phase separation and electrospinning. All of these techniques require the prepara-
tion of a homogeneous drug–polymer solution that is loaded in the electrospinning
machine (electrospinning technique), is simply mixed (self-assembly method) or is
treated to obtain gelation and freeze-drying (phase separation) (Figure 4.5) [106, 107].
Research about NFs as drug delivery systems is at the early stage of exploration and
most of the works focus on the sustained release profiles of model drugs (e.g. small
molecules, herbs, proteins, DNA, genes and vaccines) using biodegradable hydro-
philic, hydrophobic or amphiphilic polymers and, recently, BPMs [108]. Zhang et al.
reported degradable heparin-poly (ε-caprolactone) fiber mats fabricated by electro-
spinning. The highly sulfated heparin heteropolymer remains homogenous in the
spinning solution and is distributed throughout the fabricated polymers. The NFs
release heparin for 14 days with a diffusionally controlled kinetics over this period.
The drug retains its biological properties and functionality [109]. Chew et al.

Table 4.7: Bioartificial polymeric micelles and solid lipid nanoparticles.

Nanovectors Composition Encapsulated drug Reference

Micelles Folic acid – polyethylene glycol and
pyridyldisulfide

Curcumin [91]

Poly(l-histidine), polyethylene glycol and
poly(L-lactic acid) block copolymers with
folate conjugation

Adriamycin [92]

Linear polyethylene glycol and dendritic
cholic acids block copolymers stabilized
with boronate esters

Paclitaxel [93]

Poly(ethylene glycol)-distearoyl phos-
phoethanolamine conjugates, solid trigly-
cerides and cationic lipofectin lipids

Paclitaxel [94]

Poly(ethylene glycol)/phosphatidyl
ethanolamine

m-porphyrin, tamoxifen
and taxol

[95]

Solid lipid
nanoparticles

Trimyristin, egg phosphatidylcholine and
pegylated phospholipid

Paclitaxel [96]

Stearic acid, tristearin, hydrolyzed poly-
mer of epoxidized soybean oil

Doxorubicin [97]

Polyamidoamine dendritic polymers con-
jugated with folic acid

Methotrexate [98]

130 4 Bioartificial polymers as carriers



Po
ly

m
er

Dr
ug

Fi
gu

re
4.
5:

S
ch

em
at
ic
re
pr
es

en
ta
ti
on

an
d
m
an

uf
ac
tu
ri
ng

m
et
ho

ds
of

na
no

fi
be

rs
.

4.2 Bioartificial polymeric nanovectors 131



investigated the encapsulation of human β-nerve growth factor (NGF), stabilized in
BSA carrier proteins, in a copolymer of ε-caprolactone and ethyl ethylene phosphate.
The proteins are randomly dispersed throughout the electrospun fibrous mesh in an
aggregated form. The sustained release of NGF by diffusion is detectable for at least 3
months and the bioactivity of the drug is retained throughout this period [110]. Feng
et al. produced CS polyethylene oxide NFs with uniform diameter of 112 nm and the
potential modulation of CS viscosity and surface tension through the use of different
CS molecular weight and polyethylene oxide quantities. These vehicles exhibit
excellent biocompatibility with hepatocytes [111]. Similarly, Bhattarai et al. reported
that CS\polyethylene oxide nanofibrous scaffolds promote the attachment of human
osteoblast and chondrocytes, maintaining their characteristic morphology and via-
bility. This matrix is of particular interest for tissue engineering, drug delivery and
tissue remodeling [112]. Moreover, Subramanyan et al. prepared CS\polyethylene
oxide NFs for cartilage tissue engineering. These scaffolds are used for cell attach
and deliver of growth factors [113]. Park et al. produced chitin/poly glycolic acid NFs
with BSA coating to improve human epidermal fibroblasts attach and spread [114].
Shalumon et al. developed bioactive and biocompatible NFs composed of carbox-
ymethyl cellulose\polyvinyl alcohol blend. Such nanomaterials are tested for cyto-
toxicity and cell attachment, resulting in a safe application for tissue engineering and
drug delivery [115]. Nanofibrous scaffold of CS\polyvinyl alcohol and carboxyethyl-
chitosan\polyvinyl alcohol are also prepared by Zhou et al. Thesematerials, tested on
L929 fibroblast culture, have good cell attachment and growth [116]. CS hydroxyapa-
tite nanofibrous scaffolds are reported by Yang et al. This nanomaterial significantly
stimulates the bone forming ability due to the excellent osteoconductivity of hydro-
xyapatite [117]. Finally, Junkasem et al. described the fabrication of α-chitin whisker-
reinforced poly(vinyl alcohol) NFs by electrospinning. The α-chitin whiskers are
prepared from α-chitin flakes by acid hydrolysis. Such vectors exhibit average length
and width of about 549 and 31 nm, respectively. The incorporation of the chitin
whiskers within the poly(vinyl alcohol) is verified by infrared spectroscopy and
thermogravimetry, resulting in an increased Young’s modulus of the bioartificial
polymer of about 4–8 times compared to the unmodified poly(vinyl alcohol) [118].
Table 4.8 summarizes the described bioartificial polymeric NFs (Table 4.8).

Table 4.8: Bioartificial polymeric nanofibers.

Nanovectors Composition Encapsulated
drug

Reference

Nanofibers Heparin-poly (ε-caprolactone) fiber mats Heparin [102]
Copolymer of bovine serum albumin (BSA) ε-caprolactone
and ethyl ethylene phosphate

β-nerve
growth factor

[103]

Chitosan polyethylene oxide Generic drug [104]
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4.3 Conclusion

This chapter analyzes the advantages of the use of bioartificial polymers as carriers
and themain strategies used for their design. Despite the enormous progresses in this
field, more studies are required for the fully evaluation of these nanovectors in
complex organisms and for the characterization of the pharmacodynamic and phar-
macokinetic of the loaded drugs. Moreover, progresses in polymer chemistry are
introducing a wide range of functionalities in the BPM nanostructures leading to a
second generation of bioartificial polymer therapeutics based on novel and hetero-
geneous architectures with higher molecular weight and predictable structures, in
order to achieve greater multivalency and increased loading capacity. Therefore,
research on bioartificial polymeric nanovectors is an “on-going” field capable of
attracting medical interest.
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5.1 Introduction

5.1.1 Role of polymer additives

In the present era, every activity of our life revolves around polymers and plastic
materials. However, pristine polymeric materials possess unsuitable properties for
such a wide range of commodity and specialty applications. The properties of a
macromolecule can be tailored by incorporation of additives in their formulation, to
improve both their processability and end-use [1]. Natural rubber, extracted from a
hevea tree, was already in use by the Mayans long before the discovery and
colonization of the Americas to fabricate balls or to waterproof clothes and shoes.
In 1755, the French engineer and botanist François Fresneau published what is
acknowledged as the first paper about rubber (submitted to the Académie Royale
des Sciences) [2], reporting that crude rubber possessed the valuable properties of
elasticity, plasticity, strength, durability, electrical non-conductivity and water
resistance; however it hardened in winter, softened and became sticky in summer,
it was not resistant to solvents and smelled bad. Natural rubber, named latex for its
milky appearances, did not find its application until Charles Goodyear discovered
that the addition of sulphur dramatically improved its properties, in a process
called plastic vulcanization [3]: this was the first example of how additives can
dramatically improve polymer properties. Polymer research and development
necessarily evolves in parallel with additives technologies, especially if we consider
that plastics are progressively more involved in sophisticated applications. Polymer
formulations have to be accurately designed to meet the critical requirements that
engineers face every day in key sectors, such as Automotive, Aeronautics, Smart
Devices, Healthcare and Energy Production and Storage. According to the defini-
tion given by the European Community, an additive is “a substance which is
incorporated into plastics to achieve a technical effect in the finished product,
and is intended to be an essential part of the finished article.” With this chapter,
we want to provide an insight into key functional additives for the end-use applica-
tion of plastics. This means leaving out both structural additives (such as fibres,
fillers, etc.) and processing aids (such as slipping agents, lubricants, etc.).
According to the Allied Market Research report, the global plastic additives were
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valued for $41.4 billion in 2013 and are expected to generate revenue of $57.8 billion
by 2020. Also, in terms of volume, it was estimated at 12,619.8 KTons in 2013 and is
expected to reach 17,071.7 KTons by 2020. The top six categories of additives with
higher market demand were recognized to be plasticizers, flame retardants (FRs),
impact modifiers, antioxidants, antimicrobials and UV stabilizers [4].

The European Union industrial policy is pushing industrial and academic world
toward the development of sustainable alternatives to fossil-fuel based products
declaring the bio-based products sector to be a priority area with high potential for
future growth, reindustrialization, and addressing societal challenges [5]. In this
frame, bio-based polymers have shown a steady growth over the past years, and
obviously this trend has involved the search for additives “green” and not oil-based,
to obtain all bio-based polymer formulations. For this reason, in this chapter, for each
class of polymer additive, novel bio-based alternatives will be mentioned.

5.1.2 Additives incorporation in polymer formulation

The additives for polymer formulation are commonly found in several forms, either in
solid (powders, flakes, beads, granulate, spheres, emulsions) or, more rarely, in
liquid state. The final shape of the additive is influenced by the production method,
namely extrusion, pelletizing, grinding, spraying or flaking.

A greater awareness of the drawbacks related to fine dust and particulate char-
acterizes modern safety protocols; for this reason, the current trend involves mod-
ification of traditional manufacturing technologies, to provide more environmentally
acceptable products endowed with greater safety, and easier to handle and mix [6].
Top challenges of polymer compounding are dust reduction, dispersion quality
enhancement and dosing optimization. Ideally, additives should possess spherical
form (with diameters ranging between 500 and 1,500 µm), they should ensure high
homogeneity and dispersibility, suitable mechanical resistance and no segregation
in the polymer matrix [7].

Over the last 15 years, additive masterbatches (i. e. concentrates containing a
higher level of additives dispersed in the parent polymer) have become very popular
alternatives to pure additives and have found a very wide range of applications, e. g.
FRs, impact modifiers, antimicrobials, colour masterbatches, etc. The use of concen-
trated additive masterbatches has several advantages, if compared with pure addi-
tives, in terms of better dosability, ease of handling, homogeneous mixing, safety,
additive protection and improvement of performance. Masterbatches overcome the
problems of pure additives that usually require specific handling and weighted
choice of processing conditions to optimize mixing/dispersing/dissolving processes.

As mentioned before, only a few additives (vitamin E is one of them) are intro-
duced into the polymer in their liquid state, because liquids usually require different
handling approach, often incompatible with high-temperature mixing technologies.
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A novel technique of incorporation of viscous liquids and low-melting additives in
the polymer has recently been reported [8]. The technique involves the introduction
of highly concentrated liquid or temperature-sensitive additives (e. g. antistatic
agents, lubricants, antioxidants, UV stabilisers, pigments and fragrances) in high-
porosity carriers, namely low density polyethylene (LDPE), which allows for a very
good dispersion, thanks to its spherical shape.

The incorporation of additives in the polymer matrix can be carried out in
different stages of the polymer processing: during polymer production inside the
reactor, during the processing stage of the finished polymer pellets by mixing or
blending. Additives can also be directly applied to the surface of the finished product.
The handling of solid additives has largely been reviewed [9]. For example, stabiliz-
ing additives are typically introduced during the manufacturing stage of the raw
material, while high-performance additives (e. g. FRs) are introduced during the
compounding stage. For specialty applications, reactive compounding techniques
are employed to chemically bind reactive additives to the polymeric backbone.
Virtually, from very few basic plastic types, the range of recipes and formulations
is virtually inexhaustible [7].

5.2 Plasticizers

Plasticizers have been used as polymer additives since the nineteenth century;
however, the human kind has known the plasticizing effect of water for thou-
sands of years. As a matter of fact, the first clay figure found in Europe dates
back to 24,000 BC, making pottery most likely the first human activity involving
plasticizers. The Council of the International Union of Pure and Applied
Chemistry (IUPAC) defined a plasticizer as a substance or material incorporated
in a material (usually a plastic or elastomer) to increase its flexibility, work-
ability or distensibility. By this definition, a plasticizer may reduce the melt
viscosity, lower the temperature of a second order transition or lower the elastic
modulus of the product.

Poly(vinyl chloride) (PVC) is the third most widely produced synthetic plastic
polymer, after polyethylene and polypropylene (PP). Unmodified PVC is mainly
employed in the construction industry (e. g. pipes, door and window components,
etc.) where its natural rigidity is needed. However, the addition of organic molecules,
known as plasticizers, can provide increased flexibility, extensibility and processa-
bility [10].

In 2014, the global plastic market involved 8.4MTons of plasticizers, of which
80–90% was employed in the PVC industry. The physical action of plasticizers
produces a reduction of Young’smodulus, density, melt viscosity and glass transition
temperature of the polymer, while they enhance the final product flexibility, defor-
mation at break and toughness [11, 12]. For this reason, flexible PVC can be used in
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many applications where it can replace rubber and polyolefins, such as electrical
cable insulation, inflatable products, packaging, etc.

The mechanism of plasticization involves the formation of secondary bonds
between plasticizer and polymer chains, where they act like “spacers,” increasing
the distance of neighbour chains, hindering their interaction and increasing their
mobility.

5.2.1 Mechanism of plasticisation

The concept of polymer plasticization has been adequately explained, starting from
1930s, with several theories. The classical theories are very elementary, as they were
developed in the first part of twentieth century, when the knowledge on polymers
was still limited.
– The LUBRICITY THEORYwas developed by Kilpatrik [13] and Houwink [14] among

others, in the 1940s. Plasticizers were defined as molecules with one segment
strongly attracted by the polymer and another acting as lubricant. The plasticizer
molecules hinder polymer–polymer interactions (van der Waals forces) between
neighbour polymer chains causing a decrease in mechanical rigidity, and the
plasticized formulation results in a more flexible and deformable material.

– The GEL THEORY was introduced by Aiken in parallel with the lubricity theory
[15]. According to this theory, the plasticized polymer exists in an intermediate
state between solid and liquid, so-called gel state, characterized by relatively
weak secondary attractive forces. These bonding forces acting between plastici-
zer and polymer are easily overcome by applied external stresses, allowing the
plasticized polymer to flex, elongate or compress.

– The FREE VOLUME THEORY was developed later on [16] to explain the decrease
in glass transition temperature of plasticized polymers. Free volume is typically
defined as the difference in specific volume between temperature T and reference
temperature of absolute zero. Free volume is caused by motion of polymer end or
side groups, or internal polymer motions. Unplasticized PVC at room tempera-
ture (below its glass transition temperature) shows limited motions of any kind
and results in a very hard and rigid material. As plasticizers are added to the
polymer, free volume is increased and various movements in the polymer chains
are suddenly allowed, lowering the glass transition.

– MECHANICISTIC THEORY OF PLASTICIZATION considers the association between
polymer andplasticizer as impermanent and variable.While the association canbe
formed and disrupted, the “strength” of each association depends on the type and
quantity of plasticizer added to the formulation. The “antiplasticization” effect is
therefore explained, considering that at high plasticizer loadings, plasticizer–
plasticizer interactions are dominant over polymer–plasticizer interactions.
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5.2.2 Classification of plasticizers

Gel theory allows plasticizers to be classified in primary and secondary, basing
on the quality of the polymer–plasticizer interaction, which is strictly related to
the leaching and/or migration of plasticizer molecules from polymer matrix.
Primary plasticizers have solubility parameters close to those of polymer and
are able to rapidly gel the polymer in the temperature range used during the
processing step. In this case, they have a scarce tendency to “bleed” from the
plasticized material. On the contrary, secondary plasticizers have lower gelation
capacity and limited compatibility with the polymer. Therefore, after plasticiza-
tion process, two separate phases can be distinctly identified: the partially
plasticized polymer and the completely plasticized polymer. If a stress is applied
to these materials, the resulting deformation will appear inhomogeneous,
because the actual deformation occurs only in the plasticizer-rich phase. In
addition to the loss of mechanical properties, another key issue of diffusion of
the plasticizer is its intrinsic toxicity, which may represent a hazard for the
outside environment [17]. Therefore, primary plasticizers can be used as the sole
component of the plasticizer formulation, while secondary plasticizers are
blended with primary ones to improve the final material properties, but are
never employed alone.

The classification of plasticizers is most commonly based on their chemical
composition in two classes: phthalates and non phthalates. It is now widely recog-
nized that phthalate exposure may constitute a hazard for human health. As phtha-
late plasticizers are not chemically bound to PVC, they can leach, migrate or
evaporate into indoor air and atmosphere, foodstuff, other materials, etc.
Consumer products containing phthalates can result in human exposure through
direct contact and use, indirectly through leaching into other products, or general
environmental contamination [18, 19].

5.2.2.1 Phthalate plasticizers
Phthalate plasticizers are basically phthalate esters whose chemical structure is
represented in Figure 5.1. Phthalates are colourless liquids, their solubility in
oil, hexane and most organic solvents makes them unfortunately/likely soluble
in some body fluids such as saliva or blood plasma. Two of the most commonly
used plasticizers for PVC are diethylhexyl phthalate (DEHP) and diisononyl
phthalate (DINP). Considering their chemical structures, reported in Table 5.1,
it can be easily understood why DEHP, which remains the most used plasticizer
in medical applications, has been substituted by DINP in children healthcare
products. DINP is formed by longer hydrocarbon chains, possesses higher
molecular weight, and therefore presents lower solubility and slower migration
rates.
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Table 5.1: Common phthalates with acronym, chemical structure and primary applications.

Phthalate
name

Abbreviation Substituting group Applications

Di-n-butyl
phthalate

DBP

O

O

O

O
PVC, PVA and rubber

Diethylhexyl
phthalate

DEHP

O

O

O

O

H3C

CH3

CH3

CH3

PVC (dolls, shoes, raincoats, cloth-
ing, medical devices, plastic tubing
and intravenous storage bags)

Diisononyl
phthalate

DINP

O

O

O

O
PVC (Teethers, rattles, balls, spoons,
toys, gloves, drinking straws)

Diisodecyl
phthalate

DIDP

O

O

O

O
PVC (electrical cords, leather for car
interiors and PVC flooring)

Benzyl butyl
phthalate

BBP

O

O

O

O
PVC, polyurethane, polysulfide (vinyl
flooring, sealants, adhesives, car
care products, automotive trim, food
conveyor belts, food wrapping mate-
rial and artificial leather)

O

O

O

O

R2

R1

Figure 5.1: Chemical structure of a phthalic ester.
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The health risks related with the use of DEHP in PVC medical devices were
reviewed by Tickner et al. [20]; moreover, DEHP has been shown to affect the devel-
opment of the male reproductive system of laboratory animals [21].

However, the plasticizing efficiency is inversely proportional to chain branching.
In other words, the plasticizing effect is stronger for shorter chains since the
branched structure accounts for an increase in viscosity. In Table 5.1, the most
commonly used phthalate plasticizers are listed, together with the chemical structure
and main application.

5.2.2.2 Non-phthalate plasticizers
Other chemical compounds, potentially employed as phthalate replacement, are
generally classified as non-phthalate plasticizers. In this class are included phospho-
ric esters, citric esters, adipates or sebacates, trimellitic esters and benzoates. Some
of the listed compounds (such as adipates) are already widely used in PVC artefacts,
others are solely used in niche products because their high price would not allow
their use in commodity applications. Most of these alternative plasticizers are not
well studied with regard to their potential effects on human health and the environ-
ment. Although many of these alternatives show promising application potential,
significant exposure may lead to adverse health effects [22].

5.2.3 Bio-based plasticizers

To date, several bio-based plasticizers were tested as PVC secondary plasticizers. For
example, Lim et al. [23] reported the use of palm oil-based alkyd in PVC as a co-
plasticizer to dioctyl phthalate (DOP) and DINP, resulting in an enhancement of
mechanical and thermal properties of the formulation. Bouchareb and Benaniba
[24] also reported good results in the use of epoxidized sunflower oil as secondary
plasticizer for PVC in combination with DEHP. Some plasticizer formulations based
on esters of di-fatty acids have been patented [25] and are commercially available
(e. g. Syncroflex TM by Croda).

Leaving aside PVC applications, natural-based products have been widely
reviewed as plasticizers for bio-polymer films of different nature, such as polysac-
charides (starch, cellulose, pectins, chitosan, etc.), microbial polyhydroxyalcanoates
(PHAs) and polyhydroxybutyrates (PHBs) and polylactic acid (PLA). In addition to
water, the most commonly used plasticizers are glycerol, polyols (such as sorbitol or
xylitol) and vegetable oils [26].

5.3 Flame retardants

In the presence of heat and oxygen, all organic materials engage in a process
called combustion, which constitutes the “living” force of nature on our
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planet. Not only combustion is at the basis of energy production of every living
cell, in a controlled process known as cellular respiration, but also the ability
to control fire was a dramatic change in the habits of early humans, the first of
many ways by which mankind has exploited a combustion reaction in its
favour. Combustion of fossil fuels is currently the chief source of energy for
humanity; however, man has learned some harmful effect of fossil fuel
combustion.

Like other organic substrates, polymers usually burn. Combustion of hydro-
carbon macromolecules leads to the scission of polymeric chains in smaller units,
which eventually are small enough to become volatile and be released in the
atmosphere. These small units, formed by elements such as nitrogen, oxygen,
sulphur, fluorine and chlorine, are potentially harmful [27]. For this reason, FRs
are added to polymer formulations. Over 175 different FRs are on the market today
and fall into three major chemical groups: halogenated, organo-phosphorous and
inorganic [28].

5.3.1 Halogenated FRs

Chlorine and bromine are the only halogens used as FRs in synthetic plastic formula-
tions, since fluorine and iodine are unsuitable for this application. Brominated flame
retardants (BFRs) are by far the most widely used FRs, because they are more
effective, cost less and have wider application. From an environmental point of
view, however, BFRs are highly resistant to chemical, biological and photolytic
degradation and are capable of long-range migration and bioaccumulation in living
tissues. As amatter of fact, contamination of terrestrial andmarine environment with
BFRs has been widely documented [29] and traced back even to deserted location
such as the Arctic [30].

BFRs can vary widely in chemical structure, from aliphatic to aromatic carbon
substrates that have been per-halogenated (all hydrogens replaced with bromine
atoms). In Table 5.2, the five classes of BFRs most commonly found in polymer
formulations are listed, together with their chemical structure.

The mechanism of action of these FRs takes place in the gas state, induced by the
high combustion temperatures. The molecules react with the radicals formed during
the combustion process, according to the following reactions:

Step 1. High-energy OH and H radicals are formed by chain branching;
Step 2. The halogenated FR breaks down:
RX → R + X(where X is either chlorine or bromine)
Step 3. The halogen radical reacts with hydrogen from the polymer chain to form
hydrogen
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halide:
X + RH → R + HX
Step 4. Hydrogen halide interferes with the chain mechanism, high-energy H and OH

radicals are replaced with low-energy X radicals.
HX + H → H2 + X
HX + OH → H2O + X
Step 4. The hydrogen halide is regenerated by reaction with hydrocarbon:
X + RH → R + HX

Table 5.2: Common brominated flame retardants (BFRs) with acronym, chemical structure and
primary applications.

Name Abbreviation Chemical structure

Tetrabromobisphenol-A TBBP-A

HO OH

Br

Br Br

Br

Hexabromocyclododecane HBCD

Br

Br
Br

Br

Br
Br

Poly-brominated diphenyl ethers (BDEs) Penta-BDE
Br

Br

Br
BrHC

O

deca-BDE

HO OH

Br

Br Br

Br
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5.3.2 Phosphorus-based FRs

This class of FRs incorporates phosphorus into their structure (PFRs), which can vary
according to phosphorus oxidation states (0, +3, +5) [31]. The mechanism of action of
PFRs in gas phase is very similar to that of BFRs. Once again, hydrogen and hydroxyl
radicals can be replaced by less energetic radicals or combined to form harmless
gaseous products. However, differently from BFRs, PFRs are also able to act in
condensed phase by enhancing char formation, yielding intumescence (foaming-
up) or formation of inorganic glasses [32]. In fact, PFRs are most commonly known as
char formers, because during the burning process they produce phosphoric acids,
which, reacting with the substrate, produce a char that acts as a protection of the
substrate itself. Most used PFRs are reported in Table 5.3, their main area of applica-
tion is in polyamides, polyesters, polyolefins and polystyrene (PS) formulations,
especially in electrical and electronic insulation components [33].

5.3.3 Inorganic FRs

Inorganic flame retardants (IFRs) typically include aluminium and magnesium
hydroxide (Al(OH)3 and Mg2(OH)4). The mechanism of action of these compounds
deeply differ from organic FRs. IFRs, in fact, cannot evaporate by effect of the
combustion heat; however, they can decompose in non-flammable gases (mostly
water [34]) by endothermic reactions [35]. Currently, aluminium hydroxide is the
most commonly employed IFR, due to low cost and good compatibility with most
plastic materials, especially PVC and PE. Al(OH)3 decomposition occurs between 180
and 200 °C according to the endothermic reaction reported below:

2AlðOHÞ3!Al2O3 + 3H2O

The endothermic decomposition of aluminium hydroxide primarily leads to the
cooling of polymer and the formation of a protective layer of aluminium oxide.
Moreover, the formation of water vapour decreases the oxygen concentration near
the surface, hindering the combustion reaction.

Magnesium hydroxide (Mg2(OH)4) has the same flame retardancy effect of
aluminium hydroxide, but a different range of decomposition temperature (300–
330 °C); therefore, it can be employed in engineering polymers, such as PPs and
polyamides (PA), which are usually processed at higher temperatures.

5.3.4 Bio-based FRs

Most of the commercially available FR formulations have adverse effect in the
environment, because their chemical components are capable of leaching and
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bio-accumulation, contaminating water and fields and polluting the
atmosphere.

In most cases, IFRs that contain minerals very common in nature, such as
aluminium and magnesium hydroxide, are actually produced through synthetic

Table 5.3: Common phosphorous-based flame retardants (PFRs) with acronym, chemical structure
and primary applications.

Name Acronym Chemical structure

Triaryl phosphates –
R

O
O O

P

O
R

R

Resorcinol bis(diphenylphosphate) RDP

O
O

O
O

P O

O
O

O
P

Tris(chloropropyl) phosphate TCPP
CICH2

O

O

O

O

P

CH3

CH3

CH3

CH3CI

CH2CI

Phosphinic acid derivatives –
CH3

CH CH

O O

OCH2CH2OHHO

P

Ammonium polyphosphate APP

P

O

O
n

ONH4

Red phosphorous –
P P

P
P
P

P
P P

PPP
P
P

P P
P
P

5.3 Flame retardants 149



procedures using bauxite as a rough material. It was estimated that the total volume
of natural IFRs ranged around 37 TTon/year (2010), constituting only about 5% of all
mineral filler FRs [36].

It has been found that the addition of natural zeolites to thermoplastic polymers
provides a synergistic effect on traditional FRs [37]. However, a more sustainable
approach is pushing towards all bio-based formulations. Das and Karak [38] sug-
gested that the incorporation of nanoclays in a vegetable oil-based epoxy resin would
provide self-extinguishing properties. The most extensively studied nanoclays in use
are based on montmorillonite, exfoliated and added to the polymer matrix in flaky
shapes [39].

Another natural material involved in FR formulations is cellulose. Not only
cellulose is the world’s most abundant, renewable, inexpensive and biodegrad-
able polymer, it is also prone to chemical modification. Phosphorus can be
covalently attached to the cellulose chain, forming phosphorylated cellulose
derivatives whose flame retardancy action takes place during heating, dehydrat-
ing the polysaccharide molecules and promoting the consequent char formation
[40].

5.4 Impact modifiers

Most plastic materials suffer from excessive brittleness; in other words they break
without significant deformation when subjected to a stress. Unmodified PVC or PS
are brittle at room temperature, polyamides and polyolefins instead are ductile at
room temperatures and become brittle at low temperatures. An impact modifier is
needed whenever the polymer does not meet impact requirements in the specific
application.

Rubber toughening of PVC was introduced in the 1930s and 1940s and involved
the addition of small amounts of acrylonitrile–butadiene copolymer elastomer (NBR)
and other elastomeric materials [41]. The traditional purpose of impact modifiers is to
absorb the impact energy by inducing plastic deformation before craze or crack
propagation can occur.

In general, impact modifiers are elastomeric or rubbery in nature, with a lower
modulus compared to the polymermatrix and a low glass transition temperature (Tg).
The rubbery phase should also show good compatibility to the host polymer and a
fine particle size distribution.

Impact modifiers can be either incorporated in the polymerization reaction
(e. g. acrylonitrile-butadiene-styrene (ABS) block copolymers [42]) or incorpo-
rated as solid particulate in the processing step as particles. In Table 5.4, the
most common impact modifiers are listed with their relative contribution to the
global market [43], while chemical composition of the most common classes of
impact modifiers, with their chemical structure and commercial trade names are
listed in Table 5.5.
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5.4.1 Butadiene based graft copolymers

Butadiene based graft copolymers constitute alone 45% of the global impact modi-
fiers market. Their success in mainly due to their very low Tg (−80 °C). On the other
side, one of the main drawbacks is their sensitivity to thermal and oxidative

Table 5.5: Chemical composition of the most common classes of impact modifiers, their chemical
structure, commercial name and suppliers available in the market.

Class of
impact
modifiers

Chemical
composition

Chemical structure Trade name (Supplier)

Butadiene-
based
modifiers

Acrylonitrile-
butadiene-
styrene

C N
n m k

OO

Blendex® 333 (Galata
Chemicals)

Methacrylate-
butadiene-
styrene

O O CH3

CH3
n m k

Paraloid™ EXL-2678
(Dow Chemical)

Acrylic
modifiers

Acrylonitrile-
styrene-
acrylate

C N
n m k

OO

Shinepoly™ LP2068
(Shine Polymer
Technology)

Elastomers Ethylene-pro-
pylene
copolymer n k

Elvaloy® HP 4051
(Du Pont)

Table 5.4: Global market contribution of the most common impact modifiers.

Impact modifier Contribution to global market

ABS – acrylonitrile-butadiene-styrene terpolymers 45%
MBS – methacrylate-butadiene-styrene terpolymers
Acrylics 30%
Elastomers 10%
CPE – Chlorinated polyethylene 10%
Others 5%
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degradation, due to the presence of double bonds in diene polymers. During proces-
sing step and final application, the polymer undergoes severe temperature stress and
UV and oxygen exposure; therefore, the formulations should include also suitable
antioxidants (see Section 5.5) [44].

5.4.1.1 ABS modifiers
By far the most used graft terpolymer, ABS earns its unique properties by the
combinations of the three components: soft rubbery effect is provided by butadiene
while acrylonitrile and styrene give the terpolymer the polarity needed for compati-
bilization to the polymer matrix. As mentioned before, the butadiene chain is sus-
ceptible to UV degradation and requires protection while the acrylonitrile brings
rigidity and chemical resistance. ABS is very reliable in a wide range of temperatures
(between −20 and 80 °C), it is very light and prone to be injection moulded and
extruded, as well as 3D printed. For these reasons, ABS has found a wide range of
applications in engineering polymers in buildings and constructions, automotive,
electronics and many others. A drawback of ABS impact modifiers stands in the
development of carcinogenic chemicals and ultrafine particles during the process
and final disposal [45, 46].

5.4.1.2 MBS modifiers
Similar to ABS, MBS (methacrylate-butadiene-styrene) impact modifiers are pro-
duced according to two different procedures: copolymerization of styrene andmethyl
methacrylate in the presence of polybutadiene or polymerization of methyl metha-
crylate in the presence of a styrene butadiene rubber. Once again, butadiene makes
these materials susceptible to UV degradation and limits their use to indoor applica-
tions. The presence of methacrylate instead of acrylonitrile provides a unique trans-
parency to the polymer but at the same time reduces its chemical resistance. MBS
modifiers are mainly applied in PVC in transparent and opaque packaging applica-
tions such as impact resistant bottles, packaging films and electrical covers [47]. MBS
impact modifiers demonstrated a significant impact-modifying effect at low tempera-
tures. However, in many cases, the addition of a large amount of the MBS impact
modifiers is required to enhance impact strength [48].

5.4.2 Acrylic modifiers

PVC formulations directed to outdoor applications require special attention in order
to achieve long-time structural and aesthetical properties. In this frame, acrylic
modifiers are probably the most widely used impact modifiers as they overcome the
problems associated with the limited resistance to weathering phenomena, typical of
ABS andMBS. The typical chemical structure of this class ofmodifiers is that of a graft
terpolymer of methyl methacrylate-butyl acrylate-styrene or acrylonitrile-styrene-
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acrylate. Other advantages of such formulations are the high impact strength, good
heat resistance and good thermal stability [49].

5.4.3 Elastomers

The impact strength of polyolefins can be optimized by introducing in the homo-
polymer formulations a wide variety of elastomers such as ethylene-propylene copo-
lymer (EPM) or ethylene-propylene diene terpolymer (EPDM). The investigation on
macroscopic andmorphological properties of PP/impact modifiers blends dates back
to the 1970s [50].

5.5 Antioxidants and UV stabilizers

5.5.1 Antioxidants

The resistance of polymeric materials to weathering is a key issue if we take into
account the wide range of applications in which plastic products are exposed to
outdoor environment. Weathering does not simply result in aesthetic decay, such as
discoloration, but also changes in mechanical properties. Weathering phenomena
includes mainly thermal- or UV light-induced oxidative phenomena, as well as day/
night or seasonal temperature variation, humidity and atmospheric contamination
with highly corrosive elements [51].

Starting from the 1940s, the phenomenon of polymer degradation via oxidation
has been the centre of scientific research in parallel with the spread of polymeric
materials in many specialty and commodity applications. The degradation process
involves the oxygen-induced formation of reactive oxygen species (ROS), also
known as free radicals, which eventually leads to the modification of the macro-
molecular structure by chain scission or crosslinking. This process is frequently
called autoxidation because it proceeds by an autoaccelerated radical chain
mechanism.

In the initiation step, a hydrogen atom is extracted by an excited oxygen or a free
radical from the hydrocarbon chain, forming an organic radical. Further reaction of
organic radicals with oxygen leads to the formation of polymer hydroperoxides
(ROOH). Consequently, hydroperoxides and their decomposition products are
responsible for the changes in molecular structure and molar mass of the polymer,
which are manifested in practice by the loss of mechanical properties (e. g. impact,
flexure, tensile, elongation) and by the variation in the physical properties of polymer
surface (e. g. loss of gloss, reduced transparency, cracking, yellowing, etc.).

During autoxidation, the radical reaction cyclically goes through four steps:
initiation, propagation, branching and termination, as described in Figure 5.2.
During the initiation step (Figure 5.2-1), the primary alkyl radical is formed from
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polymer interaction with molecular oxygen [9]. The formed polymeric radical P∙
further reacts with molecular oxygen forming the peroxy intermediate radical POO∙
(Figure 5.2-2). The rate-determining step in autoxidation can be identified in the
abstraction of a hydrogen, corresponding to the disruption of a C-H bond, which
stabilizes the formed peroxy radical POO∙(Figure 5.2-3). Chain termination is pro-
moted, in oxygen deficiency conditions, by combination of the various radical
species shown in Figure 5.2 – 8, 9 and 10.

Oxidative degradation in polymers can be inhibited by addition in the polymer
formulation of proper stabilizing additives, called antioxidants (AOs). In Figure 5.3,
the cyclical degradationmechanism is schematized, highlighting the reactive species
(polymer and peroxy radicals, and hydroperoxides) susceptible of the intervention of
such additives in different steps of the reaction.

AOs are generally classified into two groups, according to their protection
mechanism [52]:
– Primary antioxidants also known as chain-breaking antioxidants. These AOs are

able to scavenge free radicals via a process called chain-breaking electron donor
mechanism. Two classes of primary AO can generally be identified: radical
scavengers (chain-breaking acceptors) and H-donors (chain-branching donors).

– Secondary antioxidants are able to decompose hydroperoxides (POOH) forming
inert secondary products and therefore are also known as hydroperoxide
decomposers.
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Chain termination
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Figure 5.2: General diagram of autoxidation (Polymer additives handbook, Zweifel).
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5.5.1.1 Radical Scavengers
The reaction of radical scavenging induces the immediate disruption of the auto-
xidation mechanism. It is extremely difficult to scavenge alkoxy (RO∙) or hydroxyl
(∙OH) radicals because they are extremely reactive [53]; therefore, the mechanism of
action of radical scavengers is focused on the stabilization of carbon centred alkyl
radicals (R∙). Lactones and acrylated bis-phenols are the most effective classes of
scavengers.

Lactones are a class of cyclic esters suitable as alkyl radical scavengers, in
particular benzofuranone derivatives are very effective even in low concentrations
[54]. Their mechanism of actions is described in Figure 5.4.

Other very effective radical scavengers are the acrylated bis-phenols; this class of
stabilizers are widely used in styrene copolymers (such as SBS), preventing the
degradation or crosslinking that often occurs during the processing steps. Their
mechanism of action is similar to the one studied in hindered phenols, and is
schematized in Figure 5.5.

5.5.1.2 H-donors
Usually containing aromatic or phenolic rings, these antioxidants donate a hydrogen
atom (H) to the free radicals formed during oxidation. H-donor therefore becomes a
radical itself but is able to reach stabilization via resonance delocalization of the
electron within the aromatic ring [55]. In case further abstraction of a hydrogen from

ROO

ROOH

Polymer substrate
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R
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•
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•
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Figure 5.3: Autoxidation mechanism as represented in Zweifel, 1988.
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polymeric backbone results hindered, the H-donor is considered suitable as polymer
additive [56]. Two of the most effective H-donor compounds are aromatic amines and
hindered phenols. Aromatic amines, in particular secondary aromatic amines and
diamines, are the most efficient hydrogen donors; however, their application in
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Figure 5.4: Radical scavenging activity of benzofuranone derivatives.
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Figure 5.5: Radical scavenging activity of acrylated bis-phenols.
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plastics is limited for their carcinogenic effect known since the 1970s [57]. The
reaction of deactivation of peroxy radicals by secondary aromatic amines is reported
in Figure 5.6.

The safety issues related to the aromatic aminesmake hindered phenols themost
widely used stabilizers for polymers. The antioxidant effect of natural phenols, such
as α-tocopherol (vitamin E), is widely reported in literature [58].

Often used in combination with secondary antioxidants, phenolic stabilizers are
offered in an extensive range of molecular weights, product forms and functional-
ities. They are effective during both processing and long-term aging, and many have
the Food and Drug Administration (FDA) approvals. The reaction of radical deactiva-
tion involving hindered phenols is represented in Figure 5.7 [59].

The phenoxy radicals generated are very stable due to their ability to build
numerous mesomeric forms.

5.5.1.3 Hydroperoxide decomposers
Hydroperoxide decomposers belong to the class of secondary antioxidants; these
compounds are able to convert the hydroperoxide radicals into non-radical stable
products. Their use in combination with primary antioxidants often yields synergistic
stabilization effects. According to their general mechanism, the hydroperoxide group
(ROOH) is reduced to an alcohol group (ROH) while the decomposer is oxidized. The
most widely used classes of hydroperoxide decomposers are organic compounds
containing phosphorous and sulphur, respectively, called organophosphorous and
thiosynergists.

Organophosphorus compounds are extremely effective stabilizers during poly-
mer melt processing and are commonly used in formulations containing a primary
antioxidant, especially hindered phenols. The reaction of organophosphorous

N R R

H

NROO ROOH+ +

Figure 5.6: Deactivation of ROO* radicals by means of secondary aromatic amines.
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ROOH++

Figure 5.7: Deactivation of ROO* radicals by hindered phenols.
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antioxidants is reported in Figure 5.8. Accordingly, phosphites or phosphonites are
oxidized to phosphates, while hydroperoxides are reduced [60].

One of the main drawbacks of these compounds is their easy hydrolysis in
contact with water that eventually leads to the formation of acidic species. The
application of these additives is therefore limited to applications that do not involve
metal parts. To overcome this issue, acid scavengers are usually added to the
formulation or the organophosphorous compound is replaced with another hydro-
lysis-resistant additive.

Thiosynergists are sulphur-based organic molecules, typically thio-esters.
According to their mechanism of action, reported in Figure 5.9, the thiosynergist
molecule is transformed into a variety of oxidized sulphur products (e. g. sulfenic and
sulfonic acid), while hydroperoxides are reduced to alcohols in an overstoichiometric
reaction [61].

Thiosynergists, different from the organophosphorous compounds, are very
efficient for long-term thermal aging applications.

5.5.2 UV stabilizers

For polymers employed in outdoor applications, the absorption of photons from
sunlight radiation (e. g. wavelengths ranging from 100nm to about 1mm including
ultraviolet, visible and infrared radiation) is inevitable and eventually leads to the
oxidative degradation of photosensitive molecules [62]. The mechanism, called
photooxidation, is triggered by light and proceeds similarly to what reported in
Section 5.5 for oxidation of polymers.

The stabilization of polymers against the adverse effect of sunlight involves the
inhibition or retardation of photochemical processes in polymers and plastics. This
retardation can be achieved by reducing the rate of photoinitiation or the kinetic

ROOH ROH++ (RO)3(RO)3 P P O

Figure 5.8: Decomposition of hydroperoxides by means of organophosphorus compounds.
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Figure 5.9: Decomposition of hydroperoxides by means of thiosynergists.
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chain length of the propagation stage of the photooxidation mechanism. Visible and
infrared light are rather unharmful; therefore photostabilization of polymer items
involves the protection against destructive reactions mainly caused by high-energy
UV radiation [63]. UV stabilizers can be classified into three main classes:

5.5.2.1 UV absorbers
UV absorbers interact with the first step of the photooxidation process by absorbing
the harmful UV radiation (300–400nm) before it reaches the photosensitive moieties
in the polymer. In other words, these compounds are able to provide energy dissipa-
tion before photosensitization can occur. UV absorbers are characterized by excellent
light stability; therefore, they are modified but not destroyed in the stabilization
process [64]. Energy dissipation mechanism reckon on the conversion of harmful UV
radiation into harmless infrared radiation or heat that is dissipated through the
polymer matrix. Carbon black is one of the most effective and commonly used light
absorbers, as well as rutile titanium oxide which is ineffective for radiation below 315
nm, the so-called UV-B radiation.

Compounds with good filtrating action, such as hydroxyaromatic UV stabilizers
(such as hydroxybenzophenone and hydroxyphenylbenzotriazole), are successfully
used and their absorption characteristics are widely reported in the literature [65, 66].
Other UV absorbers include oxanilides for polyamides, benzophenones for PVC and
benzotriazoles and hydroxyphenyltriazines for polycarbonate [67].

Schematization of the energy dissipation mechanism of the β-diketone avoben-
zone UV absorber is reported in Figure 5.10. The reaction involves the reversible
formation of a six-membered hydrogen bonded ring and the equilibrium between the
two tautomeric forms provides a facile pathway for deactivation of the excited state
induced by the absorption of light.

5.5.2.2 Quenchers
This class of UV absorbers provides deactivation of photosensitive groups in their
excited state (singlet and or triplet) before the disruption of molecular bonds can
occur [62]. Quenching is a diffusion-controlled process and is effective in polymer
protection only if the photosensitive moiety in its triplet state has a long half-life and

OOOO

O

H

OH

hν

Δ

Figure 5.10: Energy dissipation mechanism occurring in avobenzones UV absorbers.
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if the quencher is freely diffusible [68]. The quenching reaction is represented in
Figure 5.11, where an excited chromophoric group in a polymer (donor, D*), respon-
sible for the initiation step in the photodegradation of the polymer, is deactivated by
an acceptor molecule (quencher, A) [69]:

Metal complexes, particularly those based on nickel, are very effective quenchers
for their relatively low extinction coefficient in the near UV region. Nickel chelates,
for example, are able to quench the triplet state of carbonyl groups in polyolefins.
These chelates have been tested for photostabilization of polyisobutylene, polybuta-
diene [70] as well as PS [71].

5.5.2.3 Hindered Amine Light Stabilizers
Hindered amine light stabilizers (HALS) mechanism of action involves trapping of
free radicals formed during the photooxidation of a polymericmaterial, hindering the
propagation of the photodegradation process [72]. The ability of HALS to scavenge
radicals created by UV absorption is explained by the formation of nitroxyl radicals
through a process known as the Denisov cycle, reported in Figure 5.12 [73]. During UV
irradiation, when oxygen (from air) and radicals (R•) are made available, hindered
piperidine, the model compound for HALS, is able to produce hindered piperidinoxy
radicals, which are able to further trap other radicals in a cyclic reaction.

Currently, a wide range of HALS products are commercially available; however,
they all share the 2,2,6,6-tetramethylpiperidine ring structure [74]. HALS are some of
the most effective UV stabilizers for commodity and specialty plastics.

5.5.3 Natural antioxidants

It is widely recognized that synthetic antioxidants are very effective and highly
stable. However, one of the main drawbacks is their derivation from oil-based

A A + Energy  (heat or light emission)*
D* + A D + A*

Figure 5.11: Schematization of the quenching reaction.
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Figure 5.12: Schematization of mechanism of radical scavenging of hindered piperidine.
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products, together with their potentially harmful interaction with the human meta-
bolism, especially in food contact applications. Bio-based materials are able to
provide a valid alternative source for antioxidants. The search for safe and effective
naturally occurring antioxidants has been mainly focused on tocopherols, vitamin C,
carotenoids and phenolic compounds [75].

These products have shown very different mechanism of oxidative inhibition;
however, they all react stabilizing ROS species, secondary products of plant photo-
synthesis, making them unharmful.

Tocopherols, for example, are Vitamin E constituents exclusively synthesized by
plants, present in seed oil, leaves and other green parts [58].

Tocopherols can act both by a chain-breaking donor and acceptor mechanism, as
well as singlet oxygen (1O2) quenchers. The two mechanisms mentioned above have
not been completely elucidated; however involvement of quinone structures has
been proposed by Cuppett et al. [76], while Clough et al. [77] claimed about formation
of tocopherol hydroperoxide derivative as an intermediate product. These two reac-
tion schemes are reported in Figure 5.13 and Figure 5.14, respectively.

Up to this date, the antioxidant activity of several natural products has been
reported in both commercial polymers, such as PE [78] and PP [79] as well as bio-
based polymers, such as PHB [80], MaterBi [81] or PLA [82, 83]. Successful attempts
prove that the substitution of oil-based products with their natural and renewable
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Figure 5.13: (a) α-tocopherol oxidation to (b) α-tocopheryl quinone through semi-quinone inter-
mediates (c,d).
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counterparts will indeed be possible in the future and has the potential to reach
industrial scale.

5.6 Antimicrobials

Under favourable conditions, plastic materials support the growth of microorgan-
isms such as viruses, bacteria and fungi (yeasts and moulds) [84]. Even those
plastics that would not normally promote microbial growth can be used in environ-
ments that sustain microorganism life or proliferation, for example water or fertile
soil [85].

In the modern era, where plastic recycling or disposal is a serious issue, biode-
gradation can represent a desirable feature. However, bio-stability and prevention of
health hazards during both shelf life and final use of plastic artefacts are key factors
to take into account in engineering polymer formulations. To overcome these pro-
blems, antimicrobial additives are added to the polymer formulation. It is necessary
to underline that not all the antimicrobial additives are biocides, i. e. have the ability
to kill bacteria or fungi, but many of them are simply biostatic agents, able to hinder
the reproduction of the microorganisms.

Antimicrobial additives are mostly used in medical fields and food packaging
applications. Therefore, the main requirement of antimicrobial (AM) additives is low
toxicity to human and environment in both processing and end-use stages. Moreover,
ideal AM additives have to be compatible with processing aids and other additives
involved in plastic formulation and should not affect the properties or aesthetic
appearances of the final artefact.

There are several ways to classify AM additives; however, they can generally fit in
two general classes based on their chemical composition and mechanism of action:
organic and inorganic AM agents [86].

5.6.1 Organic antimicrobial agents

Organic antimicrobial agents are typically small molecules able to migrate over time
from the bulk to the polymer surface to introduce an antimicrobial effect at the
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Figure 5.14: Singlet oxidation of (a) a-tocopherol to (b) hydroperoxydienone [76].
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polymer surface. The variable interaction between the organic AMmolecules and the
polymer matrix represents the pushing force for migration.

One of the advantages of polymer-based antimicrobial systems is that the migra-
tion of the AM molecule on the surface can be controlled, so that microbial growth
kinetics and antimicrobial activity at the product’s surface can be properly modeled.
However, the migration of the AM additives eventually leads to their leaching out of
the polymer. For this reason, organic AM agents fit application in disposable items
rather than durable goods with longer lifespans. Another drawback of these com-
pounds is the limited food contact approval for organic based systems. Once again,
the primary concern is their mobility and solubility in food simulants; therefore
inorganic based technologies are generally considered more suitable for direct food
contact. Organic AM systems are also thermally unstable; many compounds decom-
pose in the typical processing temperature range and in other cases a temperature
increase may cause excessive mobilization and consequently high loss rates of AM
agents from the plastic.

The most common organic AM agents are organometallic compounds, in parti-
cular arsenic-based materials, such as oxybisphenoxarsine (OBPA), are acknowl-
edged as very efficient and cost-effective. As a matter of fact, the use of arsenic-
based compounds dates back to the 1930s in the United States. where the Bordeaux
mixture was first employed in bio-stabilization of plastic materials. On the other
hand, arsenic is universally perceived as hazardous material; for this reason the
spread of arsenic-based compounds will always receive poor trust from the market.
The demand for alternative formulations, such as the isothiazoline family or triclosan
(chlorinated diphenyl ether), is growing rapidly [86]. Successful application of
organic AM systems is soft PVC. Pristine PVC owns an intrinsic resistance tomicrobial
attacks; however, plasticizers, fillers, pigments and other carbon-based additives
used in PVC formulations become nutrients for microorganisms, especially when the
final product is employed in wet environments such as shower curtains, paddling
pools, etc. For this reason, AM organic agents are commercially available in formula-
tion dissolved in other additives, such as plasticizers. Table 5.6 shows examples of
organic antimicrobial products, together with their chemical structure and composi-
tion, supplier and typical applications.

5.6.2 Inorganic antimicrobial agents

Inorganic antimicrobial agents exploit metal ions for their intrinsic biocidal activity.
The main difference between organic and inorganic AM agent is that the latter do not
have the possibility to migrate but they are immobilized in the polymer matrix. The
antimicrobial effect of silver ions has long been recognized, dating back to the
Ancient Rome. Not only inorganic AM agents are capable of inhibiting microbial
growth, but they are also very effective biocides.
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Their mechanism of action involves the binding of the metal ion to the cell
membrane of the microorganism, causing an unbalance in the diffusion in and out
of the cell. Once inside the cell, the ions start a process of enzymatic denaturation,
targeting thiol groups on the proteins, which rapidly leads to the loss of cell func-
tional ability and eventually to cell death [87]. In order to be incorporated in the
polymer matrix, the highly mobile metal ions are bonded to a delivery system, which
allows minute quantities of ions to be released through a process of ion exchange at

Table 5.6: Organic antimicrobial agents listed with their chemical composition and structure,
suppliers and applications.

Trade name Chemical
composition

Chemical structure Supplier Applications

Triclosan 5-chloro-2-(2,4-
dichlorophenoxy)
phenol

OH
O

Cl

Cl

Cl

Spec-
Chem
Industry

Chopping
boards,
kitchen
utensils,
sponges,
gloves,
medical
devices, toys,
food
containers.

Intercide®

ABF-2
BBP

Solution of OBPA
in DIDP plastici-
zer carrier

O

As

As
O

O

Akcros
Chemicals

Flooring, roof-
ing, coated
fabrics, wall
covering and
leather cloth,
PVC flexible
films, foils and
sheets.

Vinyzene™
IT-4000
DIDP

4,5-dichloro-2-n-
octyl- isothiazoli-
none in DIDP
plasticizer carrier

N
S

Cl Cl

O

Dow
Chemical

PVC Decking,
Fencing,
Fabrics
(Fibres/
Textiles/
Carpets),
Refrigerators
inserts, films
and sheets
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the plastic’s surface, as depicted in Figure 5.15 for the case of zeolites loaded with
silver ions.

The main advantage of such a mechanism is that the ions are continuously made
available over the lifetime of the plastic artefact. Moreover, inorganic systems are
characterized by a very good thermal stability that makes them suitable in a wide
range of application in different polymer formulations.

The inorganic AMmarket currently includes releasing systems based on ceramic
glasses, doped titanium dioxides or zeolites as carriers. One current trend in inor-
ganic AM polymer additives is the used of nano-sized particles as carriers and
delivery systems. Their high aspect ratio (lamellae, flakes, spheres) could offer a
higher ion release rate but brings on adverse issues such as possible toxicity,
excessive discoloration resulting from rapid oxidization and the increased complex-
ities of producing nano-scale active grades. Currently, nano-silver is not recognized
by the US Environmental Protection Agency and its application is therefore forbidden
[88].

5.6.3 Natural antimicrobial additives for polymers

The concerns related to the use of arsenic-based products and nanotechnologies as
antimicrobial additives for plastics, especially in food-packaging applications, have
pushed academic and industrial world towards the development and rediscovery of
plant extract as antimicrobial agents. Since prehistoric times, man has learned to exploit
different spices and herbs, not only for food flavouring but also for their antiseptic and
medicinal properties. Among others, basil is a popular culinary herb used extensively for

Zeolite carrier

Ion exchange
mechanism

Silver Ions
(active ingredients)

Sodium Ions

Figure 5.15: Ion exchange mechanism in antimicrobial zeolites loaded with silver ions.
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many years in food flavouring. Its essential oil is known to have very powerful anti-
microbial activity [89], and possible applications in food packaginghave been forecasted
[90]. Naturally derived antimicrobial agents are becoming increasingly more important
in antimicrobial packaging as they present a perceived lower risk to the consumers.
Other than plant extracts, bacteriocins and enzymes are also used in antimicrobial
packaging. Natural antimicrobials belonging to the above-mentioned classes are listed
in Table 5.7, together with examples of targeted microorganism [91].
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6 Technological solutions for encapsulation

Abstract: Encapsulation offers broad scope of applications. It can be used to deliver
almost everything from advanced drugs to unique consumer sensory experiences; it
could be also employed as a protection system or a sensing material. This cutting-
edge technology undergoes rapid growth in both academic and industrial condi-
tions. Research in this matter is continuing to find a new application of microcap-
sules as well as to improve the methods of their fabrication. Therefore, in this
review, we focus on the art of the encapsulation technology to provide the readers
with a comprehensive and in-depth understanding of up-to-day development of
microcapsule preparation methods. Our goal is to help identify the major encapsu-
lation processes and by doing so maximize the potential value of ongoing research
efforts.

Keywords: encapsulation technologies, microcapsules, polymerization reactions

6.1 Introduction

According to science, encapsulation, developed roughly 65 years ago, is a major
interdisciplinary research technology [1]. In general, capsules are circular cross-
section shape particles with certain free volume inside, where a core material can
be allocated. As shown in Figure 6.1, the core material can be also called an internal
phase, a filler, a matrix or an active. Encapsulation may be as well explained in the
frames of supramolecular chemistry as a process where a guest molecule is confined
inside the cavity of a host and leads to the formation of a capsule. Capsules with a
diameter size between 1 nm and 1,000 nm are named nanocapsules, while the
capsules with a size rage 1–1,000 µm and above (> 1mm) are called microcapsules
and macrocapsules, respectively [2, 3].

Capsules can exhibit different morphologies depends on a material used for their
fabrication, although also the preparation technique has a significant impact on their
final outcome [4]. Depending on the structure of the capsules, they can be character-
ized as continuous core/shells, polycore capsules, continuous core capsules with
more than one layer of shell material and the matrix type, where encapsulated agent
is incorporated within the shell material. Representation of aforementioned struc-
tures of the capsules is shown in Figure 6.2[5]. Relying on the preparation method
used, different morphologies are formed. Rough approximation of the capsule’s
size range obtained by each technique is presented in Table 6.1.
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Encapsulation is a dynamic research field due to novel technologies, production
paths and demand for innovative applications. Running a search on “encapsula-
tion”, over 80,000 records can be found up to date, by the use of Web of Science tool
(Figure 6.3). Since 1953, when Green and Schleicher patented the first method for

a) b) c) d)

Figure 6.2: Microcapsules morphologies: (a) continuous core/shells, (b) polycore capsules,
(c) continuous core capsules withmore than one layer of shell material, and (d) thematrix type capsules.

Active agent = Internal phase = Core = Fill = Matrix

Shell = Wall = Coating = Membrane 

Figure 6.1: Microcapsule.

Table 6.1: Capsules size range determined by the preparation technique.
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microcapsule preparation, different techniques for microcapsules fabrication have
been developed.

This review does not pretend to cover the abundant published literature on the
subject, but to be representative of the observed tendencies in capsule fabrication for
consumer good products, medicine, food chemistry, agriculture, etc. The first part of
this review is dedicated to describe chemical methods, such as interfacial polymer-
ization and in situ polymerization (suspension, emulsion, dispersion polymeriza-
tion), while the second one provides detailed information about physicochemical
methods, such as coacervation, layer-by-layer (LbL) assembly, sol–gel encapsula-
tion and suspension cross-linking. Finally, we will dedicate the third part to
describe physicomechanical methods, such as spray-drying, co-extrusion and
phase-inversion precipitation.

6.2 Chemical methods

Chemical methods involve sphere fabrication along with various polymerization
reactions. This indicates that the starting materials in these cases are monomers or
prepolymers. Further subdivision of these techniques along with a short description
is detailed below [6].

6.2.1 Interfacial polymerization

Generally, the interfacial polymerization employs two monomers to react at the
interface of a droplet, which lead to the formation of a capsule, as shown in
Figure 6.4[7, 8]. [9]. The first to report interfacial polymerization technology was
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Figure 6.3: Publications per year on “encapsulation” (tool used: Web of Science, May 2016).
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an American polymer scientist – Dr. Morgan from Dupont Nemour Company –
who together with his research group published a series of articles in 1959
[10–13]. A few years later, the technology has been expanded, and since 1960
this method has been widely employed for encapsulation; however, the first
patent that describes the basic methodology of this process was filled-in by
Beestman and co-inventors in 1983 [14]. Since then, the method has been
improved significantly.

Interfacial polymerization’s tunable conditions make it applicable to various
camps, e. g. agrochemicals, self-healing, pharmaceutics and cosmetics. Mainly four
groups of polymers have been considered by researchers utilizing this technique:
polyamides, polyurethanes, polyureas and polyesters [15]. Interfacial polymerization
can be classified as a relatively simple, flexible and low-cost methods; thus, it is a
valid method for industrial capsule manufacturing. Nevertheless, it seems that the
process is still not well understood, e. g. the effect of the temperature, catalyst,
surfactant and active ingredient are not entirely clear [16, 17]. One of major advan-
tages of the interfacial polymerization techniques is its controllable character.
Capsule mean size and membrane thickness can be directly designed. For instance,
an interesting method of emulsification by the use of micropore metal membranes
was proposed by Richard Holdich and his group [18]. The authors were able to
directly control the size and homogeneity of the produced droplets, which were the
matrices for the capsule shells.

Tylkowski et al. [19] fabricated microcapsules based on a new liquid crystal-
line lightly cross-linked polyamide, in which the state of order can be triggered by
means of external stimuli, such as temperature and light. Figure 6.5 shows the
scanning electron microscope (SEM) image of microcapsules prepared by the
authors with toluene as a filler, deposited on a millipore teflon filter and dried
at room temperature. The microcapsules appear separated, well-formed and globe
shaped but deflated. According to the authors, this evidence can be related to the
entrapped toluene evaporation in the high-vacuum conditions (10 × 10−2 mbar)
employed in sample preparation. Figure 6.5(b) shows the SEM image of one of the
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microcapsules after fracturing in liquid nitrogen, while Figure 6.5) shows the
details of the fractured surface. The outer surface appears smooth and dense
and few heterogeneity can be seen on the inner face. In the case of other
polyamide capsules synthesized by the authors, one side of the shell appeared
smooth, while the other one possessed a cellular structure [20]. An explanation
for the dissymmetric structure of this kind of shell structure was proposed by
Janssen and Nijenhuis [21, 22]: the wall of the capsules consists of a polymer
formed by a polycondensation reaction at the oil/water interface; at or close to
the organic side of the interface the reaction between monomers takes place and
the polymer precipitates at the interface. This results in the production of a thin
top layer of polymer, through which water and hydrophilic compounds (such as
the diamine) can diffuse; as a consequence, the monomers proceed reacting under
the formation of the sub-layer. The above-mentioned authors observed, in an oil-
in-water dispersion, the appearance of little droplets which coalesce on the
organic side of the membrane which is filling with water. This phenomenon is
stopped by the polymer precipitation at their surface, which leads to the forma-
tion of a cellular inner structure; the longer the reaction time, the more hetero-
geneous is the inner surface of the membrane: for reaction times lower than 3 h,
as in our case, the internal and external surfaces were found relatively homo-
geneous and smooth [23]. Incorporation of azobenzene photosensitive molecules
into a capsule shell has also been performed by Marturano and co-workers [24].
The authors reported for the first time a straightforward route for the preparation
of solid shell polymer nanocapsules with controlled UV-triggered release. A mini-
emulsion interfacial polymerization technique has been employed by the authors
to prepare lightly cross-linked polyamide capsules with a hydrophobic liquid core.
Based on the presented data, it can be concluded that an appropriate selection of
surfactant type, its concentration and processing conditions allowed tailoring the

a

100 µm 20 µm 4 µm

b c

Figure 6.5: SEM micrographs of: (a) polyamide microcapsules containing toluene as a filler; (b) a
single microcapsule after fracturing in liquid nitrogen; and (c) detail of the fractured surface. Wall
thickness: 180 nm. Reprinted from European Polymer Journal, 45/5, Bartosz Tylkowski,Malgorzata
Pregowska,Emilia Jamowska,Ricard Garcia-Valls,Marta Giamberini, Preparation of a new lightly
cross-linked liquid crystalline polyamide by interfacial polymerization. Application to the obtainment
of microcapsules with photo-triggered release, 1420-1432, Copyright (2009), with permission from
Elsevier.
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size of the resulting nanocapsules. Podshivalov et al. [25] have studied an influ-
ence of agitation speed on the size of the capsules obtained by the interfacial
polymerization process. The authors have utilized polyuthane–urea microcapsules
containing galangal essential oil as a filler. The investigators performed the
polymerization at the oil–water interface in oil–water emulsion. According to
the authors, threshold value of agitation speed (4,000 rpm/min) was a decisive
condition of the microcapsule size. Moreover, they reported that at higher agita-
tion speed, the break-up of oil droplets strongly increases. As expected, higher
agitation rate resulted in smaller size of microcapsules and with a narrower size
distribution. A new type of poly(vinyl alcohol)(PVA)–polyurea composite micro-
capsules, containing isophorone diisocyanate as a core material, has also been
successfully prepared via PVA-mediated interfacial polymerization in an oil-in-
water emulsion by He and co-workers [26]. The authors reported a facile and
versatile preparation protocol of robust microcapsules by using commercial and
cost-effective raw materials. Prepared spherical microcapsules with a core content
of ∼80 wt% exhibited reliable service life and water resistance. Furthermore, the
authors reported that investigated microcapsules possess enough mechanical
stiffness for postprocessing. As stated in the publication, designed microcapsule
shells were able to rupture when the crack approached, releasing the self-healing
agent for crack healing. According to the authors, developed microcapsules
exhibit remarkable performance for corrosion protection, and they could be
used in structural materials with the ability to atomically heal cracks.

6.2.2 In situ polymerization

In situ polymerization is a broad concept that includes: (1) suspension polymeriza-
tion, (2) emulsion polymerization and (3) dispersion polymerization. The literal
translation of in situmeans “in place,” which in terms of polymer science means in
reaction mixture. Both the chemical methods presented in this review – interfacial
polymerization and in situ polymerization – include polymerization reactions;
however, in case of the in situ polymerization monomer or prepolymer are present
only in the single phase of the reaction mixture, whereas in the interfacial poly-
merization each of the liquid phases contains at least one reactive monomer [6]. A
clear division among the terms “suspension,” “emulsion,” “dispersion,” and “pre-
cipitation” as used in reference to heterogeneous polymerization systems was
proposed by Arshady [27].

6.2.2.1 Suspension polymerization
The term suspension polymerization was very well-defined by Vivaldo-Lima and co-
workers [28], who described it as a process in which monomer or monomers,
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relatively insoluble in water, is (are) dispersed as liquid droplets with steric stabilizer
and vigorous stirring (which is maintained during polymerization) to produce poly-
mer particles as a dispersed solid phase. Initiators soluble in the liquid monomer
phase are employed in this polymerization process. In case when particle porosity is
not required, the suspension polymerization is also known as pearl and bead poly-
merization. The main challenge in this technique is the formation of an as uniform as
possible dispersion of monomer droplets in the aqueous phase with controlled
coalescence of these droplets during the polymerization process. Based on the data
collected by Vivaldo-Lima and co-workers, the microcapsule fabricated by this pro-
cess typically have diameters in a range of 10 μm to 5mm, which are strongly
influenced by the following parameters: the interfacial tension, the degree of agita-
tion and the design of the stirrer/reactor system govern the dispersion of monomer
droplets. Moreover, the presence of suspending agents (e. g. stabilizers) hinders the
coalescence of monomer droplets and the adhesion of partially polymerized particles
during the course of polymerization, so that the solid beads may be obtained in the
similar spherical form in which the monomer was previously dispersed in the water
phase. Commercially available beads with a size above 10 μm can be easily separated
from the suspension by filtration or/and sedimentation and then applied as a part of a
final commercial products [29].

A very interesting paper was published by Sánchez-Silva et al. [30] in which the
authors compared a laboratory scale and a pilot plant conditions for suspension-like
polymerization process for the microencapsulation of paraffin wax by polystyrene.
The authors carried out both designed experiments in water using polyvinylpyrroli-
done, as a suspension agent, and benzoyl peroxide, as an initiator. According to the
researchers, the suspension-like polymerization is an easy and an efficient method
for microcapsule production at both scales. However, the scientists strongly under-
line that the condition of the reaction requires high temperature (108 °C) and 6 hours
to complete the reaction, not counting the time required for the maintenance of the
experimental setup.

Another impressive example of suspension polymerization microencapsulation
was reported by Supsakulchai, Nagai and Omi [31]. The scientists encapsulated
inorganic materials, such as titanium dioxide (TiOx), in polystyrene-based matrix.
In a frame of the presented project, the authors first prepared an emulsion by glass
membrane emulsification process, then they performed polymerization step and
finally they recover capsules by centrifugation. To favor the TiO2 dispersion stability
in the oil phase, the authors applied two strategies. The first one was based on an
addition of a co-monomer, 2-ethylhexyl acrylate, while the second onewas created by
adding the same co-monomer, however, in the presence of a cross-linking agent,
such as a divinyl benzene. It should be mentioned that by using both the approaches
the authors obtained uniform composite particles with the average diameters in a
range 20–25 µm. The method used by the authors allows mass production in one
batch, easy modification of the capsule walls, flexibility of monomer selection and
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cross-linked polymers applicable as advantages and undesirable sub-micron aggre-
gates and the possibility of phase separation during the polymerization step as the
process drawbacks.

6.2.2.2 Emulsion polymerization
Emulsion polymerization occurs when monomer is added dropwise to the solu-
tion of core material and surfactant (emulsion). Katampe et al. [32] have used
this type of encapsulation technique to fabricate microcapsules by enwrapping
an oily core material in an amine–formaldehyde condensation product formed
by in situ polymerization. Their invention included a synthetic viscosity modifier
(cross-linked polymer of acrylic acid) which was added to the aqueous phase of
the oil-in-water emulsion. According to the investigators, this component allows
the production of a more uniform, controlled, relatively small-size microcap-
sules. Bonetti et al. [33] optimized the semicontinuous emulsion polymerization
protocol to synthesize poly(n-butylacrylate)@polystyrene nanocapsules. The
authors developed a novel variation of the emulsion polymerization encapsula-
tion, which includes two-step process. First, the core-forming monomer was
emulsified in a continuous phase. Subsequently, the polymerization of the
nanodroplets was initiated by 2,2-azobisisobutyronitrile and the second mono-
mer was added (during a second step). The authors highlighted that by employ-
ing these biologically friendly solvent method (by using i. e. water), they got
microcapsules with a size diameter in an order of 102 nm.

6.2.2.3 Dispersion polymerization
Dispersion polymerization takes place when the monomer, initiator and dispersant
are present in the same batch. Great influence in this process has a solvent, which
needs to be sufficient for all aforementioned substrates but it does not dissolve a
produced polymer; thus the polymer will precipitate in it [34]. Lee et al. [35] patented
the microencapsulation of a pigment dispersed with a polymeric dispersant and a
polymerization initiator in an aqueous solvent system. The innovation of the pre-
sented patent based on two ormore additions of monomers led to the polymerization
and subsequent thicker shell formation. According to the authors, two (or more)-
step dispersion polymerization technique provides microcapsules with high amount
of encapsulating polymers around the pigment, thus with improved mechanical
properties in comparison to the one-step dispersion polymerization technique.
Bourgeat-Lami and Jacques Lang [36] have employed dispersion polymerization to
encapsulate silica beads with styrene in an aqueous ethanol medium using poly(N-
vinyl pyrrolidone) as a stabilizer and 2,2-azobis (isobutyronitrile) as an initiator. To
promote encapsulation on the surface of the beads, the authors treated the silica
with 3-(trimethoxysilyl) propyl methacrylate, which was grafted onto its surface.
Polymerization reaction was performed in a batch process, in the ethanol/water
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mixture. Silica beads that gave the most satisfactory results had 450 nm of diameter;
nevertheless, even the synthesis that utilized those beads led to the creation of the
composites that contained more than one silica bead per composite. Mostly, the
composites contained up to four silica beads. Micrometer-sized silica-stabilized
polystyrene latex particles and submicrometer-sized polystyrene−silica nanocom-
posite particles have been prepared by Schmid and co-workers [37]. The investiga-
tors used the dispersion polymerization of styrene in alcoholic media in the presence
of a commercial 13 or 22 nm alcoholic silica sol as the sol stabilizing agent. The
authors reported that micrometer-sized near-monodisperse silica-stabilized poly-
styrene latexes were obtained when the polymerization was initiated by a nonionic
initiator (2,2-azobisisobutyronitrile), while submicrometer-sized polystyrene–silica
nanocomposite particles were produced by using a cationic azo initiator. At the end
of the process, the particles were transformed into core/shell microcapsules by a
calcination as illustrated in Figure 6.6.

6.3 Physicochemical methods

Physicochemical methods involve procedures where chemical interaction occurs
along with various physical transformation to shape the capsules.

6.3.1 Coacervation

Coacervation is the first method concerning encapsulation technology protected by
an international patent law. This pioneer method was developed and described by
Green & Schleicher, from the National Cash Register Company, Dayton, USA, who in
1953 filled in a US Patent# 2730456 by a title: Manifold record material. The inventors
encapsulated trichlorodiphenyl inside microscopic gelatin capsules by coacervate
forces. Since then, the coacervation has been defined as a process in which “an active
agent is distributed within the homogenous polymer solution, and by triggering
coacervation colloidal polymer aggregates (coacerates) are formed on the outer
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Figure 6.6: A schematic representation of submicrometer-sized polystyrene–silica nanocomposite
particles production and their transformation into core/shell microcapsules by a calcinations.
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surface of an active agent droplet.” The process can be initiated by varying one or
more of parameters of the system, such as temperature, pH or the composition of the
reaction mixture (addition of water-miscible nonsolvent or salt). In case of the
aforementioned patent, the coacervation was initiated by the addition of sodium
sulfate salt.

Coacervation techniques are divided into two subgroups, which differ in the
mechanism of the phase separation:
– simple coacervation – occurs when a selected polymer for microcapsule prepara-

tion is salted out or desolvated.
– complex coacervation – is achieved by a complexation of two or more oppositely

charged polyelectrolytes. The method is presented schematically in Figure 6.7. It
is a four-step process: (A) dispersion of the core material in homogenous two-
different-polymer solution, (B) initial agglomeration of polyelectrolytes after
triggering the coacervation, (C) coacervation of polymer on the surface of the
core and (D) wall hardening.

During the last decades, several different research groups have improved the
complex coacervation method. Dardelle and co-workers [38] have modified it to
produce capsules with improved barrier properties for encapsulated material. First,
the authors mixed selected polymers with various types of solid particles (kaolin,
silica, Fe2O3). Then, they introduced a core material to the particle/polymer com-
plexes, and the obtained hybrid coacervate sol gained a desired viscosity that
allowed the aggregates to deposit on the core material to form the capsule shell. In
other respects, Kumar et al. [39] patented a novel coacervation process in which the
core material/polymer complexes were exposed to one or more coacervation agents
in at least two distinctive stages. In this way, the inventors were able to produce
capsules with a consistent particle size using easily scalable process. Baker and
Ninomiya [40] developed a complex coacervation method, in which to achieve high
core-content capsules and avoid unwanted agglomeration, the authors introduced
two additional steps. First, they mixed a core material with a coacervation adjuvant
(such as an ionizable colloid, an ionic surfactant, or an ionizable long-chain organic
compound) prior to emulsification process, and then, after gelation step, the authors

A B C D

Figure 6.7: Schematic overview over the principal process steps in the capsules production by
complex coacervation.
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introduced a water-soluble wax that initiated hardening of produced capsule walls.
Based on numerous published articles and reviews [41–44], it could be summarized
that the coacervation processes during the last years became a widely used encapsu-
lation method, due to their simplicity, low cost and reproducibility. Moreover, these
methods can be easily scaled-up to fabricate microcapsule at the industrial setup.
Nevertheless, these techniques need a constant attention and an adjustment of
operating conditions (such as stirring, viscosity, pH and temperature). Besides, by
using these methods, unwanted capsule agglomeration has been commonly
observed.

6.3.2 Layer by layer

LbL assembly method was for the first time reported by Caruso & Crusco and
Möhwald in 1998 [45]. The method was based on the self-assembling of oppositely
charged polyelectrolytes on the outer surface of colloidal particles. The inventors
prepared hollow silica and silica–polymer spheres with diameters between 720
and 1,000 nm by consecutively assembling silica nanoparticles and polymer onto
colloids and subsequently removing the templated colloid either by calcination or
by decomposition upon exposure to solvents. Scanning and transmission electron
microscopy images reported by the authors demonstrated that the wall thickness
of the hollow spheres can be readily controlled by varying the number of nano-
particle–polymer deposition cycles. Moreover, the authors stated that the capsule
size and shape can be determined by the morphology of the templating colloid. The
LbL technique can offer capsules with a broad permeability coefficient spectrum
that can be tailored depending on the desired application, which includes biosen-
sor, catalyst, agriculture, drug carrier, etc. Active targeting of nanoscale drug
carriers can improve tumor-specific delivery; however, cellular heterogeneity
both within and among tumor sites is a fundamental barrier to their success.
Promising studies in this field have been carried out by Dreaden and co-workers
[46], who described a tumor microenvironment-responsive LbL polymer drug
carrier that actively targets tumors based on two independent mechanisms: (1)
pH-dependent cellular uptake at hypoxic tumor pH and (2) hyaluronan-directed
targeting of cell-surface CD44 receptor – well-characterized biomarker for breast
and ovarian cancer stem cells. Hypoxic pH-induced structural reorganization of
hyaluronan–LbL nanoparticles was a direct result of the nature of the LbL electro-
static complex and led to targeted cellular delivery in vitro and in vivo, with
effective tumor penetration and uptake.

As illustrated in Figure 6.8, the nanoscale drug carriers selectively bound CD44
and diminished cancer cell migration in vitro while co-localizing with the CD44
receptor in vivo. Because these LbL nanoparticle systems are simple, provide means
of modular design and can provide enhanced blood half-life and enhanced tumor
targeting, hyaluronan–LbL nanoparticles are promising candidates for targeted drug
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delivery to solid tumors for number of significant cancer types. The ability to target
multiple tumor cell populations without the use of additional drug carrier may
circumvent resistance from selective pressure while improving safety and treatment
outcomes from actively targeted nanomedicines.

Tao, Li and Möhwald [47] reported that LbL capsules containing an azo dye in
their shell permitted photochemical control of the permeability of the capsulewall. In
this investigation, the microcapsule shell was built by an azo dye – Congo red (CR) –
and different polymers, including poly(styrenesulfonate, sodium salt) (PSS),
poly-(allylamine hydrochloride) (PAH) and poly(diallyldimethylammonium chlor-
ide) (PDDA).

Figure 6.9 illustrates the general protocol which have been used for the LbL
self-assembly of PDDA/CR onto the (PSS/PAH)3/PSS shells templated on mela-
mine formaldehyde (MF) latex particles. In order to analyze morphology change
of the microcapsule shell before and after irradiation caused by trans-cis photo-
isomerization of azobenzene moieties incorporated in the capsule shell, the
authors employed scanning force microscopy (SFM). Furthermore, the optical
changes of the capsules were verified by using confocal laser scanning micro-
scopy and SFM. All results generated by the authors provide useful insights
into the photochemical reaction mechanisms on the self-assembled PDDA/CR
composite capsules and release of encapsulated material. This kind of capsule

LbL Nanoparticle

Cell Membrance

CD44 receptor hypoxic pH

Figure 6.8: Schematic illustration of bimodal tumor targeted delivery.
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with photo-controlled permeability could be of particular interest for applica-
tions in drug delivery, photocatalysis, optical materials and related medical
areas such as photodynamic therapy or skin care. The concept of photosensitive
microcapsules has also been studied by Bédard and co-workers [48] who con-
structed the microcapsules containing azobenzene moieties through LbL self-
assembly of sodium salt of azobenzene, poly(vinylsulfonate) and PAH; how-
ever, contrary to Möhwald and co-workers, they investigated how trans-cis
isomerization of the azo moieties influences the permeability changes of the
shell and on encapsulation of the active material instead of its release during
light irradiation. According to the authors, incorporation of azobenzene groups
can cause shrinking of the microcapsule wall, increase their permeability and
as a consequence encapsulate required materials. More recent examples using
stimuli-responsive capsules based on azobenzene moieties in the capsule wall
are deeply contemplated in [49].

Very interesting approaches have been performed by Hammond and Zhiyong
[50] who designed nanosized capsules that exhibit a multifunctionality. The
authors used (1) gold nanoparticles as core materials – which act as imaging and
drug revisers and (2) therapeutic agents –which are allocated within 2 nm sized LbL
capsule wall.

LbL assembly is an extremely valuable, economic and versatile technique for
capsule formation. Final material properties can be easily tailored through the
thoughtful selection of the active agent, coating material and assembly condi-
tions. LbL as much as it is beneficial has one current limitation which is the
standard manual, where numerous time-consuming centrifugation and resus-
pension are needed to perform the layering steps. Björnmalm et al. [51] overcome
this problem introducing a novel fully flow-based technique using tangential
flow filtration, which can make the process scalable, controllable and automa-
table production.

electrostatic deposition of
the respective charged species

electrostatic deposition of
Congo red

Latex
particle

(template)

removal the colloidal template
with HCI

Figure 6.9: General procedure for the fabrication of hollow LbL self-assembly capsules composed of
PDDA/CR onto the (PSS/PAH)3/PSS shells templated on the MF latex particles.
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6.3.3 Sol–gel encapsulation

Sol–gel encapsulation is an abbreviation for “solution-gelling.” The term stands for
the process where sol is added to the precursor solution, and by alternating
physicochemical factors the material is gelled and hardened into the shape of the
capsules [52]. Broadly speaking, sol–gel processes can be divided into six steps:
hydrolysis, condensation, gelation, ageing, drying and densification [53]. Sol–gel
encapsulation techniques have been widely used [53–56]; however, in this review,
we focus on the capsules prepared by the use of organosilanes which are exten-
sively studied nowadays due to their surface functionalities and processing
conditions (pH, gelation time, etc.). Organosilanes are also compatible with
various biomolecules, such as drugs, proteins, antibodies, enzymes, nucleic
acids, prokaryotic and eukaryotic cells, which makes silica and its derivatives a
suitable capsule material for bioapplications. The most studied sol–gel methods for
encapsulation of biological materials, which have been reported in literature, are
hydrolysis and condensation of alkoxides, such as tetramethyl orthosilicate or
tetraethyl orthosilicate [57–59]. The conventional routes can lead to decrease or
total inhibition of the activity of entrapped biomolecules, due to the formation of an
alcohol as a byproduct. Bhatia et al. [60] developed an aqueous sol–gel process in
which sodium silicate was used as a precursor and the gelation phase was
performed at neutral pH and room temperature. By applying the designed metho-
dology, the authors were able to preserve the activities of encapsulated enzymes:
high horseradish peroxidase and glucose-6-phosphate at values of specific activity
upon immobilization 73% and 36%, respectively, after encapsulation. Moreover,
the authors reported that encapsulated enzymes exhibited a pH-dependent
behavior that is different from that of free enzymes. According to the authors,
the silica matrixes offer a number of advantages over conventional organic
polymers as immobilization platforms for biosensors owing to their superior
mechanical strength, chemical inertness, hydrophilic nature and, above all, optical
transparency.

Mikosch and Kuehne [61] have established experimentally optimized conditions
of colloid and sol–gel co-assembly for directly printed colloidal crystals. The authors
used mixtures of 50 vol % of colloids to 50 vol % of 1,2-bis(triethoxysilyl)ethane
(BTES) as the sol–gel precursor which led to the best results, with an efficient
encapsulation of colloidal crystals with BTES. According to the authors, the devel-
opedmethod is easily scalable and could be adopted for inkjet printing of colloids, as
well as for convective assembly (Figure 6.10).

The optimized conditions for co-assembly will facilitate the production of
inkjet-printable photonic crystals that will ultimately lead to self-assembled laser
resonators and filters, which can be precisely positioned and patterned into desired
structures.
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6.3.4 Suspension cross-linking

Microcapsule formation by this technique involves dispersion of an aqueous solu-
tion of the polymer-containing core material in an immiscible organic solvent
(suspension/dispersion medium) in the form of small droplets. The suspension
medium contains a suitable stabilizer to maintain the individuality of the droplet/
microcapsules. The droplets are subsequently hardened by covalent cross-linking
and are directly converted to the corresponding microcapsules. The cross-linking
process is accomplished either thermally (at >500 C) or using a cross-linking agent
(formaldehyde, terephthaloyl chloride, etc.). Suspension cross-linking is a versatile
method and can be adopted for microencapsulation of soluble, insoluble, liquid or
solid materials and to produce both micro- and nanocapsules [62]. Suspension
polymerization reactions generally produce particles with a broad or bimodal size
distribution. Bead particles, which are the intended product from a suspension
polymerization, with diameters in the range of 10 µm–5mm, are usually accompa-
nied with unintended smaller particles [63]. Many aspects of suspension polymer-
izations have been reviewed in the literature [27–29, 64, 65]. The history of
suspension cross-linking process originates from the pioneering work in three
independent areas of applied polymer research in the late 1960s, which are very
well-described in a review published by Arshady [66]. In 1969, Rhodes and co-
workers [67] and Pasqualini et al. [68] reported the use of suspension cross-linking
for the preparation of albumin microspheres for diagnostic investigations. At about
the same period, Khanna and Speiser [69] fabricated epoxy resin microcapsules by
cross-linking (curing) of the molten polymer in silicone oil. In 1971, work on the
improvement of hydrophilic polymer supports for chromatography led to the devel-
opment of suspension cross-linking procedures for the preparation of cross-linked
procedures for the preparation of cross-linked agarose microspheres by Porath and
co-workers [70] and cross-linked cellulose beads by Chimbo and Brown [71].

Figure 6.10: Artistic representation of the drop-casting and coassembly process. Reprinted with
permission from (61). Copyright (2016) American Chemical Society.
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Suspension cross-linking procedure have been widely used for the preparation of
polysaccharide-based polymer supports for chromatography and biomedical appli-
cations. Suspension cross-linking has also been the method of choice for the
production radiolabeled albumin microspheres as diagnostic imaging reagents.
The main challenge of suspension process is the tendency during polymerization
for the viscous and adhesive droplets and pearls to agglomerate or to stick to each
other, which leads to serious trouble from heat build-up and the formation of large
polymer masses [72]. The control of size and size distribution of particles can be
achieved by adjusting the reaction parameters, such as stirring speed, reaction
temperature, composition and type of reactor system. In general, vigorous stirring,
higher temperatures, higher catalyst concentrations and faster polymerization
result in finer granules of product. However, too much agitation also may be
harmful and may give beads deformed or containing holes because of stirring in
of gas. If very effective suspending agents are used in corresponding amounts, quite
fine granules result even at low rates of stirring. Addition of suspending agents or
suspension stabilizers to the aqueous phase can prevent the agglomeration and
sticking together during polymerization and can make the process dependable.
Among good suspending agents are found water-soluble high polymers (the so-
called protective colloids) such as PVA, polyvinylpyrrolidone, polyacrylic acid or
natural gums [63]. Regulation of the encapsulated material release is still a challen-
ging task for science nowadays. There have been many studies analyzing this
matter, e. g. Dini et al. [73] published the preparation method of chitosan micro-
spheres loaded with a drug hydroquinone. They have proved that the release of the
drug was correlated with the degree of cross-linking. Therefore, by adjustment of
the cross-linking agent used in the preparation step, in this case glutaraldehyde,
control over drug release is possible.

6.4 Physicomechanical methods

Physical methods do not involve any polymerization reactions considering that the
starting materials in these cases are polymers, thus broadly speaking only the
formation of shape occur. Few examples of these techniques are listed below.

6.4.1 Spray-drying

Drying is the oldest known method for removing a liquid from wet bulk materials.
Already in the older Stone Age, people have dried food to store it for a long time. In
the seventeenth and eighteenth centuries, various substances were usually dried
by hot air or smoke. In the nineteenth century, the drying by vacuum or by spraying
was developed. A century later, the drum dryer and vacuum-freeze dryer were
invented [74].
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Spray-drying is a process where liquid phase (emulsion, suspension or solu-
tion) is forced to form droplets by an atomizer or a spray nozzle. In the advanced
developed part of the devise, droplets are dried by the hot air and solidified
capsules are created and collected. A schematic representation of this technology
is shown in Figure 6.11.

This method has been widely used since the nineteenth century in the industry
due to its simplicity, flexibility and consistent particle size distribution and the
system can be fully automated [75]. Nevertheless, spray-drying operation presents
several drawbacks such as low thermal efficiencies, nozzle clogging and high main-
tenance costs. Moreover, product loss has been commonly observed, due to the
agglomeration of capsules and material sticking to the internal chamber walls.
Also, it is highly unlikely to obtain capsules of smaller size than 100 µm [76–78].
Therefore, the process calls for various optimizations. Maury et al. [79] studied the
effects of spray-drying parameters on the material yield at laboratory scale spray-
dryer. According to the authors a cyclone with the narrow outlet duct is more
convenient at laboratory scale spray-dryer. Whereas the Tinlet/Toutlet was pointed

Hot Air

Feed

Product Out

Figure 6.11: Schematic representation of basic spray-drying procedure.
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out to be the most important operatory condition to optimize the product yield. This
parameter cannot be too high because in other case the inside walls of the spray-
dryer reaches the temperature higher than the sticky point of the material. The
authors measured that when the parameter exceeds by approximately >10 °C, a
product loss is observed. Biswas et al. [80] demonstrated that the morphology of
spray-dried nanostructured microcapsules can simply be tuned by controlling the
drying temperature, as illustrated in Figure 6.12.

At lower temperature, the nanoparticles are assembled compactly forming sphe-
rical granules. In such a case, the size distribution of the granules gets narrowed
down with respect to that of the initial droplets. Increase in temperature leads to the
formation of larger hollow capsules with nanoparticles packed as a thinner shell.
This is because of the preferential motion of the nanoparticles in droplet under a
temperature gradient. At still higher temperature, subsequent buckling of the shell
leads to the formation of toroidal granules. Polydispersity in granular size increases
with temperature. Evolution of capsule shape corroborates with the Surface Evolver
computer model, based on buckling of the elastic shell taking into consideration the
rate of drying. Statistically averaged local volume fraction of the packed nanoparti-
cles in the capsules remains nearly temperature independent, even though the
external morphology changes significantly from sphere to toroid. Scattering experi-
ments indeed differentiate between the two apparent structural correlations that can
lead to larger capsule size at higher temperatures. The authors established that
increase in capsule size with temperature and consequent buckling are due to the
existence of an internal hollow core and not because of the formation of nonconso-
lidated fractal-like aggregates.
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Figure 6.12: Graphical representation of spray-dried capsule’s morphologies obtained with different
drying temperatures. Reprinted (adapted) with permission from (80). Copyright (2016) American
Chemical Society.
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The aim of the research studies performed by Drusch and co-workers [81] was to
identify principal parameters determining the oxidative stability of microencapsu-
lated fish oil. The authors prepared the capsules by spray-drying using different types
of n-octenylsuccinate-derivatized starch, gum Arabic, sugar beet pectin, sodium
caseinate and/or glucose syrup. They identified two principal components to classify
the different microcapsules accounting for up to 79% of the variance as shown in
Figure 6.13. The principal components were determined by physicochemical para-
meters reflecting the emulsifying ability of the encapsulant and the drying behavior
of the parent emulsion. Microcapsules, which were identified by principal compo-
nent analysis to be significantly different, exhibited a low stability upon storage,
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Figure 6.13: Scanning electron micrographs of microencapsulated fish oil spray-dried at 180/70 °C
(A, nOSA-starch type 1; B, nOSA-starch type 1/glucose syrup; C, nOSA-starch type 2; D, nOSA-starch
type 2/glucose syrup; E, nOSA-starch type 1/gum Arabic; F, gum Arabic; G, sugar beet pectin; H,
caseinate/glucose syrup, 1/4; I, caseinate/glucose syrup, 1/19). White bar = 10 µm. Reprinted
(adapted) with permission from (81). Copyright (2007) American Chemical Society.
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showing that the principal components and, thus, the underlying physicochemical
parameters analyzed in the present study are correlated with core material stability.
Bertolini and co-workers [82] have investigated the stability of monoterpenes encap-
sulated in gum Arabic by spray-drying. The authors used the following core materi-
als: citral, linalool, β-myrcene, limonene and β-pinene at concentrations of 10, 20 and
30% with respect to the wall material. The authors observed that the chemical
functionality, associated with the solubility and diffusion through the forming
matrix, determines the degree of retention in the production of capsules by spray-
drying, in the case of monoterpenes encapsulated in gum Arabic. The order obtained
was hydrocarbon > aldehyde > alcohol for monoterpenes with similar molecular
weights. Hydrocarbons with the same molecular weight (C10H16) and similar solubi-
lities presented different yields in the drying process. According to the authors, these
differences were associated with the molecular structures of the monoterpene iso-
mers. The observed order was bicyclic > monocyclic > acyclic, demonstrating the
contribution of steric factors to retention in addition to the ability to undergo
polarization.

Under this investigation, the products encapsulated in gum Arabic showed a
reduction in content during the shelf-life study at controlled temperature. There
was little variation in the content during the first 20 days, but after this there
was an accentuated and variable loss for the majority of the monoterpenes
studied. The observed order of retention was β-pinene > citral > limonene >
β-myrcene > linalool.

A novel route for fast, scalable and continuous assembly of highly monodispersed
core–shell microencapsulates was presented by Liu et al. [83], who used Eudragit RS (a
co-polymer of ethyl acrylate, methyl methacrylate and a low content of methacrylic
acid ester with quaternary ammonium groups) as the main shell component and silica
as the core component. Because the core–shell architecture could be formeddirectly by
evaporation-induced self-assembly during the single-step spray-drying process, no
prolonged chemical reactions or organic solvents were needed. The investigators
demonstrated that the microcapsule wall thickness can be easily tuned by adjusting
the ratio of the materials in the precursors. The resultant microencapsulates were
shown to encapsulate almost 100% of the active component (in this case, a water-
soluble compound, rhodamine B), while the release rates could be directly correlated
to the microstructures. This study provides a new scope for practical synthesis of
hybrid nanocomposites and functional heterostructures, including core–shell struc-
tures with distinct controlled release properties for each section.

6.4.2 Co-extrusion

Co-extrusion was first patented in 1957 and in future was developed by the group that
originally patented the technique [84]. It is a process where dual fluid stream is
pumped through the nozzle. One of the liquids contains core material and the other
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wall material. Droplet is formed by the vibrations applied at the exit of the concentric
tubes. Then, the droplet undergoes solidification by chemical cross-linking, cooling
or solvent evaporation [85]. A schematic representation of co-extrusion is shown in
Figure 6.14.

Depending on the device, a monocentric or concentric nozzle system is used,
which produces different types of microcapsules, respectively, by extrusion and co-
extrusion. The concentric system presents internal and external nozzles that allow
the production of reservoir-type microcapsules [86]. Extrusion microencapsulation
has been used almost exclusively for the encapsulation of volatile and unstable
flavors in glassy carbohydrate matrices. The main advantage of this process is the
very long shelf-life imparted to normally oxidation-prone flavor compounds, such as
citrus oils, because atmospheric gases diffuse very slowly through the hydrophilic
glassy matrix, thus providing an almost impermeable barrier against oxygen. Shelf-
lives of up to 5 years have been reported for extruded flavor oils, compared to
typically 1 year for spray-dried flavors and a few months for un-encapsulated citrus
oils [87]. Very recently, Pasukamonset et al. [88] published very interesting results
concerning themicroencapsulation of phenolic extracts of Clitoria ternatea (CT) petal
flower extract through the extrusion method of alginate with calcium chloride
(CaCl2). The authors reported that the encapsulation efficiency varied in the range
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Figure 6.14: Schematic of a co-extrusion process.
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from 74 ± 1% to 85 ± 1% depending on the percentage of CT (5–20%), alginate (1–2
%) and CaCl2 (1.5–5%). The results showed that the optimized condition of CT-loaded
alginate beads (CT beads) was as follows: 10%CT, 1.5% alginate and 3%CaCl2 (w/v).
Under this condition, the maximal antioxidant capacity of 11.7 ± 0.1mg gallic acid
equivalent/gbeads and the encapsulation efficiency of 84.8 ± 0.4% were obtained.
Moreover, the provided results demonstrated that the prepared microcapsules pos-
sessed smooth surface shape with a particle size distribution of 985 ± 0.5 μm.Without
any doubts, this report provides a novel food-grade encapsulation formulation to
improve the stability as well as the biological activity of plant polyphenols. Recently,
Shinde et al. [89] evaluated the co-extrusion using alginate and apple skin polyphe-
nols to protect Lactobacillus acidophilus in a milk beverage at 4 °C. The authors
decided to employ probiotic bacteria and polyphenols for microcapsule preparation
due to their great demand in food products. Lactic acid bacteria have been used to
ferment or culture foods for at least 4,000 years. The bacteria have been used in
particular in fermented milk products from all over the world, including yoghurt,
cheese, butter, buttermilk, kefir and koumiss. Probiotics are defined as “live micro-
organisms which, when, administered in adequate amounts, confer a health benefit
on the host” [89] and polyphenols possess antioxidant capacity, anti-inflammatory
and anticarcinogenic properties, as well as protective effects against a variety of
chronic diseases [90–93]. The results published by Shinde et al. [89] indicated that
the co-extrusion technology was efficient to protect probiotics after 50 days of
storage, due to very low decrease on cell viability. Very recently, Silva et al. [94]
reported exciting results concerning encapsulation of Lactobacillus paracasei BGP-1
probiotic dispersed into sunflower oil or coconut fat by using the co-extrusion
process. Under this study, the authors used alginate or alginate-shellac blend as
capsule shell materials and fluidized bed or lyophilization as post-treatment pro-
cesses to dry the capsules. By using the co-extrusion method, Silva et al. [94] have
been able to prepare capsules with a diameter between 0.71 and 0.86mm, which
encourage their application in solid foods, such as cereal bars, dark chocolate and
mixed nuts. The authors reported that after 60 days of storage at 25 °C, the viability of
probiotic loaded into capsules dried by fluidized bed was up to 6 log CFU/g, corre-
sponding to 90% of the initial probiotic population. In addition, the formulation
produced with alginate-shellac and coconut fat was the most effective at improving
probiotic survival in simulated gastrointestinal fluids, mainly by reducing the
porosity of microcapsules, in which 7.5 log CFU/g of probiotics (95%) survived at
the end of the assay. Thus, according to the authors, immobilization of probiotics in
coconut fat co-extruded with alginate-shellac blend followed by fluidized-bed drying
is a promising technology to protect and extend the viability of probiotics in func-
tional foods.

Wang et al. [95] investigated a co-extrusion as a feasible approach of a canola oil
encapsulation with alginate and alginate–high methoxyl pectin. The authors have
also studied how conditions of co-extrusion affect capsule characteristics, core oil
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stability and retained phenolic content. They discovered that flow rates of core and
shell are the critical parameters to create stable spherical oil beads. The authors
demonstrated that the shell wall composition is responsible for the bead size, core oil
stability and retained phenolic content. He and co-workers [96] have used a mini-
fluicid device to fabricate calcium alginate capsules by extrusion (Figure 6.15).
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Figure 6.15: Coextrusion minifluidic devices for fabrication of dual-compartmental Ca–Alg capsules.
(a) Schematic illustration of the coextrusion minifluidic device for fabricating water-in-water (W/W)
droplets. (b) Schematic illustration showing the combination of two coextrusion minifluidic devices
for fabricating the dual-compartmental Ca–Alg capsules. (c−e) Digital photos showing the generation
of two different W/W droplets at the outlets of the devices (c), the coalescence of the two W/W
droplets triggered by the stainless steel needle (d), and the formation of dual-compartmental Ca–Alg
capsules in the Ca(NO3)2 solution (e). Folic acid (yellow color) is added in the core compartment of
one W/W droplets for labeling. The scale bars are 2.5 mm. (f−h) Schematic illustrations showing the
cross-linking mechanism of alginate in the shell solution (f) by cross-linking with Ca2+ from the
Ca(NO3)2 solution (g) via formation of egg-box structures (h). Reprinted (adapted) with permission
from (96). Copyright (2016) American Chemical Society.
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The authors reported that this novel approach offers an impressive control level
over the volume and number of multiple compartments by adjusting flow rates and
numbers of orifices of the device. Dual-compartmental capsules obtained by the
authors contained one-half shell with a constant release rate and the other half
shell with a temperature-dependent release rate. Therefore, the authors fabricated
capsules with different permeability rates, which makes them a huge potential for
various advanced applications as a multifunctional material. Nevertheless, the size
of the capsules needs to be decreased, because now it is situated in the mm range,
and it is an insuperable obstacle for many application.

6.4.3 Fluidized-bed spray coating

Originally developed as a pharmaceutical technique, fluidized-bed coating is
now increasingly being applied in the food industry to fine-tune the effect of
functional ingredients and additives. The main benefits of such miniature
packages, called microcapsules, include increased shelf-life, taste masking,
ease of handling, controlled release and improved esthetics, taste and color.
Fluidized-bed coating increasingly supplies the food industry with a wide vari-
ety of encapsulated versions of food ingredients and additives. Compared to
pharmaceutical fluidized-bed coating, food industry fluidized-bed coating is
more obliged to cut production costs and, therefore, should adopt a somewhat
different approach to this rather expensive technology. Solid particles are sus-
pended in a temperature and humidity-controlled chamber of high-velocity air
where the coating material is atomized [1, 24]. Though fluidized-bed drying
offers a lot of advantages, freeze and spray-drying are preferred drying techni-
ques for probiotic microencapsulation. Compared to lyophilization, fluidized-
bed drying is more cost effective. Due to an optimal heat and mass transport as
well as equal temperature distribution, drying and granulation processes in a
fluidized-bed dryer can be carried out at lower temperatures compared to spray-
drying which results in higher survival rates of encapsulated bacteria [25].
Further, granulation and coating procedures can be combined within one flui-
dized-bed drying process. At least, the coating material determines the protec-
tion and targeted release properties. Due to their numerous advantages, the
fluidized-bed technology has gained significant importance in the last century
in many industrial processes. Fluidized beds are particularly advantageous due
to the simple solid handling through the fluid-like behavior, intensive solids
mixing and the resulting uniform temperature distribution, large exchange
surface between solid and gas and high heat transfer value between solid and
gas. In most cases, the heat required for the drying process in fluidized beds is
provided by means of a preheated fluidizing gas. Moreover, additional thermal
energy can be inserted to the process either by immersed heating elements, e. g.
steam-heated tubes, or by heating of the fluidization chamber wall. Due to the
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contact of particles with heated surfaces, additional heat transfer is available
leading to process intensification, i. e. higher drying rates due to increased heat
transfer area. Lower gas inlet temperature is requested, which is preferable for
heat-sensitive products. However, limited number of tubes, influence on flow
field and fouling are subject to the limitations of the process intensification by
contact heating [74].

6.4.4 Phase-inversion precipitation

Phase-inversion precipitation method comprises mass transfer and phase separation
processes which occur when polymeric solution in the form of droplet get in contact
with a nonsolvent and the polymer precipitates. Phase-inversion or immersion pre-
cipitation is usually isothermal, ternary system. This technique includes involvement
of three components: solvent, nonsolvent and polymer. Process begins by dissolving
polymer in its solvent and molding it into a wanted shape, for example film or
droplet. Then, the solution is immersed in the nonsolvent bath, which will activate
the exchange between molecules of solvent and nonsolvent. Transfer between the
solvents will inevitably force precipitation of the polymer, resulting in the final
porous structure of the obtained membrane [97].

Bogdanowicz and co-workers [98] prepared photoresponsive microcapsules,
based on poly(α–methylstilbenesebacoate-co-α-methylstilbeneisophthalate)
(P4), containing different core materials, by using a phase-inversion precipita-
tion process. The authors made the hypothesis that phototriggered release from
such microcapsules occurs as a consequence of E–Z photoisomerization of
α-methylstilbene moieties in the polymer backbone, which forms a microcapsule
shell during UV irradiation. Photoresponsive microcapsules were prepared using
P4. P4 is a novel nematic liquid-crystalline polymer of our synthesis with a glass
transition of 45 °C and clearing point of 238 °C. This polymer possesses an
amorphous structure and a reasonably low glass transition value, thanks to
the incorporation of isophthaloyl moieties in the polymer backbone. Before
preparing and characterizing microcapsules, we performed an exhaustive char-
acterization of a membrane based on the P4 polymer obtained by using condi-
tions as similar as possible to microcapsule preparation. In this way, we tried to
simulate the morphology and the behavior of the microcapsule shell under UV
irradiation. In order to establish whether microcapsule shell morphology and
behavior could be altered as a consequence of photoirradiation, a complete
characterization of a flat membrane based on P4 polymer was first carried out
by the investigators. By employing Environmental Scanning Electron Microscope
studies, the author demonstrated that P4 membrane and microcapsules contain-
ing chloroform as filler possessed very similar asymmetric cross-sectional
morphologies. The presence of vanillin in chloroform during phase-inversion
precipitation process had an influence on the cross-sectional structure of
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microcapsules containing this perfume. The authors observed that the outer
surface morphologies of all prepared microcapsules appeared like a dense film.
Based on atomic force microscope investigations, the authors investigated that
the P4 film morphology changed drastically as a consequence of its exposure to
UV irradiation at 365 nm (i. e. its surface became much smoother and surface
roughness was decreased ca. 24%). This reasonably induced about a 21%
decrease of the water contact angle value. Release experiments, performed by
the investigators, showed that vanillin release from microcapsules in water at
room temperature was strongly influenced by UV irradiation: in the absence of
irradiation, release was negligible, while, when microcapsules were submitted to
continuous irradiation with UV light for 35 min, vanillin was quickly released
after an induction time of about 20 min. Panisello et al. [99], by use of phase-
inversion precipitation, were able to control polysulfone microcapsule morphol-
ogy through the adjustment of the composition of the precipitation bath. The
aforementioned bath was composed of pure water, which is a nonsolvent for a
polysulfone, or of a mixture of water and polysulfone solvent. The results
obtained by them show that high concentration of a solvent in the nonsolvent
bath favors sponge-like structures. Pena et al. [100] investigated polysulfone
microcapsules made by the phase-immersion precipitation method. Based on
the generated results, the authors proposed a treatment to avoid the presence of
the solvent (DMF) in the prepared capsules, and also to increase the amount of
the encapsulated material, in this case vanillin. The treatment consists immer-
sing the capsules in a saturated vanillin aqueous solution for 4 days. By follow-
ing this procedure, the author demonstrated that the DMF can be totally
removed from the core of the microcapsule increasing the amount of encapsu-
lated vanillin to around 100%.

6.5 General conclusions

A survey of the main encapsulation processes is presented. As well seen in this
review, through the years, this field of science has done tremendous progress
[101]. To provide a good understanding of the up-to-day development of micro-
capsule preparation methods and polymer structures used as capsule shell
materials, information collected from the literature has been summarized in
this work. We have highlighted the processes that have been utilized not only
in the academic setup, but as well at the industrial scale. Versatility of the
techniques available so far offers enormous resources of possible advanced
applications. Nevertheless, to further promote the practical application of cap-
sules, improved and automatable setup units as well as cheap polymers for
microcapsule walls must be developed. In addition, developing delivery systems
which is controlled release process of encapsulated cargo substances still
remains an interesting but challenging task.
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7 Natural and synthetic polymers in fabric and
home care applications

Abstract: Polymers can be tailored to provide different benefits in Fabric &Home Care
formulations depending on the monomers and modifications used, such as avoiding
dye transfer inhibition in the wash, modifying the surface of tiles or increasing the
viscosity and providing suspension properties to consumer products. Specifically,
the rheology modification properties of synthetic and natural polymers are discussed
in this chapter. The choice of a polymeric rheology modifier will depend on the
formulation ingredients (charges, functional groups), the type and the amount of
surfactants, the pH and the desired rheology modification. Natural polymeric rheol-
ogy modifiers have been traditionally used in the food industry, being xanthan gum
one of the most well-known ones. On the contrary, synthetic rheology modifiers are
preferably used in paints & coats, textile printing and cleaning products.

Keywords: dye transfer inhibitors, methylcellulose, polymers, rheology modifier,
thickener, xanthan gum

7.1 Introduction

In the early days, polymers have found very little value in detergent and cleaning
formulations. Phosphate compounds such as sodium triphosphate (STP) (Figure 7.1)
and sodium/potassium phosphate were used primarily in detergent formulations in
which they comprise them up to 50% by weight [1–5]. STP provides significant
contributions to laundering by performing several crucial functions [2]. They serve
as builders by forming complexes with polyvalent cations such as Ca2+ and Mg2+ ions
and as a result water hardness is reduced, thereby boosting the performance of the
surfactants [3]. STP also aids in removing, dispersing and suspending the dirt
released and ensuring a good powder structure. However, over the years, phosphates
were found to stimulate the rapid growth of algae and plants in lakes and other
bodies of water, which caused the deterioration of water quality and the recreational
value of the lakes [2, 4]. Due to environmental concerns and government regulations
and restrictions regarding the use of phosphates, formulators pursued to reinvent the
detergent compositions [6]. Decades of efforts and millions of dollars were spent to
find safe, high-performing and economical substitutes for phosphates. Some of the
potential alternatives [5] that came out of the market include systems that are based
on (1) nitrilotriacetate (NTA) [2, 6], (2) sodium citrates [5, 7] and (3) zeolites [8–10]
(Figure 7.1).
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NTA exhibits good cleaning and chelating properties but was later on suspended
by National Institute of Environmental Health and Sciences (NIEHS) because it poses
detrimental health threats to the development of embryo or what is known as
teratogenic effect especially when combined with heavy metals such as cadmium
and mercury [2]. Sodium citrate, on the other hand, is environmentally safe and is
compatible with cleaning formulations because of its solubility properties. However,
in terms of cost and effectiveness, it is generally inferior compared to STP [5, 7].

Zeolite is a synthetic sodium aluminum silicate with the general formula of
Nax[(AlO2)x(SiO2)x].yH2Owhose primary function is similar to STP, which is to seques-
ter Ca2+ and Mg2+ ions in wash solutions [9]. In cases where water contains elevated
amount of these ions, the zeolite system requires a co-builder, which is water
soluble [10]. Polycarboxylates have proven to be the most effective additives for
this system. Their function, however, is not via complexation with the hard ions in
water, but they aid in the dispersion of calcium salts such as calcium carbonate or
phosphate and the soil particulates released during washing. Because these poly-
meric materials are available at reasonable costs and possess unique and varied
multifunctionality, formulators and polymer chemists were prompted to investigate
beyond polycarboxylates.

The applications of polymers in household cleaning compositions, both natural
and synthetic, have grown tremendously [11, 12]. They have been an important part of
detergent formulations for many years now, and 90% of the polymers used belong to
a class of polycarboxylates. The major polycarboxylates used in cleaning products
are homopolymers derived from acrylic acid (PAA) and copolymer of acrylic/maleic
acid (PAA/MA) (Figure 7.2). They are generally used as sodium salts in phosphate-
free detergents to prevent soil redeposition and encrustation. Specialty polymers
have also been developed recently [11]. They provide specific and unique benefits to
detergent formulations such as enhanced soil release, dye transfer inhibition, mod-
ification of rheological properties and many more.

Na+

Na+

Na+

Na+ Na+

Na+ Na+

Na+

Na+
N

NTASTP

–O

–O2C

–O

O
P P P

O
O O

O– O–
O– O– O–

O–

O
O

O

O

OH
CO2

–Na+

CO2
–Na+

Nax[(AIO2)x(SiO2)x].yH2O

Zeolite
sodium citrate

Figure 7.1: Chemical structures of STP, NTA, sodium citrate and general formula of zeolite.
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Most synthetic polymers are toxicologically safe but not biodegradable. They are
eliminated from wastewater by precipitation or adsorption to the sludge in sewage
treatment facilities [13]. Because natural polymers are renewable and biodegradable
to a great extent, they have found broad appeal in detergent industry [14, 15].
Cellulose derivatives such as carboxymethyl cellulose (CMC), xanthan gums and
carrageenans were among the first natural polymers to be utilized in detergent
formulations. Depending on the desired applications, their physical and chemical
properties were readily tailored and fine-tuned by chemical modifications.

In this chapter, we provide an overview of the applications of polymers on fabric
and home care formulations. For general households, fabric and home care products
include laundry and dishwashing detergents, fabric softeners and hard surface
cleaning products such as floor care and bathroom and glass cleaners. Section 7.2
highlights the benefits provided by polymers when incorporated in the product
formulations. Specific examples of synthetic and natural polymers that are widely
and currently used in the formulations are discussed in detail in Section 7.3.

7.2 Benefits of polymers in fabric and home care formulations

A detergent, in general, is a cleaning agent composed predominantly of surfactant or
a mixture of surfactants whose main task is to remove water-insoluble substances
like dirt and grease from permeable surfaces (i. e. fabrics and clothes) and/or hard
surfaces (i. e. metals, plastics and ceramics). Other than surfactant, a modern deter-
gent formulation normally consists of builders and chelants, co-builders and other
polymer additives used for specific washing effects such as soil release and anti-
redeposition, dye transfer inhibition and rheology modification [16, 17]. The incor-
poration of polymers in fabric and home care formulations has provided numerous
benefits in enhancing the action and efficiency of detergents, particularly the phos-
phate-free types. Consequently, the use of these materials, especially the recently
developed specialty polymers, has gained increasing attention over the years
because they provide specific benefits at a very low percent weight (1% or less) [11].
Examples of these type of polymers are polyesters based on terephthalic acid which
serve as soil release agents, ethylene/propylene glycol-based polymers as anti-
redeposition agents and poly(vinylpyrrolidone) as DTIs. Moreover, a detailed

O OOH OH O OH

O OH
PAA

PAA/MA

n n m

Figure 7.2: Chemical structures of poly(acrylic acid) (PAA) and copolymer of acrylic and maleic acid
(PAA/MA).
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description of nathural and synthetic polymeric rheology modifiers is provided in
Section 7. 3. Some of the benefits provided by the addition of polymers in cleaning
compositions are discussed below.

7.2.1 Soil release

The concept of soil release, which refers to the improved removal of soil from fabric
during washing by increasing its permeability, was introduced many years ago. Two
steps are involved in the general mechanism of soil release process: (1) enhanced
penetration of water and detergent solution into the soil/garment interface with the
aid of soil release agent and (2) solvation and transport of soil from the fabric to the
wash solution by mechanical work [18, 19]. The removal of soil, however, is governed
by several factors such as the kind of fabrics and soil particles, the performance of
detergent solution, the washing conditions and the mechanical action of water.

Soil in particular includes stains that are water soluble, particulates, oil and
grease. The water-soluble stains and the particulates can be easily removed by
regular washing, while oil and grease aremuchmore difficult to remove. They require
soil release agents to facilitate their removal from the garment and prevent them from
spreading on the surface of the fiber. These soil release agents, or what are commonly
known as soil release polymers (SRPs), are specific additives that were developed to
enable the exclusion of soil from the garments. Recently, a number of SRPs have been
commercialized and used in detergent and fabric softener compositions [18, 20].
These polymers are typically low-molecular-weight polyesters that are derived from
acrylic acid, terephthalic acid and polyalkylene glycols. Polyacrylates were among
the first systems to be used as soil release agents.

The mechanism of action of SRPs is via surface modification wherein they orient
themselves in the surface of the garment through adsorption, making it more hydro-
philic and easily penetrated by wash liquid, therefore decreasing the affinity of the
dirt to the fiber [19]. SRPs do not only improve the soil resistance of the fibers but also
enhances the wetting ability with the aqueous cleaning solution especially the
polyester fibers. Thus, the effects of SRPs are strongly observed after several treat-
ments of the fabrics.

Oily soils that get impregnated in cotton fabrics are easier to remove than those
infused in fabrics woven from synthetic polyester [18]. The cellulosic fibers of cotton
fabrics are composed of hydroxyl and carboxyl groups, making them more hydro-
philic compared to polyester. High hydrophilicity of cotton fabrics means easy
penetrability of the adsorbed soils by water and cleaning solutions, resulting in its
fast removal. Methyl and hydroxyalkyl cellulose derivatives are the most common
examples of cellulosic soil release agents for cotton [21]. Polyester-containing fabrics,
on the other hand, due to its hydrophobic nature absorb oil readily and tenaciously,
making the removal of these stains far more challenging. Extensive research to
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address this issue has yielded an effective release of soil from polyester fibers with the
use of polyethylene terehpthalate (PET)/polyoxyethylene terehpthalate (POET) copo-
lymer (Figure 7.3) [22]. This type of soil release agent has high affinity for synthetic
fabrics because its backbone is composed of a mixture of terephthalate residues and
ethyleneoxy polymeric units, which closely resembles the materials that comprise
the polyester fibers of synthetic fabric.

7.2.2 Dispersant

A dispersant or dispersing agent is used primarily to diffuse and suspend the soil
particulates in the washing liquor after they are released from the surfaces or fabrics.
They make the dispersion process easier by adsorbing to soil particles, which results
in an increase in electrostatic and steric repulsion, thus minimizing clumping,
redeposition and scaling onto the garments or hard surfaces [23]. A dispersing
additive also provides uniform mixture of particles by preventing them from aggre-
gation and settling at the bottom of the container, thereby ensuring stable formula-
tions and storage.

The efficiency of a polymeric material as a dispersing agent depends on their
affinity to the particle surface; therefore charge, size and orientation of the polymer
molecule in solution are important factors. Most cleaning products rely on low-
molecular-weight polymeric carboxylates as dispersant, which typically take the
form of PAA or PAA/MA (Figure 7.2) [23]. Their multiple charges enable them to
adsorb at interfaces and act as dispersing agent for soil and inorganic salts and serve
as crystal growth inhibitors.

Biodegradable polymeric dispersants were also reported, which include the
polyamino acid polymers such as polyaspartate and polysaccharides such as oxi-
dized starch [24]. Poly(vinyl alcohol), polyalkylene glycol and copolymers of alkylene
oxide and vinyl acetate are known to be effective dispersing agents for surfaces that
are hydrophobic such as garment made from polyester [24].

7.2.3 Anti-redeposition

In a standard laundering process, the detergent removes the soil particles from the
fabric and then suspends them in wash solution and prevents these particulates from
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Figure 7.3: Chemical structure of polyethylene terehpthalate (PET)/polyoxyethylene terehpthalate
(POET) copolymer.
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depositing back onto the surface of the cleaned fabric throughout the washing and
rinsing cycle [18]. The resettling of the soil in the textile can occur in all types of
fabrics whether hydrophilic or hydrophobic [25]. Examples of fibers made from
hydrophilic materials are cotton, linen and rayon, while fabrics like polyester,
nylon and acrylic are hydrophobic. Because soil is normally hydrophobic, redeposi-
tion is more likely to happen when the surface of the fabric being washed is hydro-
phobic. However, the degree to which this process occurs is dependent not only on
the kind of the fabric being laundered but also on the detergent used, the properties
of the soil particles and the washing temperature. Therefore, additives are added to
cleaning compositions to enhance the release of soil and/or to inhibit redeposition of
the soil.

The chemical agents added to the cleaning formulations, which help minimize
and avoid the redeposition process, is known as anti-redeposition polymers
(ARDs) [25]. ARDs are usually water soluble and negatively charged. They interact
and stabilize the soil in thewashwater, thus preventing them fromdepositing back to
the washed garment. There are two ways that these polymeric materials work: (1) the
negatively charged ARDs adsorb on the surface of the garment causing an increase in
the electrostatic repulsion between the hydrophobic soil molecules and the fabric
surface and (2) entrapment of soil particles into a polymer matrix [18].

CMC, a polymer derived from natural cellulose, is one of the first anti-redeposition
agents used in detergent systems [26]. This polymericmaterial is one of the best-known
ARD agent applicable to cotton fabrics. The polymeric cellulose acetate, on the other
hand, is effective for a broad range of natural and synthetic fabrics. Examples of
synthetic polymers that are also used as ARD agents for garments made of cotton are
poly(ethylene glycol) and poly(vinyl alcohol) [25].

7.2.4 Dye transfer inhibitors

Another crucial role that polymers perform in washing formulations is as dye transfer
inhibitors (DTIs). One of the many challenges in the laundering operations is the
possible transfer of dyes from one fabric to another in the wash solution [27], a
process known as color transfer. This process occurs when fabrics of different dye
colors are washed together. During the wash, a garment can lose some of the dye
molecules and resettle on white or differently colored fabrics [28]. The degree to
which dye colors leak out of the textile depends on the type of the fabric and dye, the
freshness of the garment and the washing conditions. As a result of successive
washing, dyed fabrics suffer from color fading.

DTI has become a significant ingredient of detergent formulations. They were
developed for two reasons: (1) for color protection and (2) for dye transfer inhibition.
As color care additives, they help the fabrics keep their original colors even after
multiple washes and prolong the life of the dyed garments. They also inhibit dyes

208 7 Natural and synthetic polymers in fabric and home care applications



from leaching out of the garment and prevent them from staining another fabric
during laundry process.

The polymeric DTIs are known to efficiently reduce the staining of textiles
brought by migration of dyes by binding with the free dye molecules in wash
solution, which results in the formation of polymer/dye adducts that is water soluble,
therefore, allowing to wash many differently colored garments at the same time. DTI
also minimizes the release of the dyes from the fabrics by adsorbing onto the surface
of the fibers during washing.

The most popular polymer used as DTI in laundry detergents are poly(N-vinyl-2-
pyrrolidone) (PVP) [29, 30] and poly(vinylpyridine N-oxide) (PVP-NO) [31, 32]
(Figure 7.4). Both PVP and PVP-NO have moderately high molecular weight and are
highly soluble in water. PVP is reported to be particularly effective with synthetic
fibers and synthetic cotton blends; however, its efficiency decreases whenmixedwith
anionic surfactants. Poly(vinylpyridine betaine) which contains quaternary nitrogen
and carboxylate salt was proven to be effective in laundry detergents containing
anionic surfactants (Figure 7.4) [33].

DTIs in general are added up to 0.5 weight % to detergents that are specific for
delicate and colored fabrics. Not all DTIs, however, are effective for all dyes. The
overall efficiency is highly dependent on the chemical structures of both the dye
and DTI.

7.2.5 Rheology modifier

Rheology modifier, also commonly known as viscosifier or thickener, is added to
liquid compositions mainly to alter the flow behavior of the formulation, improve the
aesthetics and provide specific characteristics to the product [34, 35]. The choice of
the most suitable rheology modifier depends on the type of flow required based on
the product thickness and pourability, the nature of the formulation as well as the
performance attributes of the suspension. The rheology modifiers generally establish
suitable rheological characteristics to the liquid products without imparting any
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Figure 7.4: Chemical structures of poly(N-vinyl-2-pyrrolidone) (PVP), poly(vinylpyridine N-oxide)
(PVP-NO) and poly(vinylpyridine betaine) (R1 and R2 = H, aryl or alkyl).
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undesirable properties such as unwanted phase separation and unappealing physi-
cal appearance.

Both natural and synthetic polymers have been utilized extensively as rheology
modifiers for liquid detergents [35, 36]. There are two ways that these polymeric
rheology modifiers can thicken a liquid composition. One is by volume exclusion (or
non-associative) and the other is by association mechanism [34]. Associative and
non-associative polymers were further discussed in Section 7.3.1. Rheology modifiers
that thicken via volume exclusion are normally water-soluble polymers that swell
with water. These types of thickeners create viscosity through chain entanglement
and particle flocculation. They do not associate with the surfactants or the other
particulates present in the formulation. Examples of rheology modifiers under this
category include cellulosic ethers such as hydroxyethyl cellulose (HEC) and alkali
swellable/soluble emulsions (ASEs) such as copolymers of methacrylic acid and
acrylate ester. ASE thickeners are normally acrylic-derived polymers and are pH
dependent [34]. They are insoluble at low pH, and as the pH is increased, they
become soluble and the particles swell.

Associative rheologymodifiers, on the other hand, are those polymers that contain
hydrophobic moieties at different levels distributed randomly throughout its main
backbone. These hydrophobic functionalities interact with each other via inter- or
intramolecular associations, which result in an increase in hydrodynamic volume,
therefore increasing the thickening ability of the polymer. The most commonly known
associative thickeners are hydrophobically modified alkali soluble emulsions (HASEs)
and hydrophobically modified ethoxylated urethanes (HEURs) [34].

Basically, HASEs are hydrophobically modified ASE. They are prepared by the
introduction of hydrophobic functional groups onto the acrylate backbone of ASE.
Example of HASE polymer is a terpolymer, which contains methacrylic acid, ethyl
acrylate (EA) and a hydrophobic group (Figure 7.5) [37]. They retain the pH-dependent
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Figure 7.5: Structure of an example of a HASE poymer that contains methacrylic acid, ethyl acrylate
and a hydrophobic macromonomer (R = alkyl chain).
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behavior of ASE, but in addition to water absorption, they increase the viscosity of the
solution by hydrophobic association. These hydrophobic groups can also interact with
the other ingredients in solution such as the surfactants, which can contribute to the
overall stability of the formulation.

HEURs are non-ionic substances that are typically of low molecular weight and
consist of poly(ethylene oxide) (PEO) linked together by diisocyanates and capped at
the terminal position by hydrophobic groups (Figure 7.6) [34]. Unlike HASEs, HEURs
do not require neutralization to activate their rheology-modifying behavior. Their
thickening ability is achieved through hydrophobic interaction between the alkyl
groups of the molecule and the other hydrophobic components of the formulation.
HEURs have found wide applications in fabric softeners and cleaning products that
are purposely formulated for kitchen and bathroom [38].

Some examples of polymeric rheologymodifiers that are used nowadays in liquid
detergents are discussed in detail in Section 7.3.

7.3 Natural and synthetic polymers

Both natural and synthetic polymers have been widely incorporated in detergent
formulations. Their properties could be readily tailored depending on the needs of
the household products. For synthetic polymers, the molecular weight, degree of
branching and the chemical compositions in the main backbone and side chains are
easily controlled and modified. Chemical modifications of natural polymers also
demonstrated an improvement in the characteristics and applications relative to
the unmodified materials.

7.3.1 Synthetic polymers

Synthetic polymers are frequently used in fabric and home care formulations for
surface modifications and as rheology modifiers and DTIs. Broadly, the synthetic
water-soluble polymers can be categorized into two types: (i) non-ionic polymers and
(ii) charged polymers (polyelectrolytes).

(i) Non-ionic polymers: Polar, non-ionic functional groups can impart water
solubility if present in sufficient numbers along to the backbone. The key technol-
ogies used in consumer products include: (1) polyacrylamide (PAM), (2) PEO,
(3) poly(vinyl alcohol)-poly(vinyl acetate) copolymer, (4) poly(N-vinylpyrrolidinone),
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Figure 7.6: HEUR polymer based on PEO and diisocyanate capped with amine hydrophobic groups.
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and (5) poly(hydroxyethyl acrylate). Normally, these classes of polymers are radially
compatible with any kind of surfactant system (anionic, cationic or zwitterionic).

(ii) Charged polymers: Polymers possessing charges along or pendent to the
molecular backbone can be classified into two categories based on the behavior in
aqueous electrolyte solutions. The first category includes polyelectrolytes, which
could be polyanions or polycations, and the second are polyampholytes, polymers
that contain both positive and negative charges along the polymer backbone.
Electrostatic effects, counterion binding, solvation and local dielectric effects are
the factors that govern the phase behavior and solubility of charged polymers in
surfactant system. Microstructure of polyelectrolyte can be tailored to allow confor-
mational changes with pH, temperature or added electrolytes. The major parameters
that influence the microstructure are: (1) number, type and distribution of charged
monomer; (2) hydrophobic/hydrophilic balance; (3) spacing from the backbone and
(4) counterion type. Polyelectrolytes are prepared by homo- or copolymerization of
appropriate monomers or by modification of functional polymers.

For rheology modification, the described polymers above can be classified into
two categories: (1) non-associative polymers and (2) associative polymers [35].
Associative and non-associative polymers have been briefly discussed under rheol-
ogy modifiers in Section 7.2.5. Here, we would only focus on the main technologies
relevant for fabric and home care formulations.

7.3.1.1 Non-associative polymers
Non-associative polymers thicken by structuring the continuous phase and through
chain entanglement. These polymers do not interact with surfactant structures,
particulates or insoluble emulsion droplets. The key technology in this category are
Alkali Swellable Emulsions (ASEs).

7.3.1.1.1 Alkali swellable emulsions
ASEs are carboxyl-containing copolymers that are prepared by the addition poly-
merization of ethylenically unsaturated monomers (Figure 7.7), and they swell or
solubilize to thicken the formulations based on water [37].

The key advantages of ASE are: (1) they are supplied as acidic low viscous latex
dispersion which makes them easy to handle on plant scale, (2) they are relatively
cheap compared to other technologies, (3) they thicken the alkaline formulation
almost immediately (easy dispersion) and this is important as this makes the batch
time extremely small compared to most of the natural polymers such as xanthan

O O OR1OH

R x y

Figure 7.7: Typical chemical structure of ASE. Here R = H, CH3 and most of the commercial ASE
contains R1 = -CH2CH3, -CH2CH2CH2CH3.
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gum, HEC, etc. and (4) they provide formulation shear-thinning behavior which is
important for easy dispensing of fabric and home care products out of the bottle. As
with every technology, they also have some limitations such as pH sensitivity, Ca2+,
Mg2+ and Na+ ion sensitivity, and high level of ASE could give formulation a stringing
behavior, which can give huge problem in dispensing the product out of the bottle
and filling it during production. Some examples of typical commercially available
ASE are Rheovis® AS 1130, Rheovis® AS 1125, ACUSOL™ 830 and ACUSOL™ 835.

7.3.1.2 Associative polymers
Associative polymers thicken by two mechanisms that can act simultaneously and
synergistically, i. e. hydrodynamic volume of associative polymer and association of
the extended hydrophobe groups. When these polymers are in formulation, they
make a transient network made up from other hydrophobe groups of polymer and
any hydrophobe present in formulation.

7.3.1.2.1 Hydrophobically modified polyacrylamide (HMPAM)
PAMwas the first polymer used as a rheologymodifier for aqueous solutions [39]. The
chemical structure of PAM is shown in Figure 7.8). To achieve a good thickening
efficiency, the high molecular weight (Mw>1MM g/mol) is desired in aqueous solu-
tion. The different chemical modification can be employed to improve the properties,
e. g. shear resistance, salt compatibility and temperature stability. The partially
hydrolyzed polyacrylamide (HPAM) is a good example where HPAM is obtained by
copolymerization of sodium acrylate with acrylamide. The chemical structure of
HPAM is shown in Figure 7.8) [39]. The presence of electrostatic charges along the
polymer backbone is responsible for prominent stretching due to monomer charge
repulsion. As a consequence of high stretching of polymer, it leads to a significant
increase in viscosity compared to PAM. However, the presence of charges also makes
HPAM sensitive to the presence of salt in formulation.

To achieve the best thickening efficiency in formulation with surfactant mole-
cules, HMPAM is frequently used. Figure 7.8(c) shows examples of HMPAM [40]. The
high thickening efficiency is a result of association with micelle structure. There are
different methods of synthesizing HMPAM such as micellar, homogeneous and
heterogeneous copolymerization. PAM is usually prepared via a free radical poly-
merization in aqueous solution. However, as is evident from the name, HMPAM
cannot be synthesized using this technique as the hydrophobic monomer is not
soluble in water. In order to disperse the hydrophobic monomer, it is dissolved
using a co-solvent or a surfactant (micellar copolymerization) or dispersed without
any additives (heterogeneous copolymerization).

The presence of hydrophobic groups suppresses the solubility of the polymer.
From the above argument, it is easy to understand that an increase in fraction of
hydrophobic groups above a certain percentage will lead to solubility issues, i. e. the
polymer is no longer water soluble. Increasing the hydrophobicity of the hydrophobic
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groups will impart better thickening efficiency as a result of intermolecular
association.

The hydrophobic monomer provides interesting rheological properties to the
finished product. In the dilute region, intramolecular associations dominate. The
hydrodynamic volume is reduced and therefore the viscosity of the subsequent
product. When the polymer concentration is increased, the solution ideally moves
to the semi-dilute region where intermolecular associations dominate. This leads
then to network-like formations (transient network), which significantly increase the
viscosity of the solution.

7.3.1.2.2 Hydrophobically modified alkali soluble emulsion
A typical chemical structure of HASE can contain more than three monomers, for
example, in addition to acidic group (i. e. methacrylic acid) we could have a small
amount of di-acid (maleic acid) and in addition to EA we could have butyl/hexyl
acrylates (Figure 7.5) [37]. The HASE polymers differ from ASE in that they also
contain long-chain hydrophobic groups in addition to acid groups distributed
throughout the polymer chain. The HASE polymers are polyelectrolytes, which
have been hydrophobicallymodified by the introduction of fewmol% of hydrophobic
group. Comb-like structures where the hydrophobic groups are placed on short PEO
side chains randomly distributed along the backbone of the HASE polymer chains are
favored. The backbone of the HASE polymers possesses moderate high molecular
weight and can reach 100,000 to 500,000Da.

HASE polymers are synthesized using an emulsion copolymerization process.
All the monomers are added to the reaction mixture along with an initiator.
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Figure 7.8: Typical chemical structure of hydrophobically modified polyacrylamide (HMPAM).
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The hydrophobic macro-monomers act as the surfactant for the polymerization
reaction. The reaction product of the emulsion polymerization is the HASE polymer.
The chief microstructure parameters which plays an important role in modifying the
rheology are: (1) charged to un-charged monomer ratio, (2) % of hydrophobic mono-
mer, (3) number of EO units in hydrophobic monomer, (4) length of alkyl chain in
hydrophobic monomer, (5) molecular weight and distribution of HASE polyacrylate
and (6) the topology of HASE (random or copolymer).

The HASE rheology modifiers are used most frequently in fabric and home care
formulations. The main reasons include: (1) the majority of fabric and home care
formulations are alkaline and contain anionic surfactant and (2) they are relatively
cheap and effective compared to other associative polymers. They could also be
compatible with formulations, which contain cationic surfactant. To make the
HASE polymer compatible with formulations containing cationic surfactant, the
charge density of HASE polymer can be tuned.

The thickening efficiency of HASE in formulation depends on: (1) the
intermolecular association of associative monomer, (2) the intramolecular asso-
ciation of associative monomer and (3) the block of EA association (Figure 7.9)
[41]. The thickening efficiency improves with intermolecular association.
However, intramolecular association of associative monomers and block of
EA decreases the thickening efficiency. Typically, it is observed that formula-
tion with HASE polyacrylate viscosity could increase over time. The key factors
responsible for increase of viscosity are the hydrolysis of EA unit which could
lead to break up of EA block and the intramolecular association leading to
intermolecular association. Typical commercially available HASE polyacrylates
are Rheovis® AT120, Novethix™ HC200, Capigel™ 98, Novethix™ L10 and
Aculyn™ 22.

Blocky EA
association

Intramolecular
associative junction Hydrophobe

association

Intramolecular
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Figure 7.9: The key factors that affects the thickening efficiency of HASE, (1) intermolecular associa-
tion, (2) intramolecular association, and (3) block of ethyl acrylate (EA). The figure is reproduced from
Dai et al. (2005)41 with permission.
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7.3.1.2.3 Hydrophobically modified ethoxylated urethane
HEUR polymers are prepared by chain extension of PEO oligomer with a narrow-
molecular-weight distribution (MWD) using diisocyanate and end-capping with
hydrophobic group. HEUR polymers can be classified into two main classes: step-
growth (S-G) HEUR and uni-HEUR. The difference between the two classes relates to
the synthesis method and the corresponding MWD of the product. The S-G HEUR
involves a procedure where PEO (of a given Mw) is reacted with a large excess of
diisocyanate functional groups at both ends. This precursor is subsequently reacted
with a hydrophobic group to end-cap both ends, yielding a telechelic polymer. This
procedure leads to a HEUR polymer displaying a broad MWD. The procedure for uni-
HEUR involves the direct addition of a mono-isocyanate containing a hydrophobic
group to the PEO. To this, a hydrophobic group is added. The resulting polymer has a
relatively narrow MWD, which is related to that of the parent PEO. The chemical
structure of a hydrophobically modified PEO is given in Figure 7.10. Examples of
commercially available HEUR are ACRYSOL™ HEUR and Rheosolve 450.

7.3.1.2.4 Hydrophobically modified cellulose derivative
This is the class of semi-synthetic polymers. To synthesize these polymers, the
natural polymer is reacted with different kinds of hydrophobic monomer in the
presence of initiator. To improve the thickening efficiency, stability and compatibility
with different formulations, the natural polymers can be chemically modified, e. g.
hydrophobically modified hydroxyethyl cellulose (HM-HEC) [42], hydrophobically
modified hydroxypropyl cellulose (HM-HPC) [43], hydrophobically modified ethyl
hydroxyethyl cellulose (HM-EHEC) [44] and hydrophobically modified alginate (HM-
ALGINATE) [45]. The chemical structure of above examples is shown in Figure 7.11.

The presence of hydrophobic groups on the polymer backbone of the polysac-
charides will cause the formation of associations just like HMPAM, HEUR and HASE.
The network structure is enhanced due to these groups and hydrophobic associations
arise at a very low polymer concentration [42–45]. The improved rheological response
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Figure 7.10: Typical chemical structure of HEUR. The isocyanate group acts as a linker between PEO
and hydrophobic group.
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is a result of a formation of strong network compared to unmodified natural poly-
mers. The type of hydrophobic group also affects the strength of the network.
Increasing the hydrophobicity will increase the strength. It is also important how
the hydrophobic monomers are distributed along the backbone. Inhomogeneous
distribution of hydrophobic monomer could lead to a phase separation. The hydro-
phobic modification decreases the solubility of polymer in aqueous solution.

This class of polymer also imparts pseudoplasticity after certain critical concen-
tration of polymers. In addition, thixotropic behavior is also observed similar to
HMPAM. This class of polymer shows an opposite behavior in the presence of salt
compared to HMPAM, HEUR and HASE. Indeed, the presence of salt will weaken the
electrostatic repulsion. However, this leads to the enhancement of the hydrophobic
associations and thus a strengthening of the polymer network. In addition to the
presence of salt, the type of salt is also important in defining the thickening efficiency
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Figure 7.11: Chemical structures of HM-HEC, HM-CMC, HM-HPC, HM-EHEC, and HM-Alginate.
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of polymer. The presence of salts that are able to induce a structuring of the water
molecules will lead to an enhancement of the viscosity due to the increase in the
number of hydrophobic association.

The interaction between hydrophobically modified polymers and a surfac-
tant leads to different behavior depending on the concentration of the surfactant
and the type of surfactant (Figure 7.12) [46]. The surfactant molecule will inter-
act with hydrophobic groups forming the mixed micelles. The formation of these
mixed micelles will increase the number of hydrophobic microdomains and will
enhance interpolymer associations and thus strengthen the polymer network.
Increasing the surfactant concentration further will lead to electrostatic repul-
sions between the mixed micelles and subsequently a drop in the solution
viscosity of the formulation. Increasing the surfactant aggregation number in
the mixed micelles can counteract the reduction in the solution viscosity at an
elevated surfactant concentration. This can be achieved by either adding screen-
ing electrolytes or oppositely charged surfactants. A polymer–surfactant formu-
lation employing a surfactant with a lower critical micelle concentration (cmc)
will reach a maximum solution viscosity at lower surfactant concentration
compared to a surfactant with higher cmc.

Unimer, loop
oligomers Micelle
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Cluster Network
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Figure 7.12: The interaction between hydrophobically modified polymers and surfactant which leads
to polymer network. Reprinted with permission from Alami et al. Macromoleucles, 1996, 29, 5026.
Copyright (1996) American Chemical Society.46.
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7.3.2 Natural polymers

Natural polymers are renewable materials that are available in huge quantities. They
are economically and environmentally attractive because of their low cost, biode-
gradability and low toxicity. Similar to synthetic polymers, chemical modifications
can be readily achieved on natural polymers which can lead to materials with highly
interesting properties. The most common and currently used natural polymers in
detergent formulations include cellulose and its derivatives, gums such as xanthan
and guar gums and carrageenan.

7.3.2.1 Cellulose
Cellulose is one of the most abundant naturally occurring polymers on earth. It
contains a polymeric backbone composed of repeating units of anhydroglucose.
Modifications of cellulose were easily accomplished by grafting of long-chain
alkyl groups and other functionalities onto the hydroxyl groups [47]. These
modifications lead to improved physical, rheological and solution properties.
The modified cellulose exhibits increase in water solubility, enhanced viscosity
and surface activity. The most common examples of modified cellulose that have
been used extensively in the chemical industry are cellulose ethers, which include
methylcellulose (MC), hydroxypropyl methylcellulose (HPMC), CMC, HEC and
HPC [48]. Each of these cellulosic ethers exhibits unique characteristics and
properties. They serve as rheology modifier, anti-redeposition agents, thickeners
and stabilizers in cleaning formulations.

7.3.2.1.1 Methylcellulose
MC is a non-ionic polymer that is manufactured by heating the alkali cellulose fibers
and treating it with methyl chloride or methyl iodide [49]. MC can be prepared with
different degree of substitution (DS). DS refers to the average number of substituents
attached to the hydroxyl groups per glucose unit. In theory, the maximum value
for DS is 3.0 because there are three reactive hydroxyl units in one glucose ring.
Figure 7.13 shows the structure of MC with DS equal to 2.0 [50].

The DS, however, does not only determine the properties (i. e. solubility) of the
modified MC but also the distribution of the methoxy group [51, 52]. Typically, the
commercially available MC materials have DS between 1.64 and 1.92. MC with DS
value at this range is soluble in water and mixed organic solvent/water systems. MC
with DS lower than 1.64 produces material that has low water solubility, while those
with DS higher than 2.5 are soluble in organic solvents.

MC is compatible with a wide range of ionic species and metallic and inorganic
salts because of its non-ionic property. It does not form a complex with these types of
salts to form insoluble precipitates. It shows good stability at a pH range of 3 to 11 [34].

MC is marketed under the trade name Benecel™ MC, Methocel™ A and
Metolose® SM. It is incorporated in cleaning solutions as thickener and is effective
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even at very low dosage (0.5–1%). MC is reported to help control several important
properties of formulations such as rheology, dispersion and water retention. Other
benefits that MC provides aside from thickening and stabilizing effect include cold
water and organic solubility and gel strength.

7.3.2.1.2 Hydroxypropyl methylcellulose
In the preparation of HPMC, the alkali cellulose fibers are treated with propylene
oxide in addition to methyl chloride, to obtain the hydroxypropyl substituents in the
hydroxy groups of the anhydroglucose unit (Figure 7.14) [49, 50]. The –OH group of
the hydroxypropyl substituent can react further with methyl chloride to form a
propylene glycol ether.

HPMC exhibits characteristics that are very similar to MC, but the presence of the
hydroxypropyl groups affords hydrophilic domains that are lacking in MC [34]. The
HPMC materials that are available in the market consist of varying ratios of methyl
and hydroxypropyl groups. They possess different attributes that influence the water
and organic solvent solubility and thermal gelation temperature of aqueous solu-
tions. Both MC and HPMC have been utilized as anti-redeposition agents in laundry
detergents [53].

7.3.2.1.3 Carboxymethyl cellulose
CMC, also popular under the names cellulose gum, sodium cellulose glycolate and
sodium CMC, is the most widely used cellulosic ether. Unlike MC or HPMC, CMC is an
anionic polymer. It is synthesized via chemical reaction of cellulose with monochlor-
oacetic acid and subsequent neutralization with sodium salt [49]. An example of a
chemical structure of CMC with DS of 1.0 is shown in Figure 7.15.
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The theoretical maximum DS for CMC is also 3.0, but more often than not
approximately only half of the hydroxyl units are being substituted with –
CH2COOH groups [34, 49]. The highest level of substitution of CMC that is available
in the market is 1.4. The structural stability of formulations induced by CMC is greatly
influenced by the concentration of the polymer, while thixotropy generally increases
with decreasing DS. CMC is stable over a broad pH range of 4 to 10 and is well suited
for most non-ionic and anionic species as well as monovalent and divalent salts [49].
But because of its anionic character, it is generally not compatible with cationic
materials.

CMC is used in washing formulations, mainly as anti-redeposition agent, and it is
mostly beneficial to the laundering of cotton fabrics [54]. It was reported that the
negatively charged carboxyl groups of CMC attract the hydrophobic dirt particles and
hold on to them, therefore preventing them from resettling onto the fabrics during the
washing process. In addition, CMC also provides effective thickening effects [55] and
structural stability on the detergent slurry and liquid soap.

CMC is available in the market as purified and technical grades under the trade
name CALEXIS®, CEKOL®, CELFLOW®, CELLUFIX® and FINNFIX®.

7.3.2.1.4 Hydroxyalkyl cellulose
Hydroxyalkyl cellulose derivatives include HEC and HPC. HEC and HPC are both
non-ionic and water-soluble polymers. The general structure of HEC is given in
Figure 7.16. The hydroxyethyl groups were introduced into the cellulose molecule
by treatment with sodium hydroxide followed by ethylene oxide [49, 56].
Subsequently, the ethylene oxide that has previously substituted the hydroxyl
group can react further with another ethylene oxide molecule to form an elongated
side chain.

The average number of moles of hydroxyethyl and ethoxy units added per
anhydroglucose ring is called moles of substitution (MS) [34]. In the case of the
structure in Figure 7.16, the value of MS is 2.5 (5 ethylene groups/2 glucose units)
and the DS is 1.5 (3 hydroxyl groups substituted/2 glucose units). Because elongation
of side chains of ethylene oxide can take place, the MS value can be higher then 3.
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Figure 7.15: Structure of carboxymethyl cellulose (CMC) with DS of 1.0.
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HEC products that are commercially available have DS values ranging from 0.85 to
1.35 and MS values of 1.3 to 3.4. The water solubility of HEC depends on the values of
DS and MS. At the values mentioned above, HEC is water soluble. HEC also exhibits
good stability with respect to pH (2–11) and temperature and excellent compatibility
with other anionic and cationic ingredients [34].

HEC is one of the easiest polymer derivatives to process. It dissolves easily at high
temperatures and hydrates very efficiently even with just moderate mixing and
agitation. HEC is used as thickening agent in detergent industry and assists in
enhancing the silkiness and smoothness of the fabrics. HEC aqueous dispersions
are pseudoplastic and thermally reversible. It is commercially available under the
trade name Natrosol™ HEC.

The preparation of HPC is similar to HEC, wherein the alkali cellulose is treated
with propylene oxide (instead of ethylene oxide for HEC) at high temperatures
(Figure 7.17) [49]. A side chain with more than one mole of propylene oxide can
also form during the preparation of HPC.

Both HEC and HPC are soluble in water at low temperature. Similar to HEC, HPC
also provides rheology control, thickening and stabilizing effects to formulations.

7.3.2.2 Gums
Gums are natural biopolymers that have found broad appeal in detergent industry.
They are largely used as thickeners in cleaning compositions. Some of the examples
of gums that will be covered in this section are xanthan, guar and locust bean gum.

7.3.2.2.1 Xanthan gum
Xanthan gum is a high-molecular-weight, anionic polysaccharide that is produced by
fermentation process using the bacterium Xanthamonas campestris [57]. It initially
found broad commercial applications in food industry but later on was developed for
use in detergent industry [34]. The structural formula of a repeating unit of xanthan
gum consists of β-D-(1,4)-glucose molecules in the backbone chain and a
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trisaccharide side chain attached at the O-3 position of every other glucose moiety
(Figure 7.18) [49, 57]. The trisaccharide unit is composed of β-D-(1,2)-mannose
attached to β-D-(1,4)-glucuronic acid and terminates with β-D-mannose. The inner
mannose residue is mostly acetylated at O-6 position and the terminal mannose
contains pyruvic acid linked together via keto group at the 4 and 6 positions. The
carboxylic acid functionalities at D-glucuronic acid and pyruvic acid make the
xanthan gum anionic.

Xanthan gum has high solubility both in hot and in cold water. Xanthan gum
solutions are highly pseudoplastic and display a remarkable viscosity even at low
polymer concentrations [57, 58]. Their viscosity recovers instantaneously once the
shear force is removed. Xanthan gum’s shear-thinning behavior provides the desired
pour viscosity and improves the stability of the formulation by preventing the
suspended particles from settling at the bottom of the container throughout the
shelf life of the detergent.

Several factors affect the viscosity of xanthan gum solutions including the dis-
solution and the measurement temperatures, the pH as well as the concentrations of
the polymer and the salt in solution [57]. Generally, the viscosity decreases with
increasing temperature. However, it was observed that xanthan gum solutions that
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were dissolved at moderate temperatures (between 40 and 60 °C) tend to give highly
viscous solutions. This observation can be attributed to the change in the conforma-
tion of the molecules when the temperature is increased. Xanthan gum molecules
were found to adopt two conformations, helix and random coil, depending on the
temperatures at which they were dissolved. The conformational shift observed from a
low (<40 °C) to high dissolution temperature (>60 °C) corresponds to a helix–coil
transition of the backbonewith simultaneous release of the lateral chains followed by
a progressive decrease of the rigidity of the glucose chain.

The viscosity of the xanthan gum solution is also significantly affected by the
amount of the biopolymer added, that is, the higher the concentration the higher the
viscosity [57]. This observed behavior was associated with the increase in the mole-
cular dimensions due to an increase in intermolecular interaction. Another signifi-
cant attribute of xanthan gum solutions is the synergistic increase in viscosity when
mixed with other gums such as locust bean and guar gum [59]. This behavior further
improves the suspending capability of xanthan gum solution.

Only very few rheologymodifiers are stable over an acidic and alkaline pH ranges
(pH from 1 to 13), and one of them is the xanthan gum [34, 57]. This property makes it
a suitable thickener for cleaning products ranging from acid cleaners to scale remov-
ers as well as the conventional alkaline hard surface cleaners and neutral deter-
gents [34]. Xanthan gum also has high tolerance to both monovalent and divalent
metal salts in addition to anionic and non-ionic surfactants.

Xanthan gum is widely marketed as KELDENT®, KELFLO®, KELTROL®,
KELZAN®, XANTURAL® and XANVIS®.

7.3.2.2.2 Guar gum
Guar gum, also known as guaran, is a water-soluble polysaccharide isolated from the
plant called Guar, or cluster bean Cyamopsis tetragonolobus that belongs to the family
Leguminosae [60]. Its backbone is composed of linear chain of D-mannopyranose units
linked together by β-(1,4) glycoside linkages with branch points from the 6-positions
linked to a single α-D-(1,6)-galactose (Figure 7.19) [61].

Similar to xanthan gum, guar gum also dissolves very quickly in cold and hot
water to give highly viscous pseudoplastic solutions even at very low concentrations.
However, guar gum solutions are less pseudoplastic compared to xanthan gum. Guar
gum solutions display high low-shear viscosity but have strong shear-thinning
property [60]. They are thixotropic at high concentrations (1%) but not at lower
concentrations (0.3%). Because guar gum is a non-ionic biopolymer, it is not easily
affected by electrolytes and has high tolerance to basic and acidic environment.

Guar gum has been used effectively as natural thickening agent and stabilizer in
detergent compositions. However, there are some disadvantages observed with guar
gum solutions such as they tend to give formulations with a stringy rheological
property and a hazy physical appearance, which is a result of the residual materials
like oils and proteins present in the raw guar gums [34, 49]. These contaminants can
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be removed by repetitive washing of the commercially available guar gums, but this
in effect results in an increase in the cost of the product.

Chemical modification of guar gum such as reaction with propylene oxide results
in substitution on the hydroxyl groups (Figure 7.20). This functionalized guar gum is
called hydropropyl guar (HP-guar) [62]. Compared to hazy solutions obtained from
guar gums, this chemically altered compound gave a much clearer aqueous
solution [49].

HP-guar displays very similar solution characteristics to those of HPC. It is readily
soluble in water and builds high viscosities at low concentrations via the mechanism
of chain entanglement. It was reported to act as a foam enhancing agent in liquid
detergents [63].

7.3.2.2.3 Locust bean gum
Locust bean gum, also known as Carob bean and Carubin, are extracted from the seed
of the carob tree Ceratonia siliqua [61]. Its structure is similar to guar gum
(Figure 7.20) except that locust bean gum has fewer amount of galactose. For guar
gum, there are two mannose residues for every galactose molecule, while for locust
bean gum, there are four. For this reason, locust bean gum is less soluble inwater and
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has lower viscosity than guar gum. Heating is usually necessary to obtain solutions of
locust bean gum.

Locust bean gum has very similar properties with guar gum. It also has high
resistance to ionic strength or broad range of pH because of its non-ionic character. It
has been employed as stabilizers in detergent dispersions.

7.3.3 Carrageenan

Carrageenans are family of water-soluble linear polysaccharides extracted from
marine red algae (Rhodophyta). They are high-molecular-weight polysaccharide
ranging from 100 to 1,000 kDa, which contains 15–40% of sulfate ester groups and
alternate units of β-D-1,3-galactose and α-D-1,4-galactose. Seven different variations
of carrageenan were identified, but only three of them namely kappa-, iota- and
lambda-carrageenans are of commercial interests (Figure 7.21) [49]. These carragee-
nans were produced by different seaweeds, and the principal differences between
these three are the number and position of ester sulfate groups as well as the type of
substituents on the α-D-1,4-galactose moiety [64].

The structure of kappa-carrageenan is very similar to iota-carrageenan wherein
their galactose residue contains five-membered cyclic ether group between the C3 and
C6 carbon atoms, which give them rigid structures (Figure 7.21) [49, 64]. Both of them
assume helical conformations and their structures only differ in the presence of extra
sulfate ester group in the C2 carbon atom of galactose moiety of iota-carrageenan.
Lambda-carrageenan, on the other hand, contains three sulfate groups per two
galactose molecules (Figure 7.21) and does not form helical structures like kappa or
iota. As a consequence, it does not form gels in aqueous solutions and are mainly used
to thicken solutions.
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The presence of sulfate esters in carrageenans contributes to their acidity as
well as hydrophilicity. The position of the ester sulfate groups also influences
their gelling abilities. High amounts of ester sulfate moieties in carrageenans are
indicative of high solubility in aqueous solutions and lower gel strength. Both
kappa- and iota-carrageenan require high temperatures to dissolve in aqueous
solutions, but their sodium salts are readily soluble in cold water. They have the
ability to form thermo-reversible gels, which can be attributed to the formation of
a three-dimensional double-helix polymer network [65]. When the carrageenans
are heated to high temperatures, they exist as random coil. Upon cooling, they
build up into double helices, which lead to aggregation forming a three-dimen-
sional gel structures.

The physical properties of the carrageenans are highly dependent on the con-
formation of the sugar units in the polymer chain and the type of cations present in
solution. For example, in the presence of cations such as potassium or calcium ions,
kappa- and iota-carrageenans have the ability to form gels in aqueous solutions
whereas lambda-carrageenan does not [66]. With potassium salts in aqueous
solutions, kappa-carrageenan forms brittle gels, while with calcium salts the iota-
carrageenan produces soft and elastic gels. The strength of the gels produced is
directly proportional to the concentration of the carrageenan as well as the amount
of potassium or calcium salts in solutions. However, the use of excessive quantity
of salts weakens the gel. The ionic strength of the solutions also affects the gelling
and/or the melting temperatures. When the salt concentration of the aqueous
carrageenan solutions in increased, the gelling temperature generally increases.

One of the main concerns encountered with gels that are produced from kappa-
carrageenan is the spontaneous separation of water through the surface of gel, a
phenomenon known as syneresis [34]. The degree of syneresis increases as the
amount of potassium salt in solution is increased. In order to improve this condition,
kappa-carrageenan is frequently combined with locust bean gum [67] or guar
gum [68]. This combination has shown not just a decrease in the level of syneresis
but also a substantial increase in the gel strength, an enhanced texture of the gel,
from brittle to elastic, and improvement in water-binding capability. Iota-carragee-
nan, on the other hand, does not exhibit syneresis.

Iota carrageenan aqueous gels are known to display thixotropic rheological
properties at low concentrations, that is, the gels can reorganize to its original form
once it is destroyed [64]. This thixotropic property is particularly useful to suspend
insoluble particles. Aqueous gels formed with kappa-carrageenan, however, do not
display this thixotropic property.

At neutral and basic pH conditions, carrageenan aqueous solutions exhibit good
stability. At high temperatures and acidic conditions, the glycosidic linkages of the
carrageenans are prone to undergo hydrolysis, causing it to lose its viscosity and
gelling capabilities. But once the gel is formed, hydrolysis can no longer take place;
therefore it remains stable even at low pH.
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Because of the instability of the free sulfonic acid, carrageenans are commonly
marketed as the sodium, potassium and calcium salts or a combination of these. They
are normally used as thickening, gelling and stabilizing agents [64]. The solution
viscosity is strongly influenced by the concentration, the type and molecular weight
of carrageenan used, the temperature and the presence of other solutes. Viscosity is
directly proportional to the concentration and molecular weight of the carrageenan
but inversely proportional to the temperature.

Carrageenans are marketed by CP Kelco under the names: GENULACTA®,
GENUGEL®, GENUTINE®, GENUVISCO®, GENU® PLUS and GENU® Texturizer.

7.3.4 Alginates

Alginates are anionic polysaccharides that are extracted from marine brown algae
(Phaephyceae) [69]. Its structural formula, shown in Figure 7.22, consists of β-D-(1,4)-
mannuronic acid and α-L-(1,4)-guluronic acid which can be linked glycosidically as
poly(mannuronic acid) and poly(guluronic acid) or mixture of both [49, 69]. The
sequence of the mannuronate and glucuronate residues can vary in the naturally
occurring alginate depending on the algal source. Alginates owe their highly anionic
character to the C6 carboxylate groups of both mannuronic and guluronic acid
moieties.

The viscosity of aqueous solutions of alginate is affected by change in pH because
of the existence of carboxylic acid groups [49]. The isoelectric point of carboxylic acid
is close to pH equal to 4, and this is where the effect of pH on viscosity is most evident.
Similar to carrageenans, alginates are not stable at vey low pH because of the
tendency of the glycosidic bonds to undergo hydrolysis.

The presence of cations (i. e. calcium ions) in solution also influences the visc-
osity and gelation of the alginates [70]. Polyvalent cations are known to cause the
formation of “junction zones” in alginate solutions. The formation of these junction
zones is a result of the interaction between the carboxylic acid substituent of the
guluronic acid residues and the calcium ions. These interactions enhance the visc-
osity of the alginate solutions especially at higher concentration of the cations and
eventually cause gel formation. However, a very high amount of the polyvalent
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cations can cause the alginic acid to precipitate out of the solution [71]. Alginates,
therefore, can be used either as thickeners or gellants depending on the matrix and
kind of alginates used. It is marketed under the trade name ZENVIVO™.

7.4 Conclusions

Synthetic and naturally derived polymers have been of great use to fabric and home
care products whether in solid or liquid formulations and for manual or machine
washings. In addition to conventional cleaning effects, significant improvements and
specific benefits have been successfully delivered to detergent formulations with the
use of these polymers. The incorporation of these polymeric materials in the cleaning
solutions has created one or several effects and offered many novel performance
advantages. The synthetic polymer poly(vinyl pyrrolidone), for instance, was devel-
oped to effectively inhibit dye transfer in synthetic fabrics. The natural polymer CMC
has been used as an efficient anti-redeposition agent after stain removal in household
detergents both in washing machines and in hand washing.

The recent developments on synthetic polymers have considerably enhanced the
performance attributes of the household products. Polycarboxylates were among the
first and most extensively investigated class of synthetic polymers. To get the desired
properties, synthetically derived polymers were easily tailored and controlled
throughmodifications of themolecular weight, the degree of branching and chemical
functionalities of the polymer main and side chains. The easy manipulation of the
characteristics of these materials is one advantage that synthetic polymers have over
most natural materials. However, synthetic polymers, particularly the specialty ones,
can be costly.

The market price for the natural polymers, on the other hand, is low compared to
most synthetic polymers and does not normally affect the final price of the finished
products. Hence formulations that are based on these polymers are cost-effective.
Various quantities of naturally derived polymer have been used to obtain the pre-
ferred properties. Their qualities and versatilities were also further improved by
chemical modifications. Most often than not, chemical alterations of these class of
polymers lead to materials that are of interesting and remarkable properties.

Manufacturers believed that the future of household formulations is not only
linked to enhanced cleaning action but also to sustainability and biodegradability. In
general, the goal would be to bring out formulations that would be of sound effects in
terms of properties, economic and environmental considerations. Natural polymers
have high rate of biodegradability; thus, they can be used in the formulations at the
commercial level on a large scale. Synthetic polymers are only biodegradable to some
level, but they can be removed from wastewater with the aid of treatment facilities.
These amenities can quickly degrade water-soluble polymers by providing high
degree of bioactivity. In some cases, this is a limitation that caused synthetic poly-
mers to become comparatively unappealing commercially.
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In the following years, we expect that major producers will continue to provide
innovations on the finished formulations of fabric and home care products based on
evolving needs of the people and trend toward sustainability. The design and devel-
opment of novel polymeric materials will continue to expand the capabilities and
effectiveness of cleaning formulations. Entirely new products with much improved
properties will continue to emerge in the market place to better serve the users. These
new innovations will involve new chemistry, formulating techniques and function-
alities from commercial polymers, whether synthetic, semi-synthetic or natural.
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8 Polymers in separation processes

Abstract: Application of polymer materials as membranes and ion-exchange resins
was presented with a focus on their use for the recovery of metal ions from aqueous
solutions. Several membrane techniques were described including reverse osmosis,
nanofiltration, ultrafiltration, diffusion and Donnan dialysis, electrodialysis and
membrane extraction system (polymer inclusion and supported membranes).
Moreover, the examples of using ion-exchange resins in metal recovery were pre-
sented. The possibility of modification of the resin was discussed, including hybrid
system with metal cation or metal oxide immobilized on polymer matrices or solvent
impregnated resin.

Keywords: membrane techniques, ion-exchange resins, metal ion, separation

8.1 Polymers as membranes

8.1.1 Introduction

Membrane techniques are successfully used in the separation in the liquid and gas
systems for many years. They are used in scientific researches, but also have numer-
ous applications. One of the criteria for the success of the applied membrane tech-
nology is to choose a suitable membrane.

Generally, membranes vary according to the mechanism of separation (solubi-
lity–diffusion and sieving), chemical composition (organic and inorganic) and phy-
sical structure (symmetric and asymmetric). Depending on the mechanism by which
the separation is achieved, membranes are divided into two groups: dense or porous.
Operating porous membranes separation is done mechanically, like in the conven-
tional filtration processes. In the process with dense membrane, the selectivity
depends on interactions between components of feed solution and membrane mate-
rial. Membranes, of course, should be stable at the operating temperatures of the
process and resist chemical attack by the solution components.

Membranes can be also classified into charged and uncharged type. Ion-
exchange membranes have ionic permselectivity and are classified into cation-
exchange membranes (CEMs) and anion-exchange membranes (AEMs). In the
AEMs, positive-charged groups are fixed; therefore cations are rejected by the
positive charge and cannot permeate through the AEM. This is because AEMs
are only permeable by anions. The CEMs perform the opposite way compared to
anion ones. A similar behaviour, as in ion-exchange membrane, happens in ion-
exchange resin. The ion-exchange resins are in the granular form and perform
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as adsorptive exchange of ions. During the process, the adsorptive capacity of
resin is consumed and after certain time period it requires regeneration. In the
process with the ion-exchange membrane, the regeneration is unnecessary and
allows for continuous use for an extended period of time.

As it wasmentioned above, due to thematerial used,membranes are divided into
inorganic membrane (ceramic, glass, metal, zeolite, carbon molecular sieve) or
organic membranes (polymer or liquid). The polymeric and ceramic membranes are
used most commonly, wherein much of the research works and applications are
based on polymer ones. In Table 8.1, the most important advantages and disadvan-
tages of both types of membranes are presented [1, 2].

Among all of the advantages and disadvantages of both types of membranes,
using polymeric membranes is supported mainly by economic facts (lower cost of
producing) and ease of modification of their surface, which make them suitable in
different separation processes. Commercial polymer membranes are formed by
different kind of materials [3] – from fully hydrophilic polymers such as cellulose
acetate (CA) to fully hydrophobic polymers such as polypropylene (PP) and poly-
ethylene (PE) and some examples of medium properties – polyvinylidene fluoride
(PVDF), polyacrylontrile (PAN) and polysulfone (PS)/polyethersulfone (PES)
family.

There are some solutions that help to improve the properties of polymeric
membranes. Membranes can bemodified by using of additives, either as copolymers
or by post-treatment, i. e. the incorporation of nanoparticles (inclusion of silver,
iron, zirconium, silica, aluminium, titanium, and magnesium) into membranes.
Addition of nanoparticles affects the permeability, selectivity, hydrophilicity,

Table 8.1: Comparison of polymeric and ceramic membranes.

Polymeric membrane Ceramic membrane

Advantages – Easy control of the pore forming
mechanism;

– Chemical, mechanical and thermal
stability;

– High flexibility; – Ability of steam sterilization and
back flushing; dry storage after
cleaning;

– Low costs; – High abrasion resistance;
– Easy to up-scaling and down-scaling
of membrane;

– High fluxes and durability;

– Easy forming properties; – Bacteria resistance;
– Selectively transfer of chemical
species.

– Possibility of regeneration;

Disadvantages – Usually high hydrophobicity; – High costs;
– Exposure to biofouling; – Relatively poor control in pore size

distribution;
– Low mechanical strength. – Low flow rate.
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conductivity, mechanical strength, thermal stability, antiviral and antibacterial
properties of the polymeric membranes [1]. Moreover, surface of membrane can be
treated, for example by water-soluble solvents such as acids and alcohols or with
ammonia or alkyl compounds (e. g. ethylenediamene and ethanolamine) or be
modified by various techniques, such as radical-, photochemical-, radiation-,
redox-, and plasma-induced grafting [4].

One of the examples of using polymeric membranes is recovery of metal from
aqueous solutions. Several methods are proposed including reverse osmosis (RO),
nanofiltration (NF), ultrafiltration (UF), diffusion and Donnan dialysis, electrodialy-
sis (ED) and membrane extraction system, which have been described in detail in the
following chapters. These processes are an alternative to conventional metal removal
from inorganic effluent processes, such as chemical precipitation, ion exchange,
solvent extraction and electrochemical removal.

8.1.2 Reverse osmosis

RO, besides NF, UF and microfiltration, is an example of membrane separation
process where driving force is generated by pressure. Depending on the transmem-
brane pressure (TMP) applied and the type of membranes used in the process,
particles of varying size can be separated (Figure 8.1).

RO is the process for removing solvent from a solution using dense mem-
branes. In description of the transport across the membrane in RO system, the
solution–diffusion model is proposed with three steps: (i) sorption from the feed
solution to the membrane surface, (ii) diffusion through membrane, (iii)

MF UF NF RO

Suspended
solids

Macromolecules Monovalent ions Water

Multivalent ions Low-molecular-weight
organic

Figure 8.1: Comparison of process where driving force is pressure.
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desorption from membrane to permeate solution. Separation in RO occurs due to
the difference in solubility and diffusivity rate of dissolved species in solvent.
Thus, the selection of the appropriate membrane is very important. Membranes,
which are used in RO process, should be freely permeable to water and
impermeable to solutes (such as salt ions). Moreover, they should be chemical
and high pressure resistant and tolerant to wide ranges of pH and temperature.
Generally, in RO, three major types of membranes are used: CA, polyamide and
thin- film composite (TFC) with three layers – structural support (e. g. polyester,
120–150 μm thick), a microporous interlayer (e. g. polysulfonic polymer, 40 μm
thick) and an ultra-thin barrier layer on the upper surface (e. g. polyamide, 0.2
μm thick).

RO is commonly used inwater desalination and ultrapure water production [5, 6].
Moreover, it is proposed to the treatment of industrial wastewater from metal ions.
Application of RO to separation of metal ions is shown in Table 8.2.

Results presented in Table 8.2 indicate that RO sufficiently removes the metal
ions from the aqueous solutions. The retention depends on the process conditions
(TMP, concentration, pH, addition of chelating agent).

8.1.3 Nanofiltration

NF is applied to concentrate multivalent salt solutions and to fractionate salts due
to the different charge densities and hydrated sizes of the ions. The mechanism of
separation in NF is described both by sieving and by solution–diffusion model.
Moreover, during fractionation of dilute salt mixtures by NF, the effect of Donnan
force is observed [14]. Additional phenomena can also affect membrane perfor-
mance, i. e. specific adsorption, reduced dielectric permittivity and hydration [15].
In NF separation of large and uncharged molecules larger than 200 Da, e. g. sugar,
sieving effect is observed, while in ion separation – electrostatic force between
membrane material and particles should be taken into account. The majority of
commercially NF membranes are made of either cellulosic or aromatic polyamide
material, like RO membranes. In contrast to RO process, NF membranes are porous
and charged, mainly negative. The modification of polymers, in NF membranes,
occurs by attachment of some ionic groups to the polymer or by coating a thin layer
of e. g. sulfonated polyphenylene oxide on the surface of a porous membrane
(support). The most characteristics of NF membranes are low rejection of mono-
valent ions, high rejection of divalent ions and higher flux compared to RO
membranes.

NF is proposed for the removal of multivalent ions in water softening
operations, treatment of wastewater from mineral processing, nuclear, metal
finishing and metal recycling industries because of its high rejection of multi-
valent ions, among others metal cations [7] (examples in Table 8.3). Moreover, it
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can be used to separate large molecules such as dye, sugars, amino acids and
their oligomers.

Based on the results presented in Table 8.3, it can be concluded that polymer NF
membranes are capable of removing a high percentage of metal ions.

Table 8.2: Examples of metal ion removal by RO.

Metal Membrane (name, material,
supplier)

Results Ref.

CuSO4 Cu(NO3)2 SE RO, TFC, Sterlitech Co – Retention is higher than 95%. [7]
– Results independent of the TMP and
the kind of salt.

CuSO4 TW30-1812-50, polyamide TFC,
Filmtec

– Metal concentration has a signifi-
cant influence on the membrane
separation.

[8]
Cu(NO3)2

– The influence of the anions and TMP
is observed.

Ni(NO3)2 – Lack of retention results.
ZnSO4

CuCl2 Multilayer TFC aromatic polya-
mide (ES20), Nitto ULPROM,
Denko

– Retention is higher than 95% and
increases with increasing TMP and
pH of feed solution.

[9]

NiCl2 – Increasing concentration of other
ions slightly decreased the rejec-
tion of metals.

Cr(NO3)3
wastewater from
the electroplating
CuSO4 NiSO4 RE2012-100, polyamide TFC, CSM – Retention is about 98.5%, slightly

higher for Cu(II).
[10]

– Rejection increases by adding che-
lating agent (Na2EDTA) up to 99.5%.

CuSO4 AsO4
3–,

AsO3
3–

Polyamide TFC – Retention is equal to 91–99% for As
(V) and 20–55% for As(III),

[11]

– Rejection depends on the initial
concentration and pH.

ZnCl2 NiCl2 AG4021FF, TFC, GE Osmonics – Retention is equal to 99.3% for
Zn(II) and 98.9% for Ni(II).

[12]

– Rejection increases by adding EDTA
to 99.7% and 99.6%, for Zn(II) and
Ni(II), respectively.

CuSO4 CdSO4 Polyamide – Retention is equal to 97% for Cu(II)
and 98.5% for Cd(II).

[13]

– The explanation of higher cadmium
retention – size of the Cd2+ is larger
than that of Cu2+ (the same like in
[10]).
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Table 8.3: Examples of metal ion removal by NF.

Metal Membrane (name, material, supplier) Results Ref.

CuSO4 MPF-44, proprietary composite, Koch – Retention higher than 95%, inde-
pendent of TMP.

[7]
Cu(NO3)2
CuSO4 Polyamide – Retention of Cu(II) is equal to 84–96%

and that of Cd(II) is equal to 82–97%.
[13]

CdSO4

CuSO4 GE Osmonics: Desal KH, TFC and
Desal-5DK, TFC, polyamide with poly-
sulfone support;

– Retention is equal to 96–98%, small
changes with different H2SO4 con-
centration for NF45, NF270 and
Desal-5DKmembranes are observed.

[14]

DowFilmtec: NF45 and NF270,
polyamide;

– MPF-34 and Desal KH, which have
been described as more open NF
membranes, retain less copper.

Koch: MPF-34, proprietary composite – Retention is equal to 69–83% for
MPF-34.

– Retention is equal to 87–90% for
Desal KH.

ZnCl2 Nanomax 50, polyamide arylene on a
polysulfone support layer, Millipore
Co.

– Retention is equal to 96–99%,
depending on the initial concentra-
tion, pH and TMP.

[15]

CuSO4 with
0-2M H2SO4

DK, TFC, GE Osmonics MPF-34, pro-
prietary composite, Koch

– Retention up to 42% and 80% (feed
solution with 2M H2SO4) for MPF-34
and DK, respectively.

[16]

– With increasing of acid concentra-
tion, retention of Cu(II) decreases
(electromigration effects).

– DK has a better copper retention and
a higher permeate flux than MPF-34.
However, MPF-34 has better chemi-
cal resistance than DK.

– Retention of acid lower than 25% for
both membranes (good selectivity
between acid and copper).

CuCl2 Nanomax 50, polyamide arylene on a
polysulfone support layer, Millipore
Co

– Retention up to 55%, depending on
the initial concentration and TMP.

[17]

Pb2+, Cd2+,
Cu2+, Cr6+

from waters
containing
sulfate

NF membrane, no data –Maximum retention of Pb, Cd, Cu and
Cr for synthetic samples is equal to
91, 97, 98 and 95%, and those for
real samples were 72, 53, 87 and
99%, respectively.

[18]

– Retention of Pb, Cd and Cu decreases
with increasing pH and initial metal
concentration.

240 8 Polymers in separation processes



8.1.4 Ultrafiltration

The separation mechanism of UF is sieving effect; thus porous membranes are used.
This technique is applied for the removal of dissolved and colloidal material, mainly
in food technology for milk concentration, recovery of proteins from cheese whey,
recovery of starch, concentration of egg products and clarification of fruit juice and
beer. Moreover, UF processes are used in pharmaceutical, chemical and pulp and
paper industries. The most widely used materials for UF membranes are: PS and PES
(chemical, thermal and mechanical stability), CA (more hydrophilic – tend to foul
more difficult) and polyacrylonitrile (PAN).

In the classical UF, effectiveness of removing of the metal ions is unsatisfactory.
When the pore sizes of membranes are larger than dissolved metal ions, these ions
would pass easily through UFmembranes. However, some results of UF application
for metal separation are presented in the literature. Values of retention of Cd(II)
ions in UF process with PS membrane are equal to 11% [19] or 10% and 15% for CA
and PVDF membrane, respectively [20]. Similarly, weak retention is obtained for
Cr(III) ions – 3–5%, 15–20% and 15–22% for CA, PVDF and PES membranes,
respectively [21], and for other metal ions, as: Cs(I), Sr(II), Mn(II), Co(II), Cu(II),
Zn(II), Cr(III) lower than 20% (mostly near 10%) using polyamide (PA, TFC) and
PES membranes [22]. The effect of rejection of metal ions in classical UF could be
explained by the electrostatic repulsion and the effect of steric exclusion described
by Ferry’s law [23]. It means that the membrane surface charge significantly influ-
ences the separation properties. The surface charge density of a porous membrane
is related to the zeta potential of the membrane. The surface charge of all mem-
branes changed from a positive charge to a negative charge as the pH was
increased, possibly causing an increase of the membrane repulsive electrostatic
force, thereby making it more influential during the membrane process. For exam-
ple, the comparison of three membranes – PES, PVDF and CA – indicates that their
zeta potential is different. PES membranes are neutrally charged or slightly nega-
tively charged (zeta potential slightly below zero), PVDF membrane is more nega-
tively charged (zeta potential from –2 to –10 mV) [24] and CA membrane is the most
negative surface charge (zeta potential from –5 to –20 mV) [25]. Transport of
positive ions of metal through membrane with negative surface charge is easy as
a result of electrostatic attraction, and consequently the retention of these ions is
low. This effect was observed in the case of retention of Cr(III) [21] and Cd(II) [20]
ions. The value of retention is the lowest for CAmembrane, in which the transport of
metal through membrane is the easiest one. On the other hand, retention of As(V)
ions in the form of anions H2AsO4

–, HAsO4
2–, AsO4

3– is higher for regenerated
cellulose (RC) membrane (52%) in comparison to PES one (5%) [26]. Much higher
value for the retention of arsenic using cellulose membrane could be explained by
the negatively charged surface of membrane in the experimental conditions.
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Despite these examples of UF of aqueous solutions of metal ions, classical UF is
found to be an ineffective method for metal recovery. To obtain high removal
efficiency of metal ions, the modification methods of UF – micellar-enhanced ultra-
filtration (MEUF) and polymer-enhanced ultrafiltration (PEUF) – were proposed.
These two complexation-UF techniques are promising methods for the removal of
metal ions and small organic compounds from the aqueous solution.

8.1.4.1 Micellar-enhanced ultrafiltration process
In the MEUF process, the surfactant solution at a concentration higher than the
critical micelle concentration (CMC) is added to the solution containing the separated
compounds, such as metal ions or lowmolecular compound. In these conditions, the
micelles of surfactants are formed and metal ions and soluble organic compounds
can be “captured” by the micelles, with a strong ability to attract through the surface
of the micelles or solubilization inside the micelles. Micelles have hydrodynamic
diameter significantly larger than the pore diameter of UF membrane, and therefore
they are rejected by the membrane together with solubilized/bound contaminants.
Permeate contains small amount of unsolubilized contaminants and monomeric
form of surfactant. After the process, the surfactant can be recovered by precipitation
with one or multivalent counterions [27].

The results presented in Table 8.4 show that MEUF is an effective separation
technique to remove metal ions from wastewater. Metal removal efficiency by MEUF

Table 8.4: Examples of metal ion removal by MEUF.

Metal surfactant Membrane (name,
material, supplier)

Results Ref.

CdCl2 Rofam 10 (non-ionic)
SDS (anionic)

CA, PVDF, GE Osmonics – Retention is equal to 13% and 15%
for CA, PVDF membrane, respec-
tively in system with Rofam 10.

[20]

– Retention is equal to 83% and 89%
for CA, PVDF membrane, respec-
tively in system with SDS.

– Retention is equal to 88% and 90%
for CA, PVDF membrane, respec-
tively in system with SDS/Rofam 10.

Cd(NO3)2 Triton X-100 Brij 35
SDS

PES, Tianjin Motian
Membrane Engineering
Technology Company

– Retention is equal to 40–70% for
SDS/Brij 35 and 50–70% for SDS/
Triton X-100, depending on the
molar ratio of surfactants.

[28]

– The rejection of Cd(II) in MEUF is
enhanced with the higher SDS con-
centration and moderate Cd(II)
concentration.

(continued )
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depends on the type and concentrations of the metals and surfactants, pH, ionic
strength, type of membrane and operation parameters (TMP, flux, temperature). To
obtain the highest retentions of metal ions, surfactants of electric charge opposite to
that of the ions to be removed should be used. Thus, to reject metal ions in the form of
cations, the anionic surfactants, e. g. sodium dodecyl sulfate (SDS), are added.
Because anionic surfactants generally have got high critical micelle concentration,
in MEUF process also the mixture of anionic and nonionic surfactant (e. g. Rofam 10,
Brij 35, Triton X-100, OP-10) is proposed. The introduction of nonionic surfactant to
anionic one usually results in a decrease of CMC [28] and as a consequence less
surfactants are necessary to add.

Table 8.4: (continued )

Metal surfactant Membrane (name,
material, supplier)

Results Ref.

Cd(NO3)2 Zn(NO3)2 SDS PES, Tianjin Motian
Membrane Engineering
Technology Company

– Retention is equal to 92–98%,
depending on the metal and
surfactant.

[29]

CdCl2 ZnCl2 SDS Amicon, regenerated
cellulose (RC), PL ser-
ies, Millipore

– Retention is equal to 98% for Zn(II)
and 99% for Cd(II).

[30]

– 84% of the initial SDS is recovered
by precipitation.

Cd(NO3)2, Cu(NO3)2 Pb
(NO3)2, Zn(NO3)2 cetylpyridi-
nium chloride (CPC)

RC – Retention for all tested metals is
equal to 92–95%.

[31]

Ni(II) SDS OP-10, nonionic
monoalkylphenol
polyetoxilate

OPMN-K, polyamide
UPM-10, polysulfona-
mide UPM-20, PS,
Vladipor

– Retention is equal to almost 100, 88
and 99% for OPMN-K, UPM-20 and
UPM-10, respectively, in system
with SDS.

[32]

– Retention is equal to 20–40% and
88–96% for UPM-20 in system with
OP-10 and SDS/OP-10.

Ni(SO4)2, Cu(NO3)2 Cd
(NO3)2, Zn(NO3)2 SDS,
TWEEN 80, polyoxyethylene
sorbitanmonooleate

PES, Hydronautics Nitto
Denko Company

– Retention is equal to 83%, 83%,
94%, 98% for Ni, Cu, Zn, Cd,
respectively (total surfactant con-
centration=4mM).

[33]

– Retention increases to almost 100%
with increasing of surfactant
concentration.

NiCl2, Ni(NO3)2, CuSO4,
CuCl2, Mg(NO3)2, MgCl2, Zn
(NO3)2, ZnCl2, Cd(CH3CO2)2,
CdCl2, FeCl2 RO90, nonaox-
yethylene oleylether car-
boxylic acid

PLCC, RC, Millipore
RC70PP, RC, Alfa Laval
UC030 and UC100, RC,
Microdyn Nadir UP010,
PES, Microdyn Nadir
GR81PP, PS, Alfa Laval

– Retention of metal ions is >95%. [34]
– The simultaneous removal results in
the following order: Fe2+~Cu2+>Cd2+>
Zn2+>Ni2+>Mg2+, which is a result of
the different complex binding
constants.
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8.1.4.2 Polymer-enhanced UF process
In the PEUF process, the water-soluble metal-binding polymers are used. The ionic
forms of metals are complexed by a macroligand and form a macromolecule, to
increase their molecular weight. These macromolecules, with a size larger than the
pores of the UFmembrane, can be rejected by themembrane during UF [35]. Thus, the
principles of this process are the same like in MEUF. The only difference is the
complexing agent – polymer instead of surfactant. A very important issue in PEUF
is proper selection of water-soluble macroligands. Several polymers are proposed:
biopolymer e. g. chitosan [36, 37], synthetic macroligands such as carboxyl methyl
cellulose [38, 39], diethylaminoethyl cellulose [40], polyvinylethylenimine [41], poly-
vinyl alcohol [42] and poly(acrylic acid) [43, 44] for removal of metal ions from
aqueous solutions. The investigations show that water-soluble polymeric ligands
are powerful substances to remove metal ions from aqueous solutions and industrial
wastewater in PEUF processes. Some results of metal ion separation by PEUF are
presented in Table 8.5.

Table 8.5: Examples of metal ion removal by PEUF.

Metal Membrane (name,
material,
supplier)

Polymer Recovery Ref.

Cu(II)Ni(II)
Cr(III)

FUS 0181, PES,
MOLSEP®

Hohlfasermodule

Carboxy methyl
cellulose (CMC)

– Retention is equal to 97.6, 99.5 and
99.1% for Cu(II), Cr(III), and Ni(II)
ions, respectively at c=10mg/L.

[38]

– Retention of Cu(II) and Cr(III) ions is
high on a wide range of concentra-
tion up to 100mg/L, while Ni(II)
ions’ retention decreases to 57%.

– Abilities to rejection in the same
accordance as complexing abilities
of CMC: Cu(II)>Cr(III)≫Ni(II).

CdCl2 CuCl2
ZnCl2

PTGC OMS 10,
PES, Millipore

poly(acrylic acid)
(PAA)

– Retention is equal to 75, 80 and
77% for Cd(II), Cu(II) and Zn(II),
respectively (TMP=3 bars) and
increases with the increase of TMP
and PAA concentrations.

[44]

– The correction of pH to 5 allows to
obtain retention around 80, 93 and
70% for Cd(II), Cu(II) and Zn(II),
respectively.

– In the mixture solution, Cu(II) reten-
tion is higher than other metal ions.

(continued )
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Depending on the polymer used and the type of separated metal ion, different
complexes are formed in the system. For example, the Cr(III) or Ni(II) bond with
carboxymethyl cellulose (CMC) by etheroxygen of the hydroxyl group (octahedral
geometry), while in Cu(II) complexes, the binding sites are the oxygen of ethoxyl
groups and the primary alcoholic O atom of glucopyranose rings (square planar
configuration) [38].

Table 8.5: (continued )

Metal Membrane (name,
material,
supplier)

Polymer Recovery Ref.

Hg(NO3)2 HGO1, PS, GE
Osmonics

Polyethyleneimine
(PEI)

– Retention is equal to 98%. [45]

Co(NO3)2 Ni
(NO3)2Cu
(NO3)2Zn
(NO3)2Cd
(NO3)2 Pb
(NO3)2

Biomax PBGC,
PES, Amicon
Bioseparations-
Millipore Co.

Poly(vinyl sulfonic
acid) (PVSA)

– Retention is equal to 20–70%
depending on pH and cleaned or
fouled membrane.

[46]

CdCl2 PTGC OMS 10, PS,
Millipore

Poly(ammonium
acrylate)

– Retention increases with polymer
concentration and reaches 99%
values at twofold cadmium
concentrations.

[47]

HgCl2 PES, Sepro
Membranes Inc.

Polyvinylamine
(PVAm)

– Retention is equal to 99%. [48]
– PVAm dosage does not affect the
Hg(II) rejection considerably.

CoSO4 CuSO4

NiCl2 FeCl3 Pb
(NO3)2CdCl2
ZnCl2MnCl2

PES-10, PES,
Sepro
Membranes.

Polyvinylamine
(PVAm)

– Retention is equal to 99 , 97 and
99% for Pb(II), Cu(II) and Fe(III),
respectively.

[49]

– The temperature and TMP have lit-
tle effects on metal rejection.

– Metal rejection in PEUF is highly
correlated to the coordination
properties between the polymer
and the metals.

Ni(NO3)2 Cu
(NO3)2 Cd
(NO3)2

RC, Millipore Poly(N-vinylpyrro-
lidone-co-2-acry-
lamido-2-methyl-
propanesulfonate
sodium) (PAMPS)
poly(VP-co-AMPS)
poly(vinylpyrroli-
done) (PVP)

– Retention of all metals is higher for
PAMPS.

[50]

– The selectivity for Ni(II) for PVP is
obtained.

– For poly(VP-co-AMPS), selectivity
for nickel ions is obtained, and the
retention of Cu(II) and Cd(II)
increases compared to PVP.
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8.1.5 Dialysis

Dialysis is a separation process in which a semipermeable membrane separates a feed
solution and a receiving solution (dialysate, mainly water). The dialysis membrane
should be permeable to selected components in the feedwhich should be removed and
impermeable to remaining components. The driving force for dialysis is difference in
the concentration of the solution across the membrane. The best known application of
dialysis is its use in the artificial kidney (hemodialysis), where membrane made of
cellophane-likematerial is applied. The typicalmembrane in dialysis is uncharged and
the selectivity of the process is based on the size of the diffusing components. In such
process, there is no possibility to separate the metal ions. However, there are specia-
lized dialysis processes where charged membranes are used: diffusion dialysis,
Donnan dialysis and ED. These membrane technologies are utilized in the recovery
of the metal ions and are described in detail in the following chapters.

8.1.5.1 Diffusion dialysis
As was mentioned above, diffusion dialysis is a subset of dialysis in which the ion-
exchange membranes are utilized. This technique is applied to separate acids from
salts and bases from salts, depending on the type of membrane: AEM and CEM,
respectively. Anions are transported across the AEMs, while membranes are
impermeable to cations. However, hydrogen and hydroxyl ions permeate through
both types of membrane – AEM and CEM. Their migration occurs by both diffusion
and transfer from one water molecule to another, according to the Grotthus mechan-
ism [51]. The principle of separation of acid from the salts (e. g. H2SO4 and ZnSO4) is
presented in Figure 8.2. There are H+, Zn2+ and SO4

2– ions in the feed solution. To
maximize the driving force in the process, generally water is used as a dialysate.
Sulfate anions can pass through the AEM, and zinc cations are blocked. Because the
radius of H+ ion is very small and its migration velocity is fast [52], it can be
transported across the membrane together with SO4

2–.
Dialysis diffusion is proposed mainly for recovery of acids and alkalis from the

discharges from steel production, metal refining, electroplating, non-ferrous metal
and tungsten ore smelting, aluminum etching and cation-exchange resin regenera-
tion [53]. Due to these applications, more attention has been placed on AEMs
compared to cation-exchange ones. The properties, including structure, charged
groups and thickness of the membrane, can affect the diffusion dialysis perfor-
mances. Typical applications of diffusion dialysis for the separation of the metal
ions from acid solutions are presented in Table 8.6.

8.1.5.2 Donnan dialysis
Donnan dialysis is a method of ionic separation using an ion-exchangemembrane, in
which ions move across the membrane based on Donnan equilibrium [57]. It means
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that the transport of a counter-ion from the feed solution to the dialysate solution is
accompanied by the transport of an equivalent amount on another counter-ion in the
opposite direction until reaching Donnan equilibrium (Figure 8.3). The feed solution
contains ions that should be removed, and the receiving solution contains the
electrolyte with a relatively high concentration.

Generally, this process is used in the separation of inorganic ions, rarely of organic
compounds [58]. In contrast to the diffusion dialysis process, in the Donnan dialysis
CEMs are used for the recovery of metal (examples presented in Table 8.7). Donnan
dialysis with the AEM is applied mainly for the removal of troublesome anions from
drinking water. The AEMs (SB-6407 and Neosepta® AMX) are proposed, for example,
for the removal of nitrate from the aqueous phase [59].

In Donnan dialysis, the thickness of the membrane is not a key issue. The research
study [60] shows that under typical hydrodynamic conditions in Donnan dialysis, the
boundary layer of the dilute solution poses the major resistance to transport rather
than the membrane itself. Thus, even thicker commercial ion-exchange membranes

ZnSO4

H+

SO42–

H+

SO42–

Feed

H2SO4
ZnSO4

Dialysate

H2O

Anion-
exchange

membrane

Zn2+

H2SO4

Figure 8.2: Mechanism of separation acids from salts by diffusion dialysis.
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could be applied in this process. However, electrical properties of the Donann diaysis’
membrane have got impact on mass transport during the process. Membrane with low
electrical resistance has low resistance to ion diffusion, and that with low electroos-
motic water transport has low osmotic water transport [61].

8.1.5.3 Electrodialysis
ED is a membrane process where driving force is generated by an electric
potential. Ionized species in the solution are transported through ion-exchange
membrane, under the influence of an electric potential. Similar to diffusion
dialysis and Donnnan dialysis, the AEMs and CEMs are applied in ED; here
however both types of membranes are used simultaneously. The anions migrate

Table 8.6: Examples of metal ion separation by diffusion dialysis.

Feed solution Membrane (name, type, mate-
rial, supplier)

Results Ref.

Acid: H2SO4; ions:
As–, F–, Cu2+, Zn2+,
Fe3+

Neosepta® AFX, AEM type, poly-
styrene-co-divinylbenzene, ami-
nated; Astom Co S203, AEM
type, chloromethylized polysul-
fone membrane followed by
quaternary amination

– Most of the metal cation can be
removed effectively, but the separa-
tion of As– and F– is comparatively
unsatisfactory.

[52]

– The dialysis of mass transfer coeffi-
cient of H2SO4 for AFX membrane is
higher than for S203 one. However,
separation of ions is better for S203
membrane.

Acids: HCl, H2SO4,
HF/HNO3; ions:
Fe3+, Zn2+, Cu2+,
Ni2+, Cr3+

Neosepta® AFN, AEM type,
polystyrene crosslinking and
amination; Tokuyama Co

– Recovery of HCl, HNO3 and H2SO4 is
equal to 90, 90, and 70%,
respectively.

[54]

– Fe, Ni, Cr and Cu in the feed waste are
rejected effectively, while Zn in HCl
solution leaked through the
membrane.

Acid: H2SO4; ions:
Ni2+, Fe3+

Selemion CI, AEM type, DSV
Asahi Glass Co

– Recovery of H2SO4 increases with the
concentration of acid and tempera-
ture up to 80%.

[55]

– Rejection of Ni2+ and Fe3+ is equal to
96% and 99%, respectively.

Acid: H2SO4; ions:
Cu2+

Neosepta® AFN, AEM type,
polystyrene crosslinking and
amination; Tokuyama Co

– H2SO4 permeates well through the
membrane used, while CuSO4 is effi-
ciently rejected.

[56]

– Process is very effective at high acid
concentrations and low concentra-
tions of CuSO4.

– Even at the highest concentration
of CuSO4 the rejection is higher
than 96%.

248 8 Polymers in separation processes



toward the anode and the cations toward the cathode, crossing the AEMs and
CEMs, respectively. Because the membranes are in the alternate stock, the
ions can be separated from the solution. In some chambers, increase of con-
centration of ions will take place and in other chambers ions will be removed. In

Table 8.7: Examples of metal ion separation by Donnan dialysis.

Feed solution Receiver
solution

Membrane (name, type, material,
supplier)

Results Ref.

Calcite
(CaCO3) gyp-
sum
(CaSO4·2H2-

O), or lime
softening
sludge (Ca2+,
Mg2+,Na+,
SO4

2–)

HCl,
H2SO4,
HNO3 or
water

Nafion® 117, CEM type, chemically
stabilized perfluorosulfonic acid/
PTFE copolymer in the acid (H+) form,
Dupont Co

–Over 99%of the hydrogen
ions are exchanged in the
recovery of up to 20 and
50% of the Ca and Mg
from the lime softening
sludge.

[62]

– Recovery of Ca from syn-
thetic feed suspensions
comprised of gypsum or
calcite depends on equi-
libration time and sweep
side solution
composition.

Red mud
(bauxite
wastes of
alumina man-
ufacture) con-
taining Al2O3,
Fe2O3, TiO2,
Na2O, CaO,
SiO2

HCl Strongly acidic cation-exchange
polysulfone with polyester suport,
CEM type

– Transport of metals is
influenced by the acid
concentration.

[63]

– Flux of ions increases with
acid concentration in the
receiver solution.

(continued )

Feed solution
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Figure 8.3: Donnan dialysis process with a cation exchange membrane.
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Figure 8.4, the principles of ED are presented. A special type of ED process is ED
with bipolar membranes (EDBMs). Bipolar membranes consist of a CEM, an AEM
and a catalytic intermediate layer to accelerate the splitting of the water into
protons and hydroxide ions. This process is proposed for the separation and
treatment of organic acids from fermentation broths [66].

ED is used for the production of drinking and process water from brackish water
and seawater, treatment of industrial effluents, desalination of organic substances,
recovery of useful materials from effluents and salt production [67]. The examples of
using ED in metal recovery are presented in Table 8.8.

Table 8.7: (continued )

Feed solution Receiver
solution

Membrane (name, type, material,
supplier)

Results Ref.

CaCl2, MgCl2 NaCl Neosepta CMX, CEM type, homoge-
nous membranes containing sulfonic
acid groups as fixed charges,
Tokuyama Co Selemion CMV, CEM
type, homogenous sulfonated styr-
ene divinyl benzene copolymer
membrane (PS/DVB) on a PVC back-
ing, Asahi Glass

– Removal of the Ca2+ and
Mg2+ is similar for both
membranes and equal to
80–88%, depending on
stream volume ratio and
NaCl concentration.

[64]

– Ionic fluxes for the
Selemion CMV membrane
are higher by about 30%
than those for the
Neosepta CMX mem-
brane. This result signifi-
cantly reduces the time of
the process.

Cr(III)/Cr(VI)
mixture
solutions

NaCl PP membranes incorporating poly[(ar-
vinylbenzyl) trimethylammonium
chloride], P(ClVBTA), poly[2-(acryloy-
loxy)ethyl]trimethylammonium chlor-
ide] P(ClAETA), poly(acrylic acid) P(AA),
poly(2-acrylamidoglycolic acid) P
(AGA), poly(glycidylmethacrylate-N-
methyl-D-glucamine) P(GMA-NMG),
poly(2-acrylamido-2-methyl-1-propane
sulfonic acid) P(AMPS) and poly
[sodium (styrene sulfonate)], P(SSNa)
are modified via an ‘‘in situ’’ radical
polymerization.

– The separation of Cr(III)
and Cr(VI) ion mixture by
the selective transport
properties is obtained.

[65]

– The Cr(III) ions are selec-
tively separated using MP
(SSNa)6 (42%) respect to
2.5% for Cr(VI) ions.

– The Cr(VI) ions are selec-
tively separated using MP
(ClVBTA)6 (61%) respect
to 5.8% for Cr(III) ions.

– Extraction percentage is
equal to 1.6–3.1% and
2.3–2.6% for Cr (VI) and Cr
(III), respectively, using PP
membrane.
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8.1.6 Membrane extraction

Membrane extraction is an alternative process to the classical solvent extraction. In
both processes, the same extractants are used. A listing of solvent extraction reagents
is given in Table 8.9, together with the proposed mechanism of extraction [72].

In the liquid–liquid extraction process, organic solvents are used, which are
often toxic, flammable or otherwise hazardous. As an alternative separation technol-
ogy, the membrane processes are proposed: bulk liquid membranes (BLMs), emul-
sion liquid membranes (ELMs), supported liquid membranes (SLMs) and polymer
inclusionmembranes (PIMs). In the processes with SLMs, themajor drawback is their
poor stability; in ELMs there is a problem with emulsion breakage. BLMs find
application only in theoretical studies because of the low mass transfer rates [73].
The analysis of literature shows that the most popular are PIMs, unfortunately only
for laboratory scale, and SLMs, using mainly hollow-fibre membranes, and are
described in detail in the following chapters.

8.1.6.1 Polymer inclusion membranes
PIMs have good stability in comparison to other types of the liquid membranes. They
are formed by casting solution containing a carrier (extractant, see Table 8.9), a
plasticizer, such as o-nitrophenyl octyl ether (NPOE), and a base polymer, such as
cellulose triacetate (CTA) or poly(vinyl chloride) (PVC), to form thin, flexible and
stable film. The base polymer provides mechanical strength to the membrane.
Plasticizer is a solvent for an ion carrier (extractant) and improves the flexibility

Diluate

Concentrate

Cathode

Feed solution

Anode

Figure 8.4: Electrodialysis process.
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and transport properties of the membrane. Thus, the proper choice of the plasticizer
is very important. PIMs are proposed for the removal of organic species and metal
ions [74]. Examples of application of PIMs in recovery of metals ions from aqueous
solutions are presented in Table 8.10.

Table 8.8: Examples of metal ion separation by electodialysis.

Feed solution AEM (name, mate-
rial, supplier)

CEM (name, mate-
rial, supplier)

Results Ref.

Pb(NO3)2 AR204SXR412 Arak
Petrochemical
Complex,
Selemion AMV,
poly-styrene-co-
divinylbenzene,
Asahi Glass

CR67,MK111,
Ionics Watertown,
Selemion CMV,
homogenous sul-
fonated styrene
divinyl benzene
copolymer mem-
brane on a PVC
backing, Asahi
Glass

– The separation percentage is equal
up to 95%.

[68]

–With increasing of temperature and
voltage, cell performance is
improved.

– The separation percentage
decreased with an increasing flow
rate.

CuSO4 ZnSO4

Pb(NO3)2 Cr
(NO3)3

AR204SXR412 Arak
Petrochemical
Complex,
Selemion AMV,
poly-styrene-co-
divinylbenzene,
Asahi Glass

CR67,MK111,
Ionics Watertown,
Selemion CMV,
homogenous sul-
fonated styrene
divinyl benzene
copolymer mem-
brane on a PVC
backing, Asahi
Glass

– Performance of an ED cell is almost
independent of the type of ions and
only depends on the operating
conditions (flow rate, temperature,
voltage).

[69]

– Maximum separation percents are
equal to 66, 68, 69, 70, 61% for
Cu2+, Zn2+, Pb2+ and Cr3+.

Gold mine
effluent, con-
taining Na+,
Cu2+, Zn2+,
K+, Fe3+, Al3+,
Au+, CN–, Cl–

No-name, Qianqiu
Environmental
Protection &Water
Treatment Co

No-name, Qianqiu
Environmental
Protection &Water
Treatment Co

– The highest removal is equal to
99.41% and 99.83% for copper
and cyanide, respectively.

[70]

– The results depend on the flow rate,
initial concentration and voltage.

NiSO4 CoSO4 Neosepta® AHA,
poly-styrene-co-
divinylbenzene,
aminated; Astom
Co

Nafion® 117, sul-
fonated perfluoro-
polymer, DuPont
SPVDF 4Sb, sulfo-
nated polyvinyldi-
fluoride, which
contains 22% of
styrene.

– The performance of the SPVDF 4Sb
membrane is slightly better than
commercial Nafion® 117.

[71]

– A significant improvement with the
use of corrugated membranes on
the amounts of metal extracted is
observed.

– The separation of Ni2+ and Co2+

with complexing agent (EDTA) by
ED is achieved.
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8.1.6.2 Supported polymer membranes
SLM process has been designed to apply for the removal of valuable metal ions from
various multielement liquid resources. It is one of the promising technologies for
possessing the attractive features such as high selectivity and combine extraction
and stripping into one single stage, however, this separation system is efficient for
aqueous feed with concentration much lower than that can be used in a classical
extraction process. SLM acts on nonequilibrium mass-transfer characteristics where

Table 8.9: Type of extractants and mechanism of complexation.

Class of
extractant

Type Examples Mechanism

Acid
extractants

Alkyl phosphoric
acids

Dialkyl phosphoric
acids and sulphur ana-
logs (e. g. D2EHPA)

Acids extract metal ions by a cation-
exchangemechanism viz.: Maq

n++(n+x)
(RH)org↔ (MRn·xRH)org+nHaq

+

Alkylphosphonic
acids

2-Ethylhexyl phospho-
nic acid 2-ethylhexyl
ester and sulphur ana-
logs (e. g. PC-88A,
Ionquest 801),

Alkyl phosphinic
acids

Dialkyl phosphinic
acids and sulphur ana-
logs (e. g. CYANEX 272,
302 and 301)

Acid chelating
extractants

Hydroxyoximes Alpha alkaryl hydro-
xyoximes, β alkaryl
hydroxyoximes (Acorga
P50, Lix 860)

Me2+aq + HLorg ↔ MeL+org + H+
aq

MeL+org + HLorg ↔ MeL2,org+ H+
aq

MeL2,org+ 2HLorg↔ MeL2,org+ HLorg +
H+

aq

β-diketone Lix 54
Basic
extractants

Primary amines Primene JMT, Primene
81R

The extraction is represented by an
equation: RNH2org+ H+ A–aq ↔
[RNH3

+A–]orgSecondary amines LA-1, LA-2.
Tertiary amines Various Alamines, in

particular Alamine 336.
The acid was extracted by amine to
form salt: [RNH3

+A–]org+ B–
aq ↔

[RNH3
+B–]org+ Aaq

–Quaternary
amines

Aliquat 336,

Solvating
extractants

Phosphoric, phos-
phonic and phos-
phinic acid esters
and thio analogs

Trialkyl phosphine oxi-
des and sulphide
(TOPO, CYANEX 921,
CYANEX 923) TBP,
DBBP, CYANEX 471X.

Trialkyl phosphine oxides can extract
both acids andmetal complexes while
trialkyl phosphine sulphides can
extract metal complexes. Thus, their
extraction chemistry is as shown, first
for acids and second for metal com-
plexes: m(HX)aq+ n(S)org+ xH2O ↔
((HX)mSn(H2O)x)org
MXn + y(S)org ↔ (MXnSy)org
HMXn+1 + x(S)org ↔ (HSx)

+(MXn+1)org
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the separation is not limited by the conditions of equilibrium (the mass-transfer
reaction involves extraction of metal ions at aqueous feed–membrane interface,
diffusion of the metal–ligand complex inside the membrane pores and dissociation
of the metal–ligand complex at membrane–strip interface). However, the choice of
the extractant has an important role on metal distribution coefficient value, mem-
brane diffusion coefficient value and membrane thickness.

Flat sheet SLMand hollow-fiber SLMs are two commonly used SLM configurations,
but only the second one has been designed for industrial application. Hollow-fiber-
supported liquid membrane (HF-SLM) has advantages in a large surface area, which
enable rapid feed transportation. Moreover, receiving phases are easy to recover. In
this separation system, a HF module is used for extraction of metal ions. Inside the
shell, there are countless thin fibres running lengthwise whose pores are impregnated
with the organic liquid membrane phase. The fiber is a single nonporous material
through which the solution present inside cannot be transported. The flow of all
streams through the HF module is presented in Figure 8.5.

HF-SLM system can work not only as a single module, but also as a two-module
hollow-fibre system, wherein feed phase is piped through one shell and the receiving
phase through another. Possibilities of industrial applications of HF-SLM system to
separate or recovery of metals ions are shown in Table 8.11.

Table 8.10: Examples of metal ion separation by PIMs.

Metal Composition of PIM Results Ref.

CdCl2 in sal-
ine or acidic
media

Base polymer: CTA – The transport of Cd is effective in both highly
saline and highly acidic media; removal near
80%.

[74]

Plasticizers: NPOE, Tris-
(2-ethylhexyl)phosphate
(TEHP), dibutyl sebacate
(99%) (DBS)

– Because of the absence of plasticizer and low
carrier content the transport of the metal is low,
but at high amount of carrier, the transport of Cd
is possible.

Carrier: Aliquat 336
FeCl2, FeCl3 Base polymer: CTA – Recovery factor of Fe(II) does not exceed 40%, for [75]

Plasticizer: NPOE – Fe(III) – from 60% to almost 100%.
Carrier: Cyphos®IL101,
Cyphos®IL104

– The highest initial flux of Fe(III) and permeability
coefficient are obtained for the membrane con-
taining 40 mass % Cyphos® IL 101.

CdCl2, CuCl2 Base polymer: CTA – Extraction of Cd(II) is very fast and efficient (over
99%).

[76]
Plasticizer: NPOE
Carrier: Cyphos®IL101,
Cyphos®IL104

– The presence of HCl decreases the selectivity
coefficient for Cd(II) over Cu(II).

K[Ag(CN)2]Zn
(NO3)2

Base polymer: CTA – Silver cyanide complex can be efficiently trans-
ported from the feed aqueous solutions to the
stripping phase (73%).

[77]
Plasticizer: Bis (2-ethyl-
hexyl) sebacate (BEHS)
Carrier: Aliquat 336 – Selectivity of separation Zn and Ag is obtained.
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An even more innovative version of HF-SLM is a pseudo-emulsion-based
hollow-fiber strip dispersion (PEHFSD), wherein the stripping phase is dispersed
in the organic membrane phase and a pseudo-emulsion being formed before
injection into hollow-fiber module. During this separation, extraction and strip-
ping occur simultaneously in a single hollow-fiber contactor. In PEHFSD, the
solute is transported from the feed to the membrane and then to the stripping
phase simultaneously. Using this method, the recovery of metal ions even from
concentrated solution can proceed efficiently; however, the selectivity of such
processes is low.

Table 8.12 lists selected examples of PEHFSD applications.

8.2 Polymer resins

8.2.1 Ion-exchange resin

An ion-exchange resin, similar to ion-exchange membrane, is an insoluble polymer
containing positively or negatively charged groups which reacts with the counter-ions
of recovered metal. The material has a highly developed structure of pores on the

HF contractor

Feed phaseStripping phase
(HFSLM)

Pseudo-emulsion
phase (PEHFSD)

Figure 8.5: Scheme of HF-SLM/PEHFSD system.
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surface, where the ions are trapped or released. Commercially, themost common cation
exchangers are the acid-type groups, such as sulfonate ((−SO3

–), strong acidic group)
and carboxylate groups ((-C=O)O–, weak acidic group). Other type of cation-exchange
functional units having wide diversity matching different requirements is phosphonic
(-PO3H2), phosphinic (-PO2H), arsonic (-AsO3

–2) and selenonic (-SeO3
–) acid groups. In

case of the anion-exchange resins functionality groups containing proton-accepting
nitrogen and the commonly used functionality are amino groups e. g. (−N+(CH3)3) or
(−N+(CH3)2CH2 CH2OH) and much softer amine (−N(CH3)2). The anion-exchange resin,
besides the proton-accepting nitrogen functionality groups, can also have a strong base

Table 8.11: HF-SLM systems with their industrial applications.

Metal Membrane (name,
material, supplier)

Carrier Results Ref.

Hg(II) PP, Liqui-Cel
Extra-Flow mod-
ule, Hoechst
Celanese, USA

Trioctylamine
(TOA) in toluene
(2% (v/v))

– Selective recovery of Hg(II) over
As(III).

[78]

– Stripping solution: NaOH solution;
Feed phase: HCl solution

As(III) PP, Celgard®x-30
240, Hoechst
Celanese, USA

0.75M (35%, v/v)
Aliquat 336 in
kerosene

– As(III) reduction in produced water
from the gas separation plant in the
Gulf of Thailand.

[79]

– Stripping solution: 0.5M NaOH
U(VI) PP, Liqui- CelX50:

2.5×8, Hoechst
Celanese, USA

1M di(2-ethyl-
hexyl) isobutyra-
mide in dodecane

– Selective recovery of U(VI) over
Th(IV) from THOREX feed.

[80]

– Stripping solution: distilled water.
Au(I) PP, Liqui-Cel 8 cm

× 28 cm 5PCG-259,
Hoechst Celanese,
USA

Mixture of LIX79
+TOPO in heptane

– Selective Au(I) recovery from cya-
nide solution containing also Fe(II),
Cu(I), Ni(II), Ag(I) and Zn(II)
(pH range of 9–10.5).

[81]

– Stripping phase: NaOH solution (pH
12–13).

V(V) Liqui-Cel 2.5 × 8
Extra-Flow
Membrana-
Hoechst Celanese,
USA

LIX 84I (2-hydroxy-
5-nonylacetophe-
noneoxime)in
kereosene

– V(V) recovery from a multi-metal
solution containing V(V), Cu(II),
Ni(II), Co(II), Zn(II), Fe(III) and
Mg(II).

[82]

Pu(IV) Liqui-Cel 2.5 × 8
Extra-Flow
Membrana-
Hoechst Celanese,
USA

TBP in dodecane – Separation and recovery of Pu(VI)
from nuclear waste.

[83]

– Stripping phase: 0.1M NH2OH·HCl
in 0.3M HNO3.

Cr(VI) PP, Celgard X10,
Celgard USA

30% Aliquat 336
and 30% isodeca-
nol in kerosene

– Cr(VI) recovery from aqueous solu-
tions. Initial Cr(VI) = 2.88mmol/L,
reduction to 71.5 μmol/L

[84]

– Stripping phase: 1M NaCl.
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quaternary phosphonium (−P+R3) and tertiary sulphonium anion-exchange group
(−S+R2). A limitation of these materials is the selectivity of metal separation especially
in case of trace metals in the presence of significant amounts of alkali metals [91]. Most
of the selective resins are of the chelating type. This type of material contains mostly as
functional groups iminodiacetic (-N(CH2COO

–)2), dithiocarbamate (-R2NCS2
−2), thiol

Table 8.12: Pseudo-emulsion based hollow-fiber strip dispersion (PEHFSD) applications in metal
separation processes.

Metal Membrane (name,
material,
supplier)

Carrier Results Ref.

Zn(II) PP,Liqui-Cel®

Extra-Flow 2.5 x 8,
Celgard (USA)

Ionquest 801
(phosphonic acid
(2-ethylhexyl)-
mono(2-ethyl-
hexyl)ester) in
ShellSol D70a

– Zn(II) recovery over Ca(II) from sulphate
solution at pH of 3. Initial Zn(II) concen-
tration 0.1–1.0 g/L.

[85]

– Pseudo-emulsion: 10% Ionquest 801 in
ShellSol D70 and 150g/L H2SO4 or
90 g/L Zn(II) + 150 g/L H2SO4.

Zn(II) PP,Liqui-Cel®

Extra-Flow 2.5 x 8,
Celgard (USA)

TBP in ShellSol
D70 or 3-pyridine
ketoxime in
toluene with
decanol (9:1 v/v)

– Zn(II) recovery from chloride solution
(HCl or NaCl).

[86]

– Pseudo-emulsion: TBP in ShellSol D70
and water or 0.1M 3PC10 in toluene-
decanol (9:1 v/v) and 5% Na2SO4

solution.
Cr(VI) PP, Liqui-Cel, 8 ×

28 cm 5PCG-259,
Hoechst Celanese,
Charlotte (USA)

0.36M Cyanex
923 in keroseneb

– Cr(VI) recovery from HCl solution with
simultaneously reduction to Cr(III).

[87]

– Stripping solution: hydrazine sulphate.

Co(II) PP, Liqui-Cel 2.5x8
5PCG-354,
Hoechst Celanese,
Charlotte (USA)

0.64M DP-8R (di
(2-ethylhexyl)
phosphoric acid)
in Exxsol D100c

– Efficient recovery of Co(II) from sulphate
solution at pH of 5. Selectivity over Li
ions is around 25.

[88]

– Pseudo-emulsion: 0.64M DP-8R in
Exxsol D100 and 0.1M H2SO4.

Au(I) PP, Liqui-cel,
8×28 cm 5PCG-
259, Hoechst
Celanese,
Charlotte (USA)

5–10% LIX79 in
heptane

– Selective Au(I) recovery from cyanide
solution. Separation over Fe(II), Cu(I),
Ni(II), Ag(I) and Zn(II).

[89]

– Pseudo-emulsion: 12%LIX-79/heptane
and 0.2M NaOH.

Cu(II) PP,Liqui-Cel®

Extra-Flow 2.5x8,
Celgard (USA)

5–10% Acorga
M5640 in ShellSol
D70

– Recovery of Cu(II) from sulphate med-
ium. Initial Cu(II) concentration 0.1 or
1.0 g/L. pH =1.4.

[90]

– Pseudo-emulsion: 2.5–10% (v/v)
Acorga M5640 and 180 g/L H2SO4

aNotes: ShellSol D70 consists predominantly of C11–C14 paraffins and naphthenes;
bKerosene is a mixture of paraffins and naphthenes (fractional distillation 150–275 °C);
cExxsol D100 consists predominantly of C12–C15 paraffins, naphthenes and below 2% aromatic compounds
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(-SH), aminophosphoric (-NH2CH2PO3
–2) and bis-picolylamine (Table 8.13). Chelating

resins bind the heavymetals selectively towards the alkali and alkaline earthmetals and
are efficient, quantitative preconcentrating agents [92].

Available commercially resins are mainly formed via suspension polymerization
reaction of styrene in the presence of 1,4-divinylbenzene as a cross-linked agent. As
was presented in Table 8.13, the two types of resins can be used: gel andmacroporous
type. Resins as gel are a cross-linked polymers exhibiting microporosity with pore
volumes typically up to 10 or 15 Å. This type of resin is dedicatedmainly to sorption of
organic substances from water. Macroporous ion-exchange resins are highly cross-
linked and have greater porosity and surface area than those of the gel type resins.
Unfortunately, because of the high cross-linkage in the matrix, the macroporous
resins have greater exposure to potential oxidants than gel resins.

Table 8.13: Physicochemical properties of commercial ion-exchange resins.

Resin Structure Polymer Functional group Ionic
form

Bead size
[mm]

Total
capacity
[meq/g]

Cation-exchange resins
Lewatit™ S 100 G Polystyrene -SO3

– Na 0.6–0.7 2.0
Amberlite™ IRN77 G Polystyrene -SO3

– H 0.6–0.7 1.9
Dowex™ 88 M Polystyrene -SO3

– Na 0.4–1.2 1.8
Amberlite™ IRP-64 M Polyacrylic (-C=O)O– H 0.04–0.15 10
Amberlite™ IRC-50 M Polyacrylic (-C=O)O– H 0.3–1.2 10
Anion-exchange resins
Dowex™ G Polystyrene –N+(CH3)3 Cl 0.4–0.6 4.0
Marathon™ A
Amberlite™ IRA900 M Polystyrene –N+(CH3)3 Cl 0.7–0.8 4.2
Lewatit M™ 610 G Polystyrene –N+(CH3)2CH2CH2OH Cl 0.6–0.7 1.3
Dowex™ 22 M Polystyrene –N+(CH3)2CH2CH2OH Cl 0.4–0.8 -
Lewatit™ MP 62 M Polystyrene –N(CH3)2 - 0.3–1.3 1.7
Chelating resins
Dowex™ M4195 M Polystyrene bis-picolylamine - 0.30–0.84 35–42*

Amberlite™ IRA743 M Polystyrene N-methylglucamine - 0.5–0.7 0.7
Amberlite™ IRC 748 M Polystyrene -NH(CH2COONa)2 Na 0.5–0.7 1.4
Purolite™ S957 M Polystyrene -SO3

– H <0.425 18*

-PO3
–2

Duolite™ GT-73 M Polystyrene -SH H 0.4–0.8 3.9
Diphonix™ G Polystyrene -COOH H 0.3–0.15 5.3

-PO3H2

Duolite™ C467 M Polystyrene -NH2CH2PO3
–2 Na 0.4–1.0 3.5

Purolite™ S920 M Polystyrene -SC(NH2)2 H 0.3–1.2 200*

G = gel (or microporous); M = macroporous (or macroreticular); * g/L
*g of metal/L
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The incorporation of functional group to a polymer matrix requires specific synth-
esis conditions [93]; e. g. sulfonic ion is incorporated via a reaction of a polystyrene resin
with a concentrated sulfuric acid, while incorporation of amine or ammonium group is
combined mainly with nucleophilic substitution between chloromethyl polystyrene-
divinylbenzene copolymer and corresponding amine, nucleophilic substitution
between poly(4-vinylpyridine) with halogenated compounds (e. g. benzyl chloride) or
by radical polymerization (e. g. synthesis of poly(4-vinylbenzyl)trimethylammonium
chloride). Incorporation of phosphonic functionalizing group is prepared by an
Arbuzov-type reaction between chloromethyl polystyrene-divinylbenzene copolymers
and triethylphosphite, yielding the phosphonate ester, which after hydrolysis gives a
phosphonic acid copolymer. Functionalization of acrylic copolymer can be carried out,
for example, through an aminolysis of the ester groups in the polymer matrix.

The individual ions present in the sample are retained in varying degrees
depending on their different affinity for the resin phase. In the form of a cations,
metal ions such as Co(II), Cr(III) and Ni(II) can be removed either with a cation
exchanger or with a chelating resin [94–99], but in case of the anionic metal species
as in case of Cr(VI) the anionic exchanger is used [100]. The consequence of this
phenomenon is the separation of desired metals ions; however, the effectiveness of
the process depends on the nature and characteristics of the resin. Ion-exchange
process is particularly suitable for purification of metal ions, but the total concentra-
tion of dissolved salts in solution must generally be low (<1 g/L). At high concentra-
tions, the exchange potentials for ions diminish and there is more competition for the
available exchange sites. Other limitations are their limited radiation and thermal
stabilities. Under exposure of both impacts, most organic resins will degrade even at
macroscopic level in Table 8.14.

The ion-exchange resins are suitable for the removal of metal anions or
cation but mostly with too low selectivity and to improve their separation
potential (especially towards alkali and alkaline earth cations), as well as the
sorption capacities, metal- or metal oxide-loaded exchange resins have been
studied (Table 8.15). In this hybrid system, metal cation (usually Fe(III), Zr(III))
or metal oxide (Fe3O4, MnO2, TiO2, ZrO2) have been immobilized on polymer
matrices and subsequently studied for heavy metal ion recovery [102]. The metal
oxides have been exploited as adsorbents with inner-sphere complexation. Such
interaction enables the metal ion complexation with high capacity and specific
adsorption towards heavy metals such as As(III) and As(V) [103] in the case of
metal-loaded ion-exchange resin, and metal cations have been immobilized on
polymer support and subsequently studied for metal ion sorption (As(V), Cr(VI)).
The requirement of a polymer matrix for loading with cations is the presence of
exchangeable functional group, which enables the coordination of extractable
metal ion with loaded metal [104–106]
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8.2.2 Solvent impregnated resin

The application of reactive extraction for processing dilute aqueous solutions is rather
uneconomic. More efficient technique seems to be adsorption on chelating, ion-
exchange or enantioselective resins, but those materials are very expensive becuase
the preparation is time consuming and difficult. Ideal seem to be linking of the solvent

Table 8.14: Currently marketed ion-exchange resins with examples of their application.

Product name Polymer Functional
group

Application Ref.

Amberlite™
IRN77

Polystyrene -SO3H Co(II), Cr(III), Ni(II) recovery from synthetic
nuclear power plant coolant water.

[94]

Maximum adsorption capacities at pH 2.75:
1 g/g (Co(II)), 4 g/g (Cr(III)) and 15 g/g (Ni(II)).

Lewatit™ S 100
Chelex-100

Polystyrene -SO3Na
-NH
(CH2COONa)2

Cr(III) recovery from aqueous solutions.
Maximum ion-exchange capacities at pH of 3.5
and 4.5: 0.39mmol/g (Lewatit S 100) and 0.29
mmol/g (Chelex-100).

[95]

Amberlite™
IRC 748

Polystyrene -NH
(CH2COONa)2

Ni(II) recovery from laterite leach tailings
(after Co(II) extraction). Maximum ion-
exchange capacities: 97.6mg Ni/g at pH of 4
with low recovery Mg, Na and Fe(III).

[96]

Ca(II) and Mg(II) recovery from potassium
chromate solution. Maximum ion-exchange
capacities: 7.21mg/g (Ca(II)) 27.70mg/g
(Mg(II)).

[97]

Diphonix® Polystyrene -COOH
-PO3H2

Separation Zr(III) and Hf(III) from acidic solu-
tion. Separation condition: 0.5M H2SO4 at
22 °C with a linear flow rate < 7.5 cm/h.

[98]

Duolite™ GT-73 Polystyrene -SH Hg(II) removal from waste water generated at
The Integrated Defense Melter System (IDMS),
located at the Savannah River Site. Initial Hg
concentration 0.2–50 μg/L other ions (traces)
AI, B, Ca, Li, Mg, Mn, Mo, P, Si, W and Zn.
Maximum ion-exchange capacities: 0.1Mg/g.

[99]

Lewatit™ MP 62
Lewatit™ M 610

Polystyrene –N(CH3)2
–N+(CH3)2
CH2CH2OH

Cr(VI) recovery from aqueous solutions.
Maximum ion-exchange capacities at pH of 5:
27mg/g (Lewatit™M 610) 17.1mg/g
(Lewatit™MP 62).

[100]

Dowex™ M-4195 Polystyrene - bis-
picolylamine

Cu(II), Co(II), Ni(II) and Pb(II) preconcen-tration
from chloride solution. Maximum adsorption
capacities at pH 2 were Cu(II) 0.043mol/L,
Ni(II) 0.045mol/L, Co(II) 0.045mol/L, Pb(II)
0.010 mol/L desorption condition: solution at
pH of 1.4.

[101]
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extraction supported a selective extractant with ion-exchange process suitable for
processing of dilute solutions. The concept includes the incorporation of the extractant
into hydrophobic resin, which was first proposed by Warshawsky [112] for metal
recovery in hydrometallurgical process. In this study, a hydroxyoxime solvent-impreg-
nated resins (SIRs) was proposed for selective copper removal. This concept of SIRs is
based on the physical impregnation of a selected extractant in a porous adsorbent, but
the impregnated extractant should behave as in classical reactive extraction process
and simultaneously maintain a strong affinity for the polymer matrix.

8.2.2.1 Impregnation procedure
SIR, in which the extractant is incorporated into non-ionic macroreticular polymer
structure, can be prepared according to a few types of procedures:

I. “Dry” method has been developed for extractant having strong hydrophilic
centres (oximes, ethers, ketones). According to this impregnation procedure, a liquid
extractant or as a mixture in polar diluent (acetone, acetonitryle, methanol) is
contacted with the polymer in batch mode for few hours; however the period of
time is adjusted individually to both reagents and should enable to obtain maximum

Table 8.15: Examples of metal ion recovery using hybrid ion-exchange resins.

Product name Polymer Functional
group

Application Ref.

Lewatit™ FO
36

Polystyrene FeO(OH) Pb(II) recovery from aqueous phase at different pH.
Maximum adsorption capacities: 62.5mmol/g at
pH 7.

[107]

ArsenXnp Polystyrene -N+(CH3)3
Fe2O3

As(III) and As(V) removal from sulfate, fluoride,
bicarbonate, and chloride solution.

[108]

Maximum adsorption capacities: 6.9mg/g of
regenerated resin. Desorption using a warm caus-
tic solution.

D-001
(HFO-001)

Polystyrene -SO3Na
Fe2O3

Efficient removal of Cd(II), Pb(II) and Cu(II) metals
from water and wastewater. Maximum adsorption
capacities: 1.6 mmol Pb(II)/g and 1.4mmol Cu(II)
and Cd(II)/g resin. Desorption solution: HCl–NaCl
solution (pH 3).

[109]

D-001
(ZrP-001)

Polystyrene -SO3Na ZrP
(zirconium
phosphate)

Selective removal of Pb(II) in the presence of Ca(II).
Maximum adsorption capacities: 0.4 g Pb(II)/g
resin (total capacity: 0.79 meq/g). Desorption
solution: 2% HNO3

[110]

Dowex
1×8–400

Polystyrene -N+(CH3)3
MnO2

As(III) and As(V) removal from sulfate, fluoride,
bicarbonate, and chloride solution.

[111]

Maximum adsorption capacities: 6.9mg/g of
regenerated resin. Desorption using a warm caus-
tic solution.
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incorporation of the extractant within the polymer pores. Next the diluent is removed
via vacuum evaporation resulting in a polymer–extractant material. Using this
method, an adsorption of the extractant on the polymeric can be also observed and
that requires additional procedures of washing process.

II. “Wet” impregnation procedure has been developed for strong hydrophobic
extractant. According to this procedure, an extractant together with the diluent is
incorporated into the polymeric pores resulting in a polymer–extractant–diluent
material. During this procedure of impregnation, the polymer support is shaken
with extractant–diluent mixture. The next stage was the removal of diluent with
remaining extractant.

III. Procedure with a modifier addition. According to this procedure, a diluted
extractant in the presence of phase modifier is incorporated into the polymer pores.
Goal of the modifier is to promote a water wettability and a simultaneously reduction
of too high hydrophobicity of impregnated resin. The added modifier is typically
more polar than the extractant and the most commonly used mixtures are acetone,
methanol or ethanol with water.

IV. Dynamic column method, according to which the impregnated polymer is
placed in a column and fully swelled by the diluent. Then, the extractant solution is
fed into the column until the extractant concentration in the outlet is constant. The
resulting SIR is finally washed with water. This procedure is directed to materials
with analytical application. The choosing of the methods depends mainly on the
chemical properties of the extractant, hydrophobicity of polymer support as well as
the interaction of extractant–polymer. Both in the industrial and in laboratory scale
the most often used polymer supports are a macroreticular polymer resins, mainly
series Amberlite, Dovex and Lewatit. The selection of the polymer support is adjusted
to the extractant properties to give the optimal balance of hydrophobic versus
hydrophilic properties. Moreover, very important is to minimize losses of the extrac-
tant to the aqueous phase (e. g. by maintaining enough hydrophilicity or additional
coating) and to maximizemass transfer of the solute into the resin pores and between
phases, which depends on the complexing properties of the impregnated extractant.
The incorporated in a macroreticular polymer structure extractant has a strong
affinity towards the polymeric support, but it still behaves as extractant and the
extracting properties are as in the liquid state. The immobilization of the extractant
on the internal surface of the macroreticular polymer is mainly combined with forces
which are responsible to “catching of extractant”–van der Waals forces, π-π interac-
tions and capillary forces [113–116]. Unfortunately, so soft polymer–extractant inter-
actions can cause much higher loss of the extractant than that of classical reactive
solvent extraction process. The stability of the resin can be improved by carrying out
several impregnation cycles, longer (several hours) or addition wet drying procedure
and a post-impregnation encapsulation techniques [117–120]. Using the post-impreg-
nation encapsulation process as loss extractant prevented method enables achieving
a much stable material than using other stabilizing procedures. However, supplying
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a permeable coat around each bead of the resin is difficult and the procedure requires
adjusting of the condition and type of coating materials to an impregnated resin.

More stable and selective resins can be obtained by impregnation of ion-
exchange materials. For that system, charged or polar functional groups mainly
provide hydrophilic character as well as interact with the extractant mainly by
covalent binding. So multiple interactions can cause the possibility of strong associa-
tions between metal, impregnated extractant and resin functional groups [121].

The impregnated resins can also be obtained by an extractant entrapping directly
in polymerization process. The procedure is more difficult especially because of the
polymerization procedure, which varies from a type of the extractant, its acidity,
viscosity and water-organic diluent activity, as well as, it depends on the initial
concentration ratio of monomer and cross-linking agent to initiator. The synthesized
beads have gained much attention presently in the metal separation technology due
to, in comparison with classical SIRs, a high adsorption capacity, faster kinetics and
ease of regeneration. Furthermore, the incorporation of extractant during a polymer-
ization process is a commonly encountered method in an industrial production of
SIRs such as Lewatit TP272 [122].

8.2.2.2 Metals recovery with solvent impregnated resin
Mechanism ofmetal ions recoverywith SIR is partially identical as in case of correspond-
ing solvent extraction systems and partially as in case of ion-exchange resin. Kamio et al.
[123]. have developed a theoretical model to describe a metal recovery with a microcap-
sule containing an acidic extractant. The determined kinetic constants for the complex
formation reaction are almost the same as that determined for the liquid–liquid extrac-
tion system and is supported by Fick’s diffusion laws [124, 125]. It was shown that the
extraction mechanism of metal ions into a microcapsule progresses through the three
processes (Figure 8.6): I. diffusion of metal ion across the aqueous liquid film exists near
the surface of amicrocapsule; II. intermediated andfinal extracted complex formation on
the surface of a microcapsule, and the last process III. diffusion of extracted complex
through resin pores. The extracted complex gradually accumulates at the surface of the
resin. The surface of the microcapsule then is saturated with the extracted complex.

8.2.2.3 Application of SIRs in metal recovery
The SIRs show to be effective sorbents for the selective recovery of rare and valuable
metals ions from aqueous solutions or separation of toxic element; however, those
extraction properties depend mainly on the specific properties of the incorporated
extractant (see the mechanisms of extraction presented in Table 8.9). Commercial SIRs
being cross-linked polystyrene with an extractant integrated into the resin beads
during polymerization process have been evaluatedmainly for the processes originally
designed for the extractant e. g. separation of uranium and plutonium from mixed
actinide residues [126, 127] (Table 8.16).
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The SIRs have been shown to be effective sorbents for the selective recovery of
metal ions from aqueous solutions; however, the industry applications of commercial
resins are limited to the few examples. In case of synthetic SIRs prepared usually by
the wet impregnation process, the studies are conducted on sorption equilibria of a
wide group of transition metals, some metalloids, lanthanides and actinides. So far,
the results obtained have led to new technological developments from which the
most interesting examples are listed in Table 8.17 and Table 8.18.

(III) (II) (I)

Figure 8.6: Extraction mechanism of metal ions into a microcapsule.

Table 8.16: Commercial resins being cross-linked polystyrene containing extractant incorporated
into resin beads during polymerization process.

Product name Matrix Extractant Application Ref.

Lewatit™ OC 1023 Polystyrene TBP U(VI) separation from a plutonium–
uranium solution (5M HNO3 -0.1M
Fe(SO3NH2)2) residual plutonium
was removed by washing with 0.35-
HNO3 -0.1M Fe(SO3NH2)2 solution.
Extraction capacities 10g/g U 25g/L
Pu. Uranium stripping solution: 0.1
M Fe(SO3NH2)2.

[127]

(continued )
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Table 8.16: (continued )

Product name Matrix Extractant Application Ref.

Lewatit™ VP
OC 1026

Polystyrene D2EHPA Zn(II) separation from a nickel
electrolyte

[128,
129]

prior to electrowinning (Vale’s Port
Colbourne (Canada) refinery).
Metal concentration 10–50mg/ml
Zn, 50–70mg/L Ni and 0.1–0.3 g/L
Co, Selectivity at pH below 3.
Extraction capacities 17mg/g (Zn).
1M H2SO4

Zn(II) separation from electroplat-
ing effluent containing Cr(VI).
Initial metals concentration 0.52
mg/ml Zn and 0.017mg/ml Cr,
Selectivity at pH of 6.2. Extraction
capacities 58mg/g. Stripping
solution: 5% H2SO4 solution.

Lewatit™ TP 272
Lewatit™ TP 807ʹ84

Polystyrene Cyanex 272 Co(II) selectively extraction over
Ni(II) from sulfate media. Initial
Co(II) concentration 59mg/L,
Selectivity at pH range of 4.8–6.0.
Extraction capacities 18mg/g.
Stripping solution: H2SO4 solution
(pH below 2).

[130,
131]

TVEX-TBP Polystyrene TBP Sc(III) extraction from hydrochloric
solution. Initial composition 0.08–
0.1 Sc, 8mol/L HCl. Extraction
capacities 0.8mg/g (mol/L TBP).
Stripping solution: water.

[132]

Zr(III) and Hf(III) selective extrac-
tion fromHNO3 solution. Extraction
capacities 0.7 mol Zr/L TBP and
0.3mol HF/L of TBP. Resin compo-
sition TVEX-65% TBP. Stripping
solution: 30 g/L HNO3.

TVEX-TBPHDEHP Polystyrene TBP:HDEHP
(1:1)

Separation of Bk(IV), Cf(III) and
Eu(III) from Am(III) and Cm(III).
95% of Am separation over Cm
(below 1%) from 0.2M HNO3 dur-
ing one cycle.

[133]

TVEX-DIOMP Polystyrene DIOMP (bis-
isooctyl
methyl phos-
phonate)

Scandium recovery from solutions
containing above 4M HCl.
Extraction capacities: 1.4mol/L of
DIOMP (8M HCl). Stripping solu-
tion: diluted HCl.

[134]
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Table 8.17: Synthetic resins being cross-linked polystyrene containing acidic extractant incorporated
into resin beads during impregnation process.

Commercial
name of poly-
mer support

Matrix Extractant Application Ref.

Amberlite™
XAD4

Polystyrene D2EHPA Selective Separation of Pb(II) and
Cu(II). Resin composition: 30 wt. % of
D2EHPA. Initial metals concentration:
0.01mol/L, pH=2Metals were sepa-
rated in 6 batches of contacts.

[135]

Amberlite™
XAD4

Polystyrene D2EHPA Separation of Zn(II) and Cu(II) from
aqueous sulfate Solutions Resin com-
position: 40 wt. % of D2EHPA. Initial
metal concentration: 1.58mol/L, pH
ranged 1.05–3.34, SO4

2–concentra-
tion equal to 0.5mol/L. Separation
can be obtained in either batch or
column operation.

[136]

Amberlite™
XAD-1180

Polystyrene D2EHPA Extraction of Bi(III) from nitrate med-
ium. Resin composition: 90 wt. % of
D2EHPA. Extraction capacities 490.7
mg/g. Stripping solution: concen-
trated HCl.

[137]

Amberlite™
XAD7

Polyacrylate D2EHPA-Fe Extraction of As(V) from aqueous
solution. Resin composition: 30 wt.%
of D2EHPA-Fe. pH= 9. Extraction
capacities 19 μg/g.

[138]

Amberlite™
XAD2, XAD4

Polystyrene PC-88A Extraction of La(III), Sm(III), Tb(III) and
Yb(III) from chloride solution. Resin
composition: 20 or 50 wt.% of PC-88A.
Initial metals concentration: 0.5
mmol/L, pH= 3.5.

[139]

Amberlite™
XAD7

Polyacrylate

Amberlite™
XAD7

Polyacrylate Cyanex 301 Extraction of Cd(II) from phosphoric
acid (diluted and concentrated). Initial
Cd(II) concentration 10mg/L. Resin
composition: 5–14 wt.%. Extraction
capacities 11mg/g. Stripping solu-
tion: 5M HCl.

[140]

Amberlite™
XAD7

Polyacrylate Cyanex 302 Extraction of Cd(II) and Cu(II) from
40% phosphoric acid.

[141]

Initial metals concentration 50mg/L.
Resin composition: 50 wt.% of Cyanex
302. Extraction capacities 27–34mg/g.
Stripping solution: 4M HCl.

(continued )
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Table 8.17: (continued )

Commercial
name of poly-
mer support

Matrix Extractant Application Ref.

Amberlite™
XAD2

Polystyrene Cyanex 272
and Cyanex
302

Two fixed-bed columns (XAD-2 –
Cyanex 272 (50 wt.%) and XAD-2
Cyanex 302 (15 wt.%)) were success-
fully used for separation and recovery
of from Fe(III), Cd(II) and Ni(II) multi-
component solutions. Initial metals
concentration: 10mg/L, pH= 2 and 8.
Stripping solution: 3M HCl.

[142]

Table 8.18: Synthetic resins being cross-linked polystyrene containing basic extractant incorporated
into resin beads during impregnation process.

Commercial
name of poly-
mer support

Matrix Extractant Application Ref.

Amberlite™
XAD4

Polystyrene Trioctylamine
(TOA)

Extraction of Au(III), Pt(II) and Pd(II) from
1M HCl. Initial metal concentration 0.05–
0.5mg/L. Resin composition: 3.5 wt.% of
TOA. Extraction capacities 50 μg/g.
Stripping solution: 11.9 g/l of N-(dithio-
carboxyl) sarcosine diammonium salt
(DTCS) in 50% ethanol.

[143]

Amberlite™
XAD4

Polystyrene Aliquat 336 Separation of Re(III) from Rd(III) in HNO3

solution.
[144]

Initial metal concentration 0.1 g/L. Resin
composition: 40 wt.% of Aliquat 336.
Extraction capacities of Re 2.0 meq/g.

Diaion™ HP-
20 Diaion™
HP-2MG.

Polystyrene
Polyacrylate

Aliquat 336 Cr(III) extraction from aqueous solution at
pH 3 and higher.

[145]

Initial metal concentration 10 and 20mg/L.
Resin composition: 33 and 50 wt.% of
Aliquat 336. Extraction capacities
38(HP-20) ad 40(HP-2MG) mg/g. Stripping
solution: 0.1M NaOH–0.1M NaCl.

Amberlite™
XAD2

Polystyrene Aliquat 336 Extraction of Pd(II) from HCl solution.
Initial metal concentration 0.47 mmol/L.
Resin composition: 30–60 wt.% of Aliquat
336. Extraction capacities 64mg/g (60%
resin, 1MHCl).

[146]

(continued )
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Bartosz Tylkowski and Irene Tsibranska

9 Polymer application for separation/filtration
of biological active compounds

Abstract: Membrane technology is an important part of the engineer’s toolbox.
This is especially true for industries that process food and other products with
their primary source from nature. This review is focused on ongoing develop-
ment work using membrane technologies for concentration and separation of
biologically active compounds, such as polyphenols and flavonoids. We provide
the readers not only with the last results achieve in this field but also, we
deliver detailed information about the membrane types and polymers used for
their preparation.

Keywords: asymmetric polymeric membranes, polyimide, metal-organic frameworks

9.1 Introduction

Bioactive compounds (BACs) from natural sources, extracted by appropriate
solvent and further treated by membrane operations, are promising and inten-
sively investigated area of scientific research in view of BAC separation or
concentration. Polymer membranes, as well as the newer class of mixed matrix
membranes (MMMs), are attractive for concentrating and/or selectively fractio-
nating BACs contained in aqueous as well as non-aqueous extracts from differ-
ent natural sources. A large number of potential applications are focused on
their solvent resistancy and the ways to improve it, as can be seen in several
review articles in the recent years [1–4]. Large areas for realization of these
membrane separation techniques are the food industry [5, 6], the concentration
and fractionation of value-added products from agro-industrial wastes [7] and
the purification of thermally sensitive compounds as active pharmaceutical
ingredients (APIs) and catalysts [8]. Among the numerous examples, important
ultrafiltration (UF) and nanofiltration (NF) implementations can be cited in the
recovery of polysaccharides and polyphenols from winery effluents [9, 10], or the
fractionation of olive mill wastewaters [11, 12], where almost all polyphenols
were recovered in the permeate solution from nanofiltration and subsequently
concentrated by osmotic distillation. The recovery of valuable compounds found
as subproducts in diluted effluents through membrane separation and concen-
tration makes them attractive for use in the food, cosmetic and pharmaceutical
industry.
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9.1.1 Membranes used for separation of biologically active compounds

Widely used membranes are asymmetric polymeric membranes, especially in
solvent-resistant applications. In general, they are inexpensive for fabrication
and easy to scale-up, but their typical drawbacks concern membrane compaction
and fouling, as well as thermal and chemical stability. Detailed reviews on the
polymeric materials used for membrane preparation could be found in [2, 3].
Their basic configuration of dense selective layer supported by microporous
structure, which can be of the same material (the integral type) or from a
different one (the thin-film composite type), is the focus of numerous investiga-
tions including new membrane materials or membrane modifications. Examples
can be found among the most commonly used polymers such as polyimide (PI)
[13, 14], polyamide (PA) [15], polyacrylonitrile (PAN) [16], polyphenylsulfone
(PPSU) [17, 18], polyether sulphone (PES) [19] and polypyrrole (PPy) [20], as
well as in new directions like polyarylene sulfide sulfone (PASS) [21] or cross-
linked polybenzimidazole membranes (PBIs) [22]. Enhancement of the membrane
performance is searched through improving the permeance of the membrane
after crosslinking [14], modulating the hydrophobic–hydrophilic behaviour of
the membrane in the search of high rejection and reasonable flux in aqueous
media [19], as well as membranes for use in organic media with enlarged ability
to withstand harsh chemical environment [22]. In order to obtain higher mem-
brane selectivity, able to serve specific separation needs, new membrane tech-
nologies involving molecular imprinting are used [23, 24] which overcome the
limitations of the conventional size-exclusion membranes. In the same time,
higher flux and preserved rejection values are observed with the molecularly
imprinted membranes. Concerning the separation and purification capability in
organic solvent medium, MMMs and metal−organic frameworks (MOFs) mem-
branes have a great potential for implementation.

The MMMs are composite organic–inorganic membranes which can be
designed to possess good chemical and mechanical stability, as well as rejection
and flux and to overcome drawbacks such as flux decline due to compaction of
polymeric membranes or their aging [4]. This is achieved by incorporating inor-
ganic nanoparticles into the membrane matrix, which can be visualized as discrete
particles in a continuous polymer phase. The connection between these two can be
through covalent bonds, van der Waals forces or hydrogen bonds. Various metal
oxide nanoparticles – TiO2, ZnO, Fe2O3, Al2O3, silica-containing (SiO2) or carbon
fillers – are used. In the area of solvent-resistant nanofiltration, examples can be
cited for embedding nanoparticles, containing Cu in PPSU-based membranes [25],
Ti in crosslinked PI membranes [26], Zn in PA network [27], as well as zeolites in
polydimethylsiloxane [28] or UZM-5 zeolite in PA [15], inorganic organosiloxane in
PI [29], etc.

278 9 Polymer application of biological active compounds



In all these cases, improved membrane compaction resistance was reported,
which results in enhanced fluxes and better or unchanged rejection performance as
compared to commercially available solvent-resistant polymeric nanomembranes
[29] (e. g. Duramem™ 300, Evonik Membrane Technology Ltd Milton Keynes, UK),
as well as in better chemical and thermomechanical properties.

Concerning flux decline and rejection with MMM, further development is
searched for improving the adhesion between the polymer and the inorganic
filler, thus avoiding a possible nonselective void formation. The latter is
achieved by using MOFs, i. e. porous crystalline material, containing metal
ions/clusters and organic linkers, which posses better affinity towards polymer
chains. This structure possesses flexibility and mechanical strength character-
istic of the polymer membranes, but incorporates the separation potential of
MOFs. Investigations with potential application in organic solvent nanofiltration
are directed to MOF–thin-film composite (TFC) membranes, as well as to inte-
grally skinned asymmetric membranes, examples being given in [30, 31]. The
TFC membrane structure – ultrathin selective layer and highly porous support –
suppose smaller resistance to solvent flux, which is an advantage to integrally-
skinned asymmetric membranes. Concerning the membrane morphology, an
even MOF distribution throughout the membrane and across the membrane
surface is achieved [32], and further possibilities are searched in the use of
MOFs with different pore sizes in view of the molecular weight cut-offs.
Successful applications of the MMMs are found in:
– In olive oil wastewater treatment [33], the hydrophobicity of the polyethersul-

fone membrane is modified by the concentration of functionalized multiwall
carbon nanotube (F-MWCNT) in the membrane structure, improved antifouling
properties were obtained, resulting in reduced flux decline and high rejections
through Chemical Oxygen Demand (COD) and total phenols in the olive oil
wastewater;

– API purification, employing PI-based membranes incorporating anorganic–
inorganic hybrid network (3-aminopropyl trimethoxysilane

– APTMS as crosslinking agent and organosilicone precursor). A review of organic
solvent membrane application in the pharmaceutical industry for solvent recov-
ery and API purification is given in [34] including peptide and oligonucleotide
production, removal of excess reagents and removal of APIs from organic
solvents.

9.1.2 Concentration and purification of bioactive compounds from natural extracts

An area of special interest to this chapter is the application of membrane
separations in organic solvents coupled with solid–liquid extraction for
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production of high-value products from natural plant extracts [35]. The latter are
multicomponent with complex chemical structure of the individual compounds
depending on the number of aromatic rings, hydroxyl, carboxylic groups, etc.,
and are characterized by a large molecular weight (MW) distribution and differ-
ent molecular polarity. Examples are the phenolic compounds and their numer-
ous non-flavonoid and flavonoid representatives, whose MW typically ranges
between 100 and over 600Da. Additional intermolecular solute or solute–solvent
interactions can result in bigger molecular structures, which determine the wider
use of ultrafiltration and nanofiltration membranes. Examples for such applica-
tions and analysis of the separation behaviour depending on the pore sizes of
the membrane are reviewed in [36] in order to distinguish the effects of mole-
cular sieving mechanism, polarity and solute–solvent interactions. The authors
discuss the possibilities to achieve better flexibility of the membrane or mem-
brane sequence (UF-NF) for particular separations taking into account the bio-
logical activity, for instance the removal of “heavier” phenolic classes without
affecting the overall antioxidant properties of the permeate. Examples are given
concerning successful UF separations of low and high MW: anthocyanins from
winery sludge extract; proanthocyanidins from grape seeds extract; pectin
from phenols in olive mill wastewater; hydroxycinnamic acids and flavanones
from blood orange juice etc. [36].

The multicomponent character and unique bioactive properties of the natural
extracts from different plants, sometimes with large MW distribution profile and very
different solubility, make them a challenge for membrane separation on a molecular
level exploring the potential of organic solvent nanofiltration (OSN).

Table 9.1 summarizes recently reported investigations, representative for the
application of polymeric membranes in separating/concentrating biologically
active compounds from natural extracts. The interest in combining membrane
filtration with solid-phase extraction is to improve the amount of BACs extracted
from plant materials provided that membranes with high rejections and reason-
able permeate fluxes are selected. By concentrating the extracts new potential
applications areas are offered for these natural extracts as preservatives and
functional ingredients for food, cosmetic, nutraceutical and medical uses.
Examples are the concentrated through NF rosemary extract [37]; the almost
100% retention of anthocyanins in roselle extract using a sequence of UF and
NF membranes [38]; the concentration of water–ethanolic extracts from propolis
with over 95% rejections towards flavones, flavonols, flavanones, dihydroflavo-
nols as well as total phenolic substances [39–41]. On the other hand, the
possibility for fractionating the extracts, thus obtaining fractions enriched in
target BACs, is another promising perspective, though it is more difficult for
realization. The reason is the complex mechanism involved in pressure-driven
membrane separations on a molecular level, where the molecular sieving
mechanism is not enough to explain the permeance of the solutes, but also
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component solubility, as well as membrane hydrophobicity, polarity resistance
and solute–solvent interactions have to be taken into account. An example
could be the phenolic compounds as solute and the hydroethanolic solvent
interacting with the nonpolar and polar sides within their molecules [36]
which leads to improved solubility and preservation of the antioxidant proper-
ties of the latter. Positive examples for fractionation of BACs from multicompo-
nent solutions originating from natural sources are also reported in the
literature using membranes with different molecular weight cut-off (MWCO)
[12, 42–45].

9.1.3 Recovery of extraction solvents

Successful concentration of the solutes supposes high membrane rejections and
possibility for recovery and direct solvent reuse. In this case, membrane separa-
tion replaces fully or to some extent distillation/evaporation processes, showing
improved environmental, safety and economical aspects. Applications of solvent
recovery by OSN are reported in the pharmaceutical and the oil industry [46].
Examples are the commercial polymeric OSN membranes (Starmem 122 and
Duramem 150), successfully tested for treating pharmaceutical/solvent mixtures
[1]; separation of oil from different solvents [2]; solvent recovery from ethanolic
extract of rosemary, lemon balm [37, 47] (Duramem 200) and Sideritis
(Duramem 300) [48–50] where the reuse of the permeate as solvent proved
equal and even better extraction capability and considerably reduced the
required solvent volume. This solvent recovery as compared to the traditional
distillation process has also the advantage of being a greener alternative for
separation of solvents, requesting mild conditions and providing reduced
volumes of toxic solvent effluents to the environment and lower energy con-
sumption (the effect being stronger for solvents with higher boiling point).
Further development of tighter membranes for removal of small solutes by
OSN is pointed out as important in view of solvent purification in fine chemistry
processing, in order to explore the potential of OSN as sustainable and compe-
titive to other purification technologies [46].

The use of natural and renewable sources of BACs combined with membrane
separation techniques that can be viewed as environmentally friendly makes the
whole process to be classified as a green one. In the scope of a green technology
also, the production of the polymer membranes has to be taken into account.
The latter has been in the focus of recent publications of leading groups in the
field of membrane technology and especially in organic media applications –
the OSN separation process [46–52]. The idea is to reduce the discharge of
hazardous chemicals as waste by replacing toxic solvents with environmentally
friendly ones without worsening the membrane performance. Investigations are
made with solvent-resistant PI membranes [51] as well as polyether ether ketone
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(PEEK) membranes [52] and performed on bench and industrial scales.
Concerning the membrane performance, the authors pointed out the need of
research and optimization work in scaling-up.
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10 Polymers application in proton exchange
membranes for fuel cells (PEMFCs)

Abstract: This review presents the most important research on alternative polymer
membranes with ionic groups attached, provides examples of materials with a well-
defined chemical structure that are described in the literature. Furthermore, it ela-
borates on the synthetic methods used for preparing PEMs, the current status of fuel
cell technology and its application. It also briefly discusses the development of the
PEMFC market.

Keywords: proton exchange membrane, proton exchange membrane fuel cells,
polymer electrolyte membrane, direct methanol fuel cell, fuel cells, Nafion

10.1 Introduction

Energy development, including energy production, distribution and consumption, is
vital to any country that aims at constant progress. Given the steadily growing
demand for energy and constantly dwindling resources of such fossil fuels as coal,
oil and gas, more and more attention is earned by modern solutions that lead to
stabilization of the energy market and reduce emissions, such as is the case with fuel
cells (FCs).

Fuel cell technologies have been rapidly growing lately because many scientists
find it a promising and efficient power generation alternative. Recently, proton
exchange membrane fuel cells or polymer electrolyte membrane fuel cells (jointly
abbreviated as PEMFCs) have progressed particularly dynamically. Many research
groups seek to develop proton exchange membranes that will give high proton
conductivity, low electronic conductivity, low fuel permeability, a low electro-
osmotic drag coefficient, good chemical and thermal stability, favourablemechanical
properties, sufficient durability, and a competitive cost of manufacture. Polymer
membranes are the “heart” of PEM fuel cells, and therefore, chemists investigate
new strategies for synthesizing materials that would be suitable for their production.
There is no reason to believe that the polymeric membrane revolution will end any
time soon. In this review, we elaborate on the synthesis of membranes and describe
the different types of polymer systems for PEMFC technology.
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10.2 Historical background

Despite their modern character, fuel cells have actually been known for more than
150 years [1] (Figure 10.1). The history of fuel cells goes back to the early nineteenth
century, when Humphry Davy, a British chemist and physicist, first described in 1801
the concept of a fuel cell. Then, in 1838, “The Philosophical Magazine” published a
pioneering paper by Christian Friedrich Schönbein, a German-Swiss chemist,
describing the electrochemical reaction between hydrogen and oxygen. In 1842,
these previous achievements encouraged William Grove, a British lawyer and ama-
teur scientist, to design the first fuel cell that used hydrogen and oxygen to produce
electricity [2]. The device was called a “gas voltaic battery” – now often termed as the
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Figure 10.1: History of fuel cells [5–18].
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“Grove battery”. It consisted of several cells containing platinum electrodes placed in
two small upturned vessels, one filled with hydrogen, the other with oxygen, both
immersed in a bath with diluted sulphuric acid as the electrolyte. Problems with the
corroding electrodes and instability of the materials, however, rendered Grove’s fuel
cell an impractical solution. The term “fuel cell” itself was first used in 1889 by
Charles Langer and Ludwig Mond who attempted to build a fuel cell by using air
and industrial coal gas. Development of the internal combustion engine pushed the
fuel cell technology out of focus for over half a century. Extensive research was
resumed in the 1930s, when Francis Bacon, a British chemical engineer, successfully
revisited the concept of the fuel cell through a design by Langer andMond. Already in
1932, Bacon developed a prototype alkaline fuel cell (AFC). He introduced nickel
gauze electrodes and used molten potassium hydroxide as the electrolyte, replacing
the sulphuric acid [3]. Over almost thirty years Bacon improved the design and
presented in 1959 a first practical and operational alkaline fuel cell that could
generate 5 kW of energy. The same year another team, working for Allis-Chalmers,
built a tractor powered by alkaline fuel cells (AFCs). The machine was widely
exhibited across the United States. Meanwhile, Willard Thomas Grubb and Lee
Niedrach, working for General Electric, developed an alternative fuel cell technology:
proton exchange membrane fuel cells (PEMFCs). The evolution of PEMs for fuel cell
applications began in 1955, when GE developed a new fuel cell type based on partially
sulphonated polystyrene sulphonic acidmembranes. PEMFCswere even employed in
the Gemini V space mission. Nonetheless, the Apollo Programme and subsequent
space missions of Apollo-Soyuz, Skylab and Space Shuttle used Bacon-designed
alkaline fuel cells.

In 1966, General Motors applied the fuel cell technology in ground transporta-
tion: the company manufactured the Electrovan, a concept car powered by hydrogen
fuel cells. In the late 1960s, DuPont developed the first membrane based on poly-
tetrafluoroethylene and perfluorovinyl ether, known under the tradename Nafion®.
More and more companies initiated extensive research programmes aimed at elim-
inating the obstacles to commercial use of the fuel cell technology. The 1970s were
the decade of growing environmental awareness of governments, companies and
individuals. The oil crisis combined with the oil embargoes imposed by the
Organization of the Petroleum Exporting Countries (OPEC) that began in 1973 refo-
cused all the industrialized countries’ research efforts on the development of alter-
native methods of energy production. The world sought ways to reduce dependence
on petroleum imports. In the 1980s, the United States Navy commissioned studies
into the use of FCs in submarines, where their highly efficient, zero-emission, near-
silent running offered considerable operational advantages. After some years, in the
1990s, the attention turned to fuel cell technology being used in small stationary
applications. The governments of Germany, Japan and the UK offered dedicated
funding for the development of new technologies suitable for residential micro-
combined heat and power (micro-CHP) purposes. Fuel cells underwent meaningful
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developments and enhancements, leading to the modernization of various cell types
such as a solid oxide fuel cell (SOFC), molten carbonate fuel cell (MCFC) or direct
methanol fuel cell (DMFC). The previous decade was characterized by increasing
concerns over energy efficiency, energy security and carbon dioxide emissions. In the
2000s, funding for fuel cell research increased remarkably and scientists focused on
cost reduction and improving the operational performance to make fuel cells com-
petitive with regard to conventional energy technology. State funding from the
European Union, Canada, Japan, South Korea, and the United States had been
targeted at fuel cell demonstration and deployment projects, primarily for stationary
and transport fuel cells, and the related fuelling infrastructure. In the mid-2000s,
buses became a promising application for fuel cells due to the combination of high
efficiency, zero-emissions and ease of refuelling. In 2005, Intelligent Energy pro-
duced the first ENV (Emissions Neutral Vehicle): a motorcycle prototype completely
designed for power fuel cells. The company successfully overcame the miniaturiza-
tion barriers by employing direct methanol fuel cells (DMFCs) as a power source in
portable electronic equipment, for example, portable computers, laptops, or mobile
phones. From 2006 to 2009, dozens of fuel cell buses were distributed in the regular
public transport service in Europe, China and Australia as a part of the HyFLEET/
CUTE project. Finally, the fuel cell technology found an application in a number of
vehicle types – cars, vans, buses, forklifts, bikes, scooters, submarines, ferries,
electric boats and aircraft. Since 2014, the Toyota Mirai, the first fuel cell car, has
been introduced for commercial lease and sale in limited quantities. Mirai in
Japanese means “the future”. The car has started a new chapter in the automotive
history. In addition, Mercedes, Ford, Mitsubishi, Honda, GM and many other com-
panies have organized exhibitions with concept cars [4].

10.3 Fuel cells

A fuel cell is an energy conversion device that transforms the chemical energy of the
reaction that takes place within it directly into electrical energy with the by-products
of heat and water [19]. The fuel cell consists of two electrodes: an anode and a
cathode that sandwich an electrolyte. Generally, all fuel cell technologies consume
hydrogen and oxygen. The hydrogen gas from a fossil fuel and oxygen gas from the
air are fed continuously to the anode and cathode, respectively. At the anode, the
hydrogen fuel reacts with a catalyst, creating positively charged protons (H+) and
negatively charged electrons (e−). The electrolyte membrane allows only the positive
ions to flow from the anode to the cathode side and acts as an insulator for elec-
trons [3]. These electrons want to recombine on the other side of the membrane to
obtain a stable system, so the freed electrons pass through an external electrical
circuit and travel to the cathode, while the protons are delivered via the electrolyte.
This exchange releases electrical energy. Simultaneously, on the cathode side, as a
result of the reaction between the oxygen, electrons from the electrode and protons
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from the electrolyte, water forms [20]. The structure of a simplified fuel cell is shown
in Figure 10.2.

Individual fuel cells can be collected into a unit and connected to each other in
series, resulting in a “stack” of cells. The output of the stack can be adjusted by
changing the number of individual cells.

Fuel cells are classified, generally, according to the choice of electrolyte and fuel.
So far, there have been six major groups of fuel cells, summarized in Table X [20].
There are also other groups of fuel cells which are less popular but which may find
specific application in the future such as air-depolarized cells, sodium amalgam
cells, biochemical fuel cells, inorganic redox cells, regenerative cells and alkali
metal-halogen cells [2]. Based on the literature surveys, the main advantages, dis-
advantages and suitability for specific applications are briefly presented in forth-
coming sections of the review [19, 21–27].

10.3.1 Alkaline fuel cells (AFCs)

Alkaline fuel cells are the oldest fuel cell system. AFCs generate electricity by using
an aqueous solution of potassium or sodium hydroxide as the electrolyte [3]. At the
anode, hydrogen gas combines with negative charged hydroxyl ions to release water
molecules and electrons. These electrons reach the cathode through an external
electrical circuit and combine with oxygen and water to form negatively charged
OH− ions that may transfer to the anode through the electrolyte. AFCs generally
perform in temperatures between 60 and 200 °C. Two main advantages of AFCs
include their quick start and high power density – about 1 kW m−3. The major

electrical circuit
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ion

e- e-

e-e

unused fuel

fuel in air in

2 H2 → 4 H+ + 4 e-

2 H2  + O2 → 2 H2O
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water and heat
out

anode electrolyte

H2O
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Anode reaction:
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Figure 10.2: Fuel cell operation diagram.
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disadvantage is their sensitivity to carbon dioxide that converts KOH into potassium
carbonate. The resultant salt may precipitate on the pores of the electrodes and
eventually block them. Moreover, carbonate formation depletes hydroxyl ions from
the electrolyte, which reduces the electrolyte conductivity and consequently the
cell’s performance [3]. Therefore, AFCs typically require the use of pure oxygen or
at least purified air, which considerably increases the cell operating costs. Thus, the
alkaline fuel cells are rarely used for commercial purposes, though they are employed
in other transportation services.

10.3.2 Phosphoric acid fuel cells (PAFCs)

Phosphoric acid fuel cells are a type of cells that use relatively stable, concentrated
liquid phosphoric acid as their electrolyte. Since the ionic conductivity of H3PO4 is
low at low temperatures, PAFCs operating range is about 150–250 °C. The hydrogen
oxidized at the anode splits into protons and electrons. The electrons pass through
the external electrical circuit, whereas the protons are transferred through the
electrolyte. On the cathode side, the redox reaction between positive hydrogen
ions, electrons and oxygen gas results in water formation [3].

Unlike AFCs, PAFCs are able to work on hydrogen contaminated with CO2.
However, the presence of CO significantly affects the performance of the cells due
to poisoning of the platinum electrode catalyst. Carbon monoxide absorption is
reported to arise from the dual site replacement of one H2 molecule by two CO
molecules on the platinum’s surface [28]. The sulphur containing compounds can
also reduce the effectiveness of PAFCs in result of sulphur adsorption on the electro-
de’s surface [29]. The main advantage of phosphoric fuel cells is their capacity to
generate and separate electricity and useful heat at the same time. The process of
combined heat and power (CHP) production is termed as cogeneration. The waste
heat captured from the cells can be easily used in most commercial and industrial
applications. The drawback of PAFC is its high cost of manufacture due to the need
for properly dispersed platinum catalyst coating electrodes [30].

10.3.3 Solid oxide fuel cells (SOFCs)

Solid oxide fuel cells (also called ceramic fuel cells) are characterized by a solid
ceramic electrolyte, which is metallic oxide. Dense yttria stabilized zirconia (YSZ), a
crystal structure of zirconium dioxide (ZrO2) with the addition of yttrium oxide (Y2O3),
is themost commonly used electrolyte for SOFCs due to its high chemical and thermal
stability and good ionic conductivity. The ceramic fuel cells can produce electricity in
the range of 600–1000 °C. At the cathode, the oxygen is reduced to oxygen ions O2−.
The oxygen ions diffuse into the electrolyte material and migrate to the anode, where
they react with the fuel, generally hydrogen and carbon monoxide, producing water
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and carbon dioxide, as well as heat and electricity [19]. The main advantage of SOFCs
is their high operating efficiency of 50–60%. Furthermore, the waste heat can be
recycled to make additional electricity by cogeneration, and hence, CHP operation
increases the fuel efficiency by up to 80%. The SOFC systems have demonstrated
minimal air pollutant emissions and low greenhouse gas emissions, but some draw-
backs, such as their high cost, very long start-up and cooling-down times, as well as
sensitivity to sulphur and other contaminants, significantly limit their use. SOFCs are
mainly used for medium and large stationary power applications (ranging to 250 kW
capacity) [30].

10.3.4 Molten carbonate fuel cells (MCFCs)

Molten carbonate fuel cells are high temperature cells operating at approximately
600–700 °C. MCFCs use a combination of molten alkali carbonates (lithium or
sodium), suspended in a porous, chemically inert ceramic matrix of beta-alumina
solid electrolyte (BASE), which is an isomorphic form of aluminium oxide complexed
with a mobile ion such as Na+, K+ or Li+ [31]. At the anode, hydrogen gas reacts with
the oxidizing agent, namely CO3

2− from the electrolyte. The anode reaction products
are water and carbon dioxide, while electrons released to the external circuit are
transferred to the cathode, where a reduction reaction of the oxygen and carbon
dioxide occurs. As the result of the cathode reaction, carbonate ions are formed and
released to the electrolyte.

The major advantages of MCFCs include their high efficiency of 50–60%, suit-
ability of cheap nickel electrodes for providing sufficient activity, and more efficient
than other fuel cells operability with CO containing bio-fuel derived gases [32]. Their
main drawback is the corrosive andmobile electrolyte requiring the use of nickel and
high-grade stainless steel for the cells’ hardware. Furthermore, the higher operating
temperatures promote material problems, impacting the mechanical stability of the
fuel cell. The MCFCs have found various stationary and marine applications, where
their large size and weight, combined with their long start-up time, matter less.

10.3.5 Direct methanol fuel cells (DMFCs)

Direct methanol fuel cell technology is relatively new when compared to other fuel
cell types. Like the PEM fuel cell, the DMFC uses a polymer electrolytemembrane. The
system is fuelled with methanol. At the anode, the methanol undergoes an oxidation
reaction with water, releasing carbon dioxide, protons and electrons. The protons are
transported from the anode through the membrane to the cathode, where they react
with oxygen and electrons to form clean water. Water consumed at the anode is
reproduced at the cathode. Due to their low efficiency, DMFCs are targeted at portable
electronic applications such as cameras or notebook computers, where energy and
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power density are more important than efficiency, mainly for the capacity range from
1W to 1kW. One of the major advantages is that the anode electrode, made of
platinum and ruthenium particles, draws the hydrogen gas from the methanol,
thereby reducing the overall cost due to the absence of the reformer [3, 33].

10.3.6 Proton exchange membrane fuel cells (PEMFCs)

The proton exchange membrane fuel cell (also termed the “polymer electrolyte
membrane fuel cell”) utilizes a solid polymer membrane as the electrolyte. The
PEMFCs have received increasing worldwide attention due to their potential of
reducing our energy use, pollutant emission, and dependence on fossil fuels [34].
In PEMFCs, the hydrogen gas is oxidized to form proton ions and eject electrons at the
anode. The positive ions pass through the electrolyte membrane, while electrons are
forced to flow to the electrical circuit and generate the electricity. In the next step,
they flow to the cathode and react with oxygen and H+ to form clean water.

The “heart” of a single electrolyte fuel cell is the membrane electrode assembly
(MEA). It consists of a proton exchange membrane (PEM) and two gas diffusion
electrodes (GDE), formed by two catalyst layers (CL) and two porous gas diffusion
layers (GDL) [35].

For a properly operating fuel cell, an effective membrane electrode assembly is
needed. The MEA plays a crucial role in three transport processes: (i) the transport of
protons from the PEM to the CL, (ii) the transport of electrons from the current
collector to the CL through the GDL and (iii) the transport of the reactant and product
gases to and from the CL and the gas channels [36].

The proton exchange membranes (PEM) are the main subject of this review, as
described in the next section. In the gas diffusion electrode (GDE), the important
component is the catalyst layer. CT is in direct contact with themembrane and the gas
diffusion layer. It is also termed the “active layer”, because it impacts the efficient
oxidation of the hydrogen gas. In both the anode and the cathode, the CL is the place
of the half-cell reaction in the PEMFC. The layer with the catalyst is where the
protons, electrons and gases, so-called three phases, are found (Figure 10.3) [37].
Platinum or platinum alloys are commonmaterials used to produce the catalyst layer.
Nowadays, due to the rapid development of the novel sputtering methods, it is
possible to reduce the consumption of the noble metal [38–40].

The second component of the gas diffusion electrode is the gas diffusion
layer [41]. The porous layer ensures: (i) an effective diffusion pathway of gases
to the catalyst, (ii) the removal of the by-produced water outside of the catalyst
layer and the prevention of flood, (iii) the storage of water on the surface for
conductivity through the membrane, (iv) transfer of the heat during the cell’s
operation, (v) sufficient mechanical strength to prevent the membrane electrode
assembly expansion in result of water absorption [42]. Typically, the gas
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diffusion layers are made of porous carbon paper, or carbon cloth, with a
thickness in the range of 100–300 µm [36].

The MEA is typically sandwiched with two bipolar plates (BPs) with a current
collector and gas channels [36]. The diagram of a single typical proton exchange fuel
cell is shown in Figure 10.4.

The BPs are responsible for the following functions (i) to distribute the fuel and
oxidant within the cell, (ii) to facilitate water management within the cell, (iii) to
separate individual cells in the fuel stack, (iv) to carry the current away from the cell
and (v) to facilitate heat management. The most commonly used BP material is
natural or synthetic graphite due to its excellent chemical stability [43].

Proton exchange fuel cells are light weight compact systems, suitable for dis-
continuous operation at temperatures between 50 °C to 100 °C and above 100 °C to
200 °C for low temperature (LT-PEMFCs) [44] and high temperature (HT-PEMFCs)
units [45], respectively. The LT-PEMFC performance is superior to the HT-PEMFC, but
only under pure hydrogen conditions [46]. When using hydrogen gas directly from
the fuel processor, that is, without any prior purification, poisoning of the catalyst
through CO adsorption occurs [47]. Moreover, the low temperature PEMFCs pose
serious water management challenges, whereas the high temperature of PEMFCs can
operate at dry conditions, and no humidifiers are needed [48].
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Figure 10.3: Transport of gases, protons and electrons in PEMFCs.
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Comparison of PEMFCs with the other fuel cell technologies shows that the
important advantages of the proton exchange fuel cells are their highest power
density, longer lifetime, potentially faster start-up (measured in seconds) and
cheaper manufacturing costs (Table 10.1). From the efficiency point of view, the
higher working temperature ensures higher efficiency due to the higher reaction
rate. What is equally important, the working temperature above 100 °C may cause a
decrease in the conductivity of LT-PEMFC induced by vaporizing the water, which
plays a vital role in proton transportation in low temperature PEM fuel cells. In this
case, better efficiency can be achieved when heat released from the fuel cell is reused
in a cogeneration system [49, 50].

Various features make the PEMFCs one of the most promising and attractive
technologies for a wide variety of power applications ranging from automotive,
through stationary to portable power systems. There are hundreds of companies
involved in various aspects of the fuel cell industry, for example, Ballard Power
System, United Technologies Corporation, Nuvera, General Electric FCS, Plug Power,
Intelligent Energy, Novars, Smart Fuel Cell, Toshiba, Sanyo, and Hydrogenics.
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Figure 10.4: Schematic diagram of a proton exchange membrane fuel cell.
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Moreover, a vast range of electronics companies (e.g. Nippon Telegraph, Telephone,
Sanyo, Samsung and IBM) and automobile manufactures (e.g. Chrysler, Ford,
Renault, Toyota, Nissan, General Motors, BMW, MAN, Hyundai) have presented
various applications and prototype vehicles that use PEMFCs [51–57]. Although
PEMFCs have been demonstrated in buses, cars, motorcycles and portable power
units, there are still many unresolved commercialization issues, especially the man-
ufacturing cost. Nevertheless, PEMFCs are expected to be fully commercialized in the
next ten or fifteen years [51].

10.4 Proton exchange membranes for fuel cells

Proton exchange membranes (PEMs) are essential components of membrane elec-
trode assemblies (MEA). A PEM is, generally, a semipermeable membrane made from
an ionomeric polymer. Fundamental functions of such proton exchange mem-
branes are as follows: (i) the transport of protons, (ii) the separation of reactants
and (iii) electric insulation between the anode and cathode [22]. Common themes
critical to all high-performance proton exchange membranes include (i) high ionic
conductivity, (ii) low permeability to fuel and oxidants, (iii) a low electro-osmotic
drag coefficient, (iv) oxidative, hydrolytic and thermal stability, (v) adequate
mechanical properties, allowing to obtain as thin as possible membrane (thickness
approximately 10–250 μm), (vi) long lifetime, (vii) low cost and (viii) the capability
of fabrication into membrane electrode assemblies (MEAs) [60, 61]. The publication
list as shown in Figure 10.5 undoubtedly proves that the polymer electrolyte
membranes for fuel cells are objects of intent interest. Recently, the number of
publications about PEMs has clearly risen, indicating that the development of
polymer membranes is a very active and popular field.

In this section, we will focus on the presentation of the seven main types of
materials used in preparing proton exchange membranes. The division is based on
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Figure 10.5: The number of publications found in three scientific databases (Scopus, Science Direct,
and Web of Science). The search keywords were “proton exchange membrane” and “proton
exchange membranes” in all fields.
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the differences in the polymer chain structure and the presence of various functional
groups. These are: poly(perfluorosulphonic acid) membranes, partially fluorinated
and non-fluorinated polystyrene-based membranes, polybenzimidazole/H3PO4

membranes, polyphosphazenemembranes, sulphonated polyimide membranes, sul-
phonated poly(arylene ether ketone)-based membranes and natural polymer- and
bio-inspired-based membranes. Details of their properties and possible approaches
to the synthesis are described in the following sections.

10.4.1 Poly(perfluorosulphonic acid) membranes

Currently, the most commercially applied proton exchange membranes are based on
the poly(perfluorosulphonic acids) (PFSAs), also termed as perfluorosulphonic acid
ionomers (PFSIs). In the late 1960s, DuPont developed and patented one of the most
popular materials, the first from the PFSIs group [62]. The company registered it
under the trade name Nafion®. Up to now, Nafion® and its derivatives have been
standard materials for polymeric electrolyte fuel cells [63, 64]. Figure 10.6 shows the
chemical structures of representative PFSIs [64].

Alternative polymer membranes are almost invariably compared to Nafion®.
Generally, such ionomers are free radical initiated amphiphilic copolymers, consist-
ing of hydrophobic polytetrafluoroethylene (PTFE) backbones and regular spaced
long perfluorovinyl ether pedant side chains terminated by a hydrophilic sulphonate
ionic group. Table 10.2 summarizes the most popular available Nafion® membrane
types provided by DuPont.

Other world-class manufacturers have also been involved in the production of
Nafion®-like structured perfluorosulphonic acid ionomers, for example, Asahi
Chemical Industry (Aciplex®1b) or Asahi Glass (Flemion®1c), Dow Chemical
Company (Dow®1d) or 3M Company (3M®1e). However, Dow® and 3M® membranes
had structures with side chains reduced to tetrafluoroethylenoxysulphonic acid

CF2 CFn m

OCF2CF CF2

n = 5-13.5, m = 1000, x = 1, z = 2 for Nafion® 117 membrane
x = 0, 1, z = 1-5 for Flemion® membrane
n = 1.5-14, x = 0,3, z = 2-5 for Aciplex® membrane
n = 3.6-10, x = 0, z = 2 for Dow® membrane
n = 3-6, x = 0, z = 3 for 3M® membrane

CF3

1a-e

1a
1b
1c
1d
1e

SO3HOx z

CF2 CF2

Figure 10.6: Chemical structures of poly(perfluorosulphonic acids).
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(–OCF2CF2SO3H) and hexafluoropropylenoxysulphonic acid (–OCF2CF2SO3H) func-
tions, respectively [67, 68]. Moreover, in China, the Shanghai Institute of Organic
Chemistry has developed its own perfluorosulphonated ionomer membranes used in
fuel cells (Shanghai®) [69]. Similarly to Nafion®, all of these perfluorinated sulphonic
acid membranes suffer from shortcomings such as low proton conductivity at low
hydration and relatively low mechanical strength at elevated temperatures.
Moreover, the high cost of production has limited their use. However, Solvay-
Solexis has presented a cheaper membrane named Hyflon-Ion H® [70].

Up to now, the perfluorinated sulphonic acid membranes (e.g. Nafion® mem-
brane) have been the most advanced membrane for use in practical fuel cell systems
due to their high cell performance and long lifetime over 60 000h at 80 °C. All of
these polyperfluorosulphonic acid membranes are stabile in oxidative and reductive
environments. The polymer chain structure provides very good chemical and thermal
stability and also enables production of suitable thin membranes, while the nega-
tively charged SO3

− groups are very appropriate for ion exchange, because sulpho-
nate groups allow for the passage of cations and reject anions due to the occurrence
of electrostatic interactions [71, 72].

The water sorption behaviour in PFSI membranes is very important since they
can conduct protons only in the humid conditions. With increasing water content,
Nafion®-like membrane constituents are characteristically separated into hydropho-
bic PTFE-region and hydrophilic ionic clusters which contain water, solvated SO3

–

heads and counterions (mainly H+ but depending on pre-treatment also some Na+ or
K+). Water-filled clusters are connected by short and narrow nanochannels that form
a random cluster network embedded in the surrounding, sponge-like hydrophobic
fluorocarbon backbones [73]. The level of hydration is a critical parameter in Nafion®-
type membranes, since at temperatures above 100 °C, the water evaporates and these
materials significantly decrease in performance [72]. Furthermore, during the

Table 10.2: Thickness and basis weight property measurements taken withmembrane conditioned to
23 °C, 50% RH [65, 66].

Nafion® membrane type Typical thickness [µm] Basis weight [g m−2] EWa [g]

NR111 25.4 50 1100
NR112 50.8 100 1100
N112 50.8 100 1100
NE1135 88.9 190 1100
N1035 88.9 175 1000
N115 127.0 250 1100
N105 127.0 n.a. 1000
N117 177.8 360 1100
N1110 254.0 500 1100

aNote: equivalent weight, mass of dry ionized polymer (g) in the protonic acid form that would neutralize one
equivalent of base.
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production process, strongly toxic and environment-unfriendly intermediates can be
formed. One of the main shortcomings of Nafion® series PEMs is their high price due
to expensive fluoroorganic compound having to be employed in their synthesis (cost
of membrane amounting even to US$ 2500 per square meter for Nafion® N1110 [74]).

10.4.1.1 The proton conduction mechanism in perfluorosulphonic acid ionomers
(PFSIs)

Proton conduction is a crucial feature for proton exchange membrane fuel cells to
assure high current density. At the molecular level, the proton transfer in hydrated
conditions can be described through two principal mechanisms: the proton hopping
of the generally named Grotthuss mechanism or a diffusion mechanism.

In the proton hopping mechanism, the protons jump from one hydrolysed ionic
site (SO3

− H3O
+) to another across the membrane. The proton formed in the oxidation

reaction of hydrogen gas at the anode adheres to water molecules and forms provi-
sional hydronium ions. Subsequently, one different proton from the same hydronium
ion hops onto the other water molecule. In this mechanism, an ionic region forms
specific hydrophilic clusters which swell in the presence of water. As a result, the
percolation mechanism for protons can occur [64, 75].

In vehicular mechanisms, the hydrated proton (hydronium ion) diffuses through
an aqueous medium in response to an electrochemical difference. The protons attach
themselves to a vehicle such as water and diffuse through the medium. In other
words, the protons treat the water as a carrier. The rate of such transport depends on
the existence of the free volumeswithin the polymeric chains, as well as on the rate of
vehicular diffusion [76]. Moreover, water plays an important role in the proton
conductivity by impacting the formation, size, connectivity and strength of the
ionic pathways and clusters in the PEMs [75]. When the cluster sizes increase in
aqueous conditions, the proton conductivity also increases along with the
humidity [59].

The important parameter in the case of membranes based on sulphonated per-
fluoropolymers, which describes the hydration extent of the proton exchange, is the
total number of exchangeable sites for the protons. The parameter indicates the
overall proton activity, thus defining the total number of water molecules coordi-
nated per sulphonate group (denoted λ). The hydration extent can be described at a
few levels. At the beginning (λ<2), only small water clusters are observed and
Nafion®-based membranes behave like insulators. If λ reaches 2, the percolation
threshold of the proton conductivity occurs and the water molecules bond with
sulphonate groups on the inner side of the channels and clusters forming specific
solvation shells. When the conditions become more humid (λ from 2 to 5), the water
clusters and channels become bigger and broader, respectively. With this extent of
hydration, some of the water molecules exist in a free form; however, they are strictly
limited due to the coordination of hydronium ions by sulphonate groups caused by
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electrostatic interaction. Subsequently, with more water content (λ between 5 and 7),
structural reorganization is observed. The swelling clusters and expanded channels
become a partially interconnected network. The continuous path for the conduction
of protons begins to be expanded. Furthermore, the existence of free water in the
membrane increases, and therefore, an increase in proton conductivity is also
noticed. Lastly, the maximum hydration extent is observed, and the distance
between SO3

− groups becomes larger. The Nafion®-like membrane swells, and a
well-developed proton transfer network with markedly increased free water content
is obtained, as illustrated in Figure 10.7 [23, 77–80].

10.4.2 Partially fluorinated and non-fluorinated polystyrene-based membranes

Chemical synthesis of poly(perfluorosulphonic acid) membranes is challenging due
to the safety concerns of the tetrafluoroethylene (TFE) and their high cost combined
with the limited availability of perfluorovinylethers. One alternative to the PFSA
membranes is the use of styrene or its partially fluorinated derivatives to prepare
PEMs. Polystyrene-sulphonic acid (PSSA) membranes are the oldest commercial
polymer materials and their evolution began in 1955, when General Electric tested
the first polystyrene membranes for PEMFCs [81–83]. Polystyrene-sulphonic acid
(PSSA) membranes were used to produce the operational PEM fuel cells that were
first ever employed in one of the Gemini programme space flights organized by NASA.
The system, however, exhibited low power density, a short lifetime and low mechan-
ical strength. In the practical FC operating conditions, under chemical attack by free
radicals, local depolymerization of the polystyrene backbone occurred, resulting in
interrupted regularity in the structure, and thus rapid degradation of the membrane
material [84]. Reactive intermediates, mainly hydroxyl radicals (OH•) formed during
electrochemical conversion in PEMFC, can react with PSSA via abstraction of the

ionic channel
ion-rich domainion-poor domain

λ = 0 λ < 2 λ = 14 λ = 22

Increasing water content or ion content

Figure 10.7: Evolution of the membrane structure as a function of water content, λ (moles of water per
mole of sulphonic acid sites). The pictures are cross-sectional representations of the membrane,
where the white area is the fluorocarbon matrix, the black is the polymer side chain, the grey is the
liquid water, and the dotted line is a collapsed channel.
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labile tertiary α-protons of the polymeric chain 2 leading to the formation of a benzyl
radical 3 (Figure 10.8, reactionA) and follow-up chain scission and polymer degrada-
tion [85]. However, OH• may add very rapidly to the ortho position of the aromatic
rings, producing the isomeric hydroxycyclohexadienyl radicals 4 (Figure 10.8, reac-
tion B). The resulting OH-adduct‡4may subsequently form additional highly reactive
radicals [86–88].

Despite the fact that PSSA membranes are relatively inexpensive, the conductiv-
ity loss occurring during degradation caused that the emergence of Nafion® in the
late 1960s reduced interest in the development of polystyrene-basedmembranes. The
call for alternative materials, however, has reinstated the interest in polystyrene-
sulphonic acid membranes for FC application. Relatively stable materials were devel-
oped by using styrenic monomers that possess substituents other than a labile proton
at the α-position to the aromatic ring [89]. The preparation of α-methylstyrene-based
membranes (PMSSAs) and the study of the effect of tertiary hydrogens on their
stability in oxidatively aggressive environments by comparison with styrene-based
membranes (PSSAs) were first reported by Assink et al. The PMSSAs exhibited
higher energy efficiencies and stronger resistance to oxidative degradation condi-
tions [90, 91].

Another strategy involving the introduction of fluorine substituents allowed for
the production of various phosphonated or sulphonated poly(α,β,β-trifluorostyrene)
membranes. The α,β,β-trifluorostyrene (TFS) monomer synthesis was first reported in
1949 by Cohen et al. [92]. A few years later, the TFS monomer was successfully

H H

α-proton abstraction position

SO3H

SO3HSO3H

H

n

3 4

radicals scavenger position

A B
+ HO + HO

OH
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Figure 10.8: The main degradation reactions occur in polystyrene membranes.
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homopolymerized under radical conditions [93]. The first sulphonated poly(α,β,β-
trifluorostyrene) with an applicability to fuel cells was presented by Hodgdon [94].
Moreover, Ballard Advanced Materials Corporation developed sulphonated α,β,β-
trifluorostyrene membranes under the trade name BAM1G and BAM2G (Ballard
Advanced Materials 1st and 2nd Generation, respectively). The durability of these
ionomeric polymers was limited to approximately 500h under practical fuel cell
operating conditions [71]. Based on previous achievements, Ballard provided a series
of sulphonated copolymers of α,β,β-trifluorostyrene with selected α,β,β-trifluorostyr-
ene analogues such as m-trifluoromethyl-α,β,β-trifluorostyrene, p-sulphonyl
fluoride-α,β,β-trifluorostyrene or p-fluoro-α,β,β-trifluorostyrene – a group of materi-
als referred to as BAM3G (Ballard Advanced Material 3rd Generation) [95]. BAM3G
membranes exhibited performances superior to the Nafion® and Dow® membranes
[71]. The main disadvantages of these membranes, however, include the complicated
production process for the α,β,β-trifluorostyrene monomer and the difficult postsul-
phonation procedures [94, 96]. Furthermore, the Ballard Company decided to inves-
tigate the potential of phosphonic acid-based PEMs. They presented a preparation of
phosphonated α,β,β-trifluorostyrene polymers, their characterization, and indica-
tions of their fuel cell performance capabilities [97]. The sulphonated materials
showed outstanding performance in both oxygen and air conditions, while the
phosphonic acid-type membranes showed excellent performance only in the oxygen
fuel cells. The BAMmembranes demonstrated good stability, and conductivity values
ranging from 5 × 10−2 to 9 × 10−2 S cm−1.

In order to improve the thermal stability of the targeted polystyrene-sulphonic
acid membranes, attempts were made to modify the initial physical and chemical
properties of the polystyrene via the introduction of various fluorinated styrenic
comonomers into the polymer chain. The studies were mostly focused on copolymer-
ization of the styrene with comonomer such as: β-fluorostyrene, α,β,β-trifluorostyrene,
3-methyl-α,β,β-trifluorostyrene, 4-methyl-α,β,β-trifluorostyrene, α-fluoromethylstyr-
ene, α-difluoromethylstyrene and α-trifluoromethylstyrene [98–100]. The polymeric
materials produced in the copolymerizations of fluorinated α-methylstyrenes with
styrene exhibited enhanced thermal properties in comparison with the polystyrene
homopolymers. An increase of the thermal stability might be attributed to the thermo-
oxidative resistance of the styrene carbon α bearing fluorinated methyl groups [101].

The above-presented ionomers are believed to be random systems, both in the
chemical composition of the copolymer backbone and with regard to their sulphonic
acid attachment. The comparison with sulphonatedmultiblock copolymers revealed,
however, that the latter exhibit a higher proton conducting ability with less depen-
dence on relative humidity. Until recently, many PEMs that contain various block-
copolymers with a styrene function were developed including sulphonated
poly(styrene-block-isobutylene-block-styrene) triblock copolymers [102–104],
sulphonated polystyrene-block-(ethylene-ran-butylene)-block-polystyrene [105,
106], sulphonated styrene-ethylene copolymers [107], sulphonated polystyrene
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(ethylene-butylene)-polystyrene triblock copolymers [108] and poly-[norbornenyl-
ethylstyrene-s-styrene]-poly(n-propyl-p-styrenesulphonate) (PNS-PSSP) block poly-
mers [109]. The Dais Analytic produced semi-commercial sulphonated styrene-
ethylene/butylene-styrene (SSEBS) membranes that are based on the well-known
commercial block copolymers containing SEBS blocks (e.g. Kraton® G1650).
Unlike the perfluorinated or partially fluorinated ionomers, the Dais membranes
suffer from low resistance to an oxidative condition due to the partially aliphatic
character of the hydrocarbon backbone structure. Therefore, its operational
temperatures should not exceed 60 °C. Nevertheless, they are considerably
cheaper to produce than Nafion® and, as a result, offer an affordable alternative
for lower cost portable electronics and other low power (≤1kW), room tempera-
ture applications [110].

Another strategy involves the modification of existing polymer backbones
through chemical or radiation-induced grafting polymerization. Such modification
affects the most inherent characteristics only to a small extent and thus offers a
effortless route for the preparation of PEMs with desirable properties. The partially
fluorinated acid ionomer membranes were typically fabricated by the radiation-
induced grafting of a versatile monomer such as styrene onto a highly stable fluor-
opolymeric matrix with subsequent sulphonic acid functionalization [111]. The com-
mon base polymer films employed in the preparation of polystyrene-sulphonic acid-
grafted membranes include polytetrafluoroethylene (PTFE, Teflon®), poly(tetrafluor-
oethylene-co-hexafluoropropylene) (FEP), poly-(tetrafluoroethylene-co-perfluoro-
propyl vinyl ether) (PFA), polyvinylidene fluoride (PVDF), poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-co-HEP), poly(ethylene-alt-tetrafluoroethylene)
(ETFE), polyvinyl fluoride (PVF), or polyethylene (PE) [112]. Such membranes offer
a higher ion exchange capacity than block membranes and often have physical and
electrochemical properties superior to Nafion® but also an inferior fuel cell perfor-
mance due to the degradation of the ionic domains while operating in a fuel cell
environment. As a result, a loss of ion exchange capacity and thus a loss in con-
ductivity were observed. In order to improve the intrinsic chemical stability and
extend the durability of the grafted membranes, materials grafted with a substituted
styrene sulphonic acid: α,β,β-trifluorostyrene and α-methylstyrene were developed.
However, the preparation of such membranes is limited due to their low grafting rate
[113]. To address this problem, the substituted styrene sulphonic acid was grafted
with other monomers (co-grafted membranes). The most popular non-cross-linking
comonomers for such co-grafting procedure were methacrylonitrile (MAN), acryloni-
trile (AN), methyl methacrylate (MMA) and methyl acrylic acid (MAA) [114]. An
attractive skeleton structure for the co-grafted membranes preparation was provided
by poly(ethylene-alt-tetrafluoroethylene) (ETFE) [115]. However, all the co-grafted
membranes exhibited an increase in membrane water uptake with but a similar ion
exchange capacity without any improvement of the conductivity, which was
obviously undesirable.
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10.4.3 Polybenzimidazole/H3PO4membranes

Generally, the high temperature PEMFCs are known to be very attractive due to their
improved catalyst activity, high tolerance to impurities present in the hydrogen fuel
such as carbonmonoxide, and simplified thermal andwatermanagement. In order to
obtain a fuel cell system that can operate in limited humidification, above 100 °C,
many research groups focus their efforts on producing polymeric membranes for
HT-MEA [116]. The use of Nafion® requires humidified conditions, but at an elevated
temperature, the water evaporates from the membrane. Under such conditions,
Nafion® converts to insulator and becomes useless for the fuel stack. To solve this
problem, an aromatic heterocyclic polymer, called polybenzimidazole (PBI), was
synthesized by Vogel and Marvel [117]. The PBI consists of an aromatic backbone,
which provides excellent thermal stability (with a glass transition temperature reach
of 430 °C), good chemical inertness and high mechanical strength. The PBI in and of
itself is not a proton conducting polymer and cannot be used as a PEM. In order to
ensure the proton conductivity, Savinell et al. presented polybenzimidazole impreg-
nated with phosphoric acid (PA) [118–120]. The use of phosphoric acid was deter-
mined due to its thermal stability at a temperature above 100 °C and its ability to
conduct protons [121]. So far, such polymers doped with H3PO4 are one of the most
attractive alternatives to Nafion® for high temperature polymer electrolytemembrane
fuel cells [122]. Without humidification, phosphoric acid (PA)-doped m-polybenzimi-
dazole (PBI) membranes perform well. Moreover, increase of the temperature and
humidity of the reaction gases result in a much improved performance, even above
100 °C.

Fully aromatic PBIs are a well-known group of polybenzimidazoles. Among
them, the most popular are the para-type poly[2,2’-(p-phenylene)-5,50-bisbenzimi-
dazole]) (pPBI) 5 and themeta-type poly[2,2’-(m-phenylene)-5,50-bisbenzimidazole])
(mPBI) 6 (Figure 10.9). Such PBIs are mainly synthesized via the polycondensation
reactions of aromatic amines and aromatic acids (or their derivatives) and self-
condensation reactions involving 3,4-diamino acids [123].

The most systematically studied polybenzimidazoles are those of the mPBI,
which has been commercially produced by the Celanese Corporation since 1983
under the trade name PBI®, and poly(2,5-benzimidazole) (ABPBI). Nonetheless,
it is well known that the first one has a very rigid molecular structure so its
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Figure 10.9: Chemical structures of polybenzimidazole polymers.
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processability is limited [124]. To date, BASF has introduced other commercially
available polybenzimidazole/H3PO4membranes, for example, CeltecL®,
CeltecP1000® or CeltecV®.

The proton conductivity mechanism of phosphoric acid (PA)-doped m-polyben-
zimidazole (PBI) membranes (poly-salts) is mainly by the Grotthuss mechanism.
Phosphoric acid has an amphoteric character, so it can act as either a proton donor
(acid) or a proton acceptor (base). As a result of the dynamic hydrogen bond network,
where protons can transfer through the formation and cleavage of bonds, a so-called
hopping mechanism is formed (Figure 10.10) [125]. The PBI polymer chain has two
basic nitrogen atoms per repeating unit, which may trap two phosphoric molecules.
Additional acidmolecules absorbed during the doping process accumulate in the free
volume of the polymer network. These “free phosphoric acids” are responsible for the
proton conductivity of the material.

The conductivity of (PBI/H3PO4) poly salts depends on the acid content. A low
acid content (up to 2.4 H3PO4 per PBImonomer unit) yields conductivities of less than
approximately 10−4 S cm−1 at 160 °C, while a high acid content (11 acid molecules per
repeating polymer unit) provides high conductivity values of up to 0.15 S cm−1 at
160–180 °C [126, 127].

An increasing phosphoric acid content may encounter several disadvantages,
however, including leaching out of H3PO4, poisoning of the catalyst, or the inducing
of corrosion of the electrodes and bipolar plates in the FC stack [128]. Furthermore,
with the increasing acid content, the mechanical properties of the membranes
such as their tensile strength and homogeneity become significantly deteriorated
[129, 130]. An optimal phosphoric acid content depends on the structure of the
membrane polymeric matrix. Improved mechanical properties and enhanced
conductivity can be obtained via: cross-linking modification of the linear PBI
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Figure 10.10: Proton conducting mechanism in phosphoric acid (PA) doped polybenzimidazole (PBI).

10.4 Proton exchange membranes for fuel cells 313



(using e.g. γ-(2,3-epoxypropoxy)propyltrimethoxysilane (KH560) [131], poly(vinyl-
benzyl chloride) [132], 1,3-bis(2,3-epoxypropoxy)-2,2-dimethylpropane (NGDE) [133]
or dichloromethylphosphinic acid (DCMP) [134] as cross-linkers), modification of the
main PBI chain (e.g. using partially fluorinated polybenzimidazoles containing
–C(CF3)2– junctional groups) [135], or using nanofibres to reinforce the PBI/H3PO4

membranes [136].
The phosphoric acid (PA)-doped m-polybenzimidazole (PBI) membranes are

vulnerable to attack by radicals [126]. The PBI membrane exhibits higher weight
loss than Nafion® in reaction with Fenton’s reagent. However, the oxidative stability
of the PBI membranes was improved as the molecular weight of the PBI polymers
increased [137].

10.4.4 Polyphosphazene membranes

An alternative class of polymers for proton exchange membranes is polyphospha-
zenes. Polyphosphazenes (PPZs) are very unique hybrid polymers that contain a
backbone of alternating phosphorus and nitrogen atomswith two organic, inorganic,
or organometallic side groups attached to each phosphorus atom (Figure 10.11).

The polymers are of interest to many research groups because of the opportu-
nities they provide for structural diversification via the introduction of a vast range of
side groups, which allows obtaining an unprecedented and largely controlled variety
of desirable properties [138–140].

PPZs have numerous advantages over conventional hydrocarbon-based polymers.
One of the most important is their thermal and chemical stability. Due to the highest
oxidation states of nitrogen and phosphorus atoms in the –P=N– backbone, the
polyphosphazenes are particularly stable in aggressive oxidative conditions.
Moreover, PPZs are characterized by a low glass-transition temperature due to their
low barrier to the skeletal free rotation of each phosphorus–nitrogen bond
and their high torsional mobility [141]. Other very important advantages of polypho-
sphazenes are their relatively low cost and facile synthesis routes. The most widely
used method is the thermal ring-opening polymerization of chlorophosphazene
cyclic trimer, presented by Allcock and Kugel [142–146]. The cyclic trimer –
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Figure 10.11: General polyphosphaznes structure.
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hexachlorocyclotriphosphazene – is polymerized to linear poly(dichlorophospha-
zene). The subsequent macromolecular substitution with the appropriate nucleophilic
reagent allows to obtain polyphosphazene (Figure 10.12). The PPZs containing aryloxy
substituents exhibit the best combination of properties [138].

In order to be qualified as typical ion-conducting materials for MEA applications,
the phosphazenes polymers need to have acid functionality, which is incorporated
into the polymer structure. Polyphosphazenes can be classified according to the type
of acidic function they have. Literature reports present that the sulphonic and
phosphonic groups can ensure the proton conductivity of PPZs. The first attempt to
develop the polyphosphazene solid electrolyte took place in 1984 and was published
by Blonsky and Shiver [145]. It was Allcock et al. who reported the first synthesis of
polyphosphazenes with sulphonic groups (S-PPZs) which would be a proton-
conducting material for fuel cell applications. The authors synthesized the polypho-
sphazenearylsulphonic acid derivatives. The sulphonation reactions were developed
initially with cyclic trimers, then polymers in solution, and, finally, with surfaces
made of solid S-PPZs [146].

Pintauro and co-workers showed sulphonation reaction for poly[(3-methylphe-
noxy)(phenoxy)phosphazene] [147] and poly[bis(3-methylphenoxy)phosphazene]
[141]. In result, they obtained a stable material with high ion exchange capacity
values (near 2mmol/g). Furthermore, they developed PEMs with sulphonated poly
[bis(3-methylphenoxy)phosphazene] characterized by their high IEC (1.4mmol/g)
[148]. The poly[bis(3-methylphenoxy)phosphazene] with SO3

− groups allow to
understand the specific proton conductivity mechanism. The ion exchange capa-
city and proton conductivity of the sulphonated membrane increased with
increasing water content, finally reaching the maximum conductivity of
0.1 Scm−1 at the IEC of 1.6mmol/g. Moreover, the results clearly indicated that
sulphonated PPZs are good proton conductors (comparable to Nafion®) when they
swell in water. The hydrophilicity of the –N=P– backbone demonstrated that in
this type of a conductor, the proton migration proceeds primarily according to the
Grotthuss mechanism [149]. For such a mechanism, the activation energy for
proton conduction should vary from 14 to 40 kJ mol−1 [150].

Due to the opportunity to incorporate the acidic groups into the polymer struc-
ture without the harsh conditions required in the sulphonation process, the phos-
phonic acid functionalized polyphosphazenes (P-PPZs) are a promising alternative to
the sulphonated PPZs. Nonetheless, the literature data show that P-PPZs membranes
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Figure 10.12: Polyphosphazene synthesis method developed by Allcock and Kugel [142–146].
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have a lower conductivity than S-PPZs [138]. Another alternative is the use of poly-
phosphazenes with the sulphonamide group incorporated. Such derivatives have
good conductivity and are excellent candidates for MEAs [151].

PEMs containing pure polyphosphazene films have relatively poor mechanical
behaviour due to the necessary hydrated conditions. In order to improve such
properties, polymer blends were produced. The membranes were synthesized either
by cross-linking (e.g. with segments of polybenzimidazole [152] or polyacrylonitryle
[153]), or other re-enforcement via a physical mixure (e.g. with PVDF [154]).

10.4.5 Sulphonated polyimide membranes

The aromatic polyimides are compounds containing an imide heterocyclic structure
in their backbone. They have found a vast range of applications in many industrial
fields due to their excellent thermal stability, high mechanical strength, membran-
ability (good film-forming ability) and significant chemical resistance. These values
are required for the electrolyte membrane for proton exchange fuel cells, and thus,
sulphonated polyimides (SPIs) have been developed as promising candidates for
PEMFCs [155]. Generally, the opportunity to produce significantly less expensive
membranes than Nafion® successfully contributed to the polyimide-based materials
development. The use of polyimide membranes in FCs applications was first pre-
sented by Faure et al. [156]. The most interesting are the more hydrolytically stable
six-membered ring (naphthalenic) sulphonated polyimides-based membranes
(Figure 10.13) [157, 158].
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Five-membered heterocyclic (phthalic) polyimides have been also investigated
for many years, but under practical fuel cell operating humidity conditions they
quickly degrade via hydrolysis due to the lower electron density of the carbonyl
carbon atom [71]. Such a step in the degradation of imide is caused by the nucleo-
philic attack of a hydroxyl anion from water on the electrophilic carbon atom of the
carbonyl group. Hydrolytic cleavage of phthalic polyimides results in polyimide
chain scission and the formation of units with dicarboxylic acid and free amine
functions [159]. Due to the fact that the sulphonic acid group is strongly electron-
withdrawing, the distancing its position from the imide moiety is also expected to
result in an increase in the hydrolytic stability of the polyimide main chain
(Figure 10.13). The polyimide membranes containing sulphonic acid groups attached
directly to the polymer backbone (7, Figure 10.13) are less stable compared to the
polyimides with sulphonated side-chains (8, Figure 10.13). In contrast to the SO3H
groups, to improve oxidative and hydrolytic stability of the six-membered ring
polyimides-based membranes, sulphonated polyimides bearing trifluoromethyl
groups were successfully synthesized. The hydrophobic character of CF3moieties
protect the imide ring from being attacked by water or radical molecules, despite its
strong electron-withdrawing behaviours [160]. Furthermore, the addition of bulky
aliphatic groups into themain and side chains of the ionomers significantly improves
the hydrolytic stability [161–163]. The addition of a cross-linker or constructing net-
work structure can also increase the resistance to hydrolysis while simultaneously
improving the dimensional stability. This may be because cross-linking can reduce
the swelling to a greater extent. Sundar et al. used a series of dibromoalkanes
(dibromobutane, dibromohexane and dibromodecane) as cross-linking compounds.
The cross-linked sulphonated polyimides exhibited higher hydrolytic stability than
uncross-linked ones. However, this feature decreased with an increase in the chain
length of the cross-linker. Thismay be due to the higher swelling of the polymers with
longer alkyl chain lengths [164]. Other cross-linkers used to obtain membranes
with high hydrolysis resistance are as follows: various diols (1,2-ethanediol,
1,4-butanediol, 1,5-pentanediol, 1,6-hexanediol or 1,10-decanediol) [165], poly(ethy-
lene glycol) diacrylate [166] or 1,3,5-tris(4-aminophenoxy) benzene (TAPB) [167].
Another possibility to enhance the water stability of SPIs for fuel cells is to use the
SPI membranes employing 4,4’-binaphthyl-1,1’,8,8’-tetracarboxylic dianhydride
(BTDA) that contains binaphthyl units instead of conventional 1,4,5,8-naphtalene-
carboxylic dianhydride (NTDA) with a common aromatic naphtyl function. The
improved stability of BTDA-based polyimides was attributed to its unique binaphtha-
limide structure, which effectively decreases the possibility of a nucleophilic attack
leading to hydrolysis [168, 169]. Electron-donating phenoxy [170] or benzophenone
groups [171] at themeta-position of the imido groups positively impact the hydrolytic
stability of producing SPI materials.

The naphthalenic SPI membranes are much more resistant to hydrolysis, but
they also have a few drawbacks. They show rather low water stability, which limits
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their further use in FCs technology [163]. Moreover, the proton conductivity of SPI
membranes is low at low humidity levels [172]. Accordingly, in order to overcome the
above disadvantages, many researchers have been endeavouring to prepare novel
and improved SPI membranes for the proton exchange fuel cells.

10.4.6 Sulphonated poly(arylene ether ketone)-based membranes

The sulphonated poly(arylene ether ketone)-based (SPAEK-based) membranes are a
family of sulphonated aromatic main-chain polymers. They are a promising alter-
native to PEMs due to their wide range of advantages such as good mechanical
properties, outstanding thermal and chemical stability, facile processability, high
availability and also low cost. The PAEK polymer family includes poly(ether ketone)s
(PEKs), poly(ether ketone ketone)s (PEKKs), poly(ether ether ketone)s (PEEKs), poly
(ether ether ketone ketone)s (PEEKKs) and poly(ether ketone ether ketone ketone)s
(PEKEKKs). The exemplified general structures of the PAEK polymer group are pre-
sented in Figure 10.14.

Poly(arylene ether ketone)s are very rigid, inflexible polymers with bulky aro-
matic rings. These features result in a high glass transition temperature exceeding
200 °C. The aromatic rings support various electrophilic or nucleophilic modifica-
tions. To produce membranes for MEAs for fuel cells, active proton exchange sites,
such as sulphonic groups, have to be introduced to the poly(arylene ether)s [173]. Of
all these suitable materials, the sulphonated poly(ether ether ketone)s (SPEEK) are
the focus of many investigations in preparing membranes (Figure 10.15).

The literature reports that sulphonated poly(arylene ether ketone)-based
(SPAEK-based) membranes are durable under fuel cell operating conditions and
sometimes their lifetime exceeds 3000h. However, while the higher degree of
sulphonation (DS) offers higher proton conductivity, the mechanical stability
decreases. Such membranes are vulnerable to radical attacks and degradation
processes [174, 175]. The radicals generated during PEMFC operation (mainly HO•)
may degrade with the detachment of the sulphonic acid groups and the scission
of the polymer chain [176]. Further studies suggested that HO• may either attack
the aromatic ring in the ortho position to the alkyl and RO substituents
(Figure 10.16, sites A), or cause the C–O–C scission (Figure 10.16, site B) [177].

Attempts to improve the stability of SPAEK have included optimization of the
position of SO3H. When such an electron-withdrawing group is attached directly to
the aromatic ring, it may reduce the electron density of the neighbouring ether
function via resonance and increase the susceptibility to hydrolysis of ether linkage
[178]. To avoid this potential instability, the sulphonic group should be attached to
the pendant chain rather than to the main chain of the polymer [179]. Another way of
improving the stability is incorporating hydrophobic perfluorinated blocks in the
main-chain of the multi-block aromatic polymer. Strong electron-withdrawing
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fluorine atoms can deactivate the aromatic ring and reduce the negative addition
reactions of radicals [178].

The proton transport of SPAEK was compared to the corresponding properties of
Nafion®. Due to the rigid structure of the aromatic backbone in SPAEK, the hydro-
philic channels are narrower than in Nafion®. It results in a reduced dissociation
level of the sulphonic groups. Moreover, the narrower channels have numerous
cul-de-sacs (dead-end “pockets”) which form a slimmer and poorly connected water-
filled network and significantly impede proton transfer. Scientific efforts are focused on
producing SPEEK with a high proton conductivity, but maintaining the sulphonation
on appropriate levels to assure also chemical stability and limited swelling [180].
Currently, SPEEK membranes with conductivity over 0.1 S cm−1 are reported [181].

The general approaches for the synthesis of sulphonated poly(arylene ether
ketone)s include polymer postmodification and direct copolymerization of sulpho-
nated monomers. The conditions of the first modification reaction are very harsh and
sometimes incur difficulties (e.g. a lack of control over the sulphonation level and the
final location of the acidic conductivity groups, as well as the possibility of side
reactions or degradation of the polymeric chain). Such a transformation was used to
obtain the most popular sulphonated poly(arylene ether ketone) – sulphonated
Victrex® PEEK [182]. PEEK can be obtained by two main synthetic pathways – electro-
philic or nucleophilic substitutions [183]. The first method employs extremely strong
acidic conditions, such as a triflic acid (CF3SO3H) used as a solvent. Such a media
limited the applicability in the industry, however, due to its safety hazards. In contrast,
the nucleophilic substitution method may be performed using a wider range of sol-
vents (e.g. dimethyl sulphoxide, sulpholane [184], diphenyl sulphone [185] or
N-methylpyrrolidone [186]). In the nucleophilic substitutionmethodof PEEK synthesis,
a hydroquinone reacted with a 4,4′-dihalobenzophenone (derivative with chlorine or
fluorine atoms) in the presence of a potassium carbonate as a base (Figure 10.17).

The direct synthesis of sulphonated monomers for SPEEK membranes seems to
be more advantageous than the postsulphonation process. In such a synthesis, side
reactions can be avoided or significantly reduced. Moreover, the degree of sulphona-
tion (DS) and position of the sulphonate groups in the aromatic ring may be better
controlled.
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Figure 10.16: The vulnerable sites for HO• radical attacks on SPAEK materials (indicated by arrows).
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In order to improve the performance of SPAEK membranes, various modification
strategies were introduced [23].

Cross-linking of poly(ether ether ketone)s improves the thermal stability,
mechanical strength and oxidative stability of the membranes. Such membranes
exhibit lower water uptake than non-cross-linked materials. Nonetheless, the
expanded polymer network and increased cross-linking density may cause a reduc-
tion in the proton conductivity and flexibility of the PEMs [187]. Hou et al. presented
an excellent review of recent advancements in the development of cross-linking
strategy [188]. Literature reports show that cross-linked SPAEK membranes have
limited solubility in common solvents and show improved stability. Wang and
co-workers prepared an outstanding SPAEK sulphonated poly(ether ether ketone)
bearing pendant amino group (Am-SPEEK) membrane with 4,4’-diglycidyl(3,3’-5,5’
-tetramethylbiphenyl) (TMBP) as an epoxy resin cross-linker with a proton conduc-
tivity of 0.140 S cm−1(80 °C), i.e. higher than that of Nafion® (0.1 S cm−1) [189]. Li et al.
used sulphonated – a novel cross-linker – carboxyl terminated benzimidazole trimer
bearing sulphonic acid groups (s-BI). The series of SPEEK/s-BI-n membranes show
excellent stability and a low swelling ratio. Furthermore, the authors achieved high
proton conductivities exceeding 0.12 S cm−1 (60 °C) [190].

The next modification is preparing branched sulphonated poly(ether ether
ketone)s. The branched polymers are defined as materials between linear and
cross-linking type polymers. Branching allows getting a large free volume for water
[191, 192] and increases the proton conductivity of the membranes.

Polymer blending is an appropriable technique for designing materials with
enhanced properties. The blends often exhibit better properties than the properties
of an unmixed component. The preparation of blend membranes employing organic
fillers is a common way to improve the properties of SPAEKs materials due to the
simplicity of preparation and easy control of different physical properties. Until now,
sulphonated poly(arylene ether ketone)s have been blended with polybenzimidazole
(PBI) [193–195], poly(ether sulphone) (PES) [196, 197], sulphonated and silylated
polyphenylsulphone [198], sulphonated cyclodextrin [199] poly(vinylidene fluoride)
(PVDF) [200–202], poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-co-HFP)
[202], phosphonated polysulphone [203], 3-aminopropyltriethoxysilane [204],
poly(ether sulphone) [205], acrylic acid-co-4-vinylimidazole [206], poly(ether imide)
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Figure 10.17: The nucleophilic substitution method for synthesizing commercially available PEEK.
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[207, 208], polypyrrole [209], nylon 6 [210], polystyrenesulphonic acid [211], polyacry-
lonitryle [212], or poly(vinyl alcohol) [213].

The formation of composite SPAEK-basedmaterials with inorganic filler is another
technique to enhance the proton conductivity and mechanical stability of membranes.
A wide range of heteropolyacids (HPA) and their salts is used as fillers, for example,
H3PW12O40, H3PMo12O40, Na2HPW12O40 [214], CsH2PW12O40, CsH3SiW12O40 [215],
Cs2.5H0.5PW12O40/Pt [216], Cs2.5H0.5PW12O40/Pt [217], H3PW12O40/SiO2 [218], H3PW12O40

and MCM-41 [219], H4SiW12O40/SiO2 or Al2O3 [220], γ-K9SiW10O36 [221], Cs2.5H0.5PW12O40

[222]. Furthermore, the combination of SPAEK and non-acid zirconium, titanium or
silica inorganic fillers was also reported [223–225].

10.4.7 Natural polymer- and bio-inspired-based membranes

Power needs to be generated using environmentally friendly natural materials, so
scientists are focusing their efforts on investigating natural or bio-inspired polymeric
membranes for the application of FCs. Use of eco-friendly biopolymers in designing
electrical devices is not only challenging and interesting, but also important from the
environmental safety point of view. Moreover, use of such polymers can significantly
decrease the cost of production, often very high compared to typically synthetic
materials. Currently, few natural or bio-inspired polymers have been employed as
an attractive electrolyte for the membrane electrolyte assemblies [226]. Until now,
only few polymers have been reported as suitable biopolymer electrolyte membranes
for fuel cell applications. Such natural-based polymers include agar [227], uracil [228,
229], gelatin [230, 231], pectin [226] or cellulose [232–236].

Chitosan (CS) and its derivatives are extensively investigated as some of the most
attractive “green”materials for fuel cell applications. CS is a biodegradable, biocom-
patible, nontoxic, and quite low-cost polymer, offering a vast range of possibilities for
simple chemical modifications.

The proton conductivity of Chitosan is low, and it is necessary to enhance its
conductivity. In order to produce a conducting material, proton donors may be
introduced into the CS matrix by a blending method with various acidic compounds.
In result of such modifications, the acid–base complexes are synthesized [111]. Until
now, Chitosan has been mixed with various acidic compounds, such as a medronic
acid [237], poly(vinyl phosphonic acid) [238], poly(4-styrenesulphonic acid-co-maleic
acid) (PSSA-MA) [239], acrylic acid-2-acrylamido-2-methylpropane sulphonic acid
copolymer [240], oxalic acid [241], poly(acrylic acid) [242], or various heteropolyacids
and their salts [243, 244]. Furthermore, the grafting of acidic functions to the backbone
of CS may be another effective way to obtain proton conducting materials [245, 246].

The proton conducting mechanism for acid-base complexes with Chitosan in
anhydrous conditions is of a Grotthuss-type character. Yamada and Honma have
presented proton transfer for Chitosan and medronic acid (MA). The electrostatic
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interaction of the amino group in Chitosan with the phosphate group in the MA
molecule forms a proton defect site. The neighbouring proton in the acid molecule is
transferred to the defect site (Figure 10.18) [237]. The hydrated or partially hydrated
conditions contribute to the combine vehicle and Grotthuss mechanisms [240].

Recently, the model PEMFC with a CS-based natural membrane has demon-
strated some possibilities but a low power density (16mW cm−2 at 75 °C [247]).
Therefore, the preparation of such membranes to be efficiently applied in PEMFC is
still a challenge for many research groups.

10.5 Synthetic methods of PEMs preparation

As illustrated in the preceding section, many polymer classes of diverse chemical
structures and various strategies of the incorporation of protogenic moieties have
been explored as electrolyte materials for PEM application. The sulphonic acid
moieties arrangement and the acid strength and the character of the connecting
unit to the polymer backbone may have a considerable impact on the morphologies
of the resultant membrane and subsequently on its physical and chemical properties.
Most of the synthetic methods employed in the formation of ionomeric materials lead
to the statistical or random distribution of sulphonic acid groups along the backbone
chain of the copolymer [22]. The following four different synthetic strategies, allowing
for preparations of the ionomer membranes, can be distinguished: (i) postmodifica-
tion/postsulphonation of existing fluorinated/nonfluorinated polymeric materials
(Figure 10.19), (ii) direct polymerization of monomers functionalized by acids (sul-
phonic mostly) with fluorinated or/and nonfluorinated monomeric units (Figure
10.19), (iii) chemical grafting of sulphonated monomers onto the fluorinated/non-
fluorinated backbone (Figure 10.19) and (iv) the stepwise route based on irradiation
grafting of monomers onto the fluoropolymer backbone followed by a subsequent
postsulphonation (Figure 10.19).

One of the most commonly used and oldest methods that allow to convert the
existing polymeric materials into ionomers and to confer their protonic conduction
properties is the postsulphonation strategy (Figure 10.19(a)). Postsulphonation has
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Figure 10.18: The anhydrous proton conducting mechanism of Chitosan-MP composite proposed by
Yamada and Honma [237].
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been employed in the preparation of numerous ionomericmaterials for application as
PEMs, namely polystyrene-sulphonic acids (PSSA) [81–88], sulphonated poly(α,β,β-
trifluorostyrene)s – 1st, 2nd and 3rd generation Ballard Advanced Materials (BAM1G,
BAM2G, BAM3G) [71, 95–97], sulphonated poly(benzimidazole)s (SPBI) [248], sulpho-
nated poly(phosphazane)s (S-PPZ) [148–150], sulphonated poly(arylene ether
ketone)s (SPEAK) or sulphonated poly(ether ether ketone)s (SPEEK) [173–186]. The
postmodification, for example, electrophilic sulphonation, is usually employed to
modify polymers with aromatic functional groups either in the lateral position to the
polymer backbone or incorporated directly into the polymer main chain. Aromatic
polymers easily undergo sulphonation reactions in the presence of concentrated
sulphuric acid, fuming sulphuric acid, chlorosulphonic acid, oleum or other sulphur
trioxide complexes. Since sulphonation is an electrophilic substitution reaction, its
applicability strongly depends on the aromatic ring reactivity, that is, the electron
character of the present substituents. Electron-donating groups (EDGs) activate the
ring and thus favour the reaction, while electron-withdrawing groups (EWGs) deac-
tivate the ring, so that successful introduction of a sulphonic acid moiety requires a
much stronger sulphonating agent. Moreover, the sulphonic acid substituent is
preferably introduced to the activated position of the aromatic ring and usually
only one –SO3H group per repeat unit could be achieved. There are several draw-
backs of the postsulphonation strategy, mainly (i) the lack of precise control over the
location and degree of the functionalization that influences the ion exchange capa-
city, (ii) a risk of an undesired side-reaction occurrence such as cross-linking via
sulphone formation that may result in the reduction of the material proton conduct-
ing properties, (iii) a degradation of the polymer chain that may contribute to
deterioration of the membranes’ mechanical properties. Therefore, a direct
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Figure 10.19: Various methodologies of self-standing PEMs preparation.
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polymerization of monomers bearing sulphonic acid groups with nonsulphonated
monomers seems to be an optional strategy allowing for the placement of ionic
groups on a copolymer backbone in a controlled manner.

Synthesis of sulphonated macromolecular materials for application in PEMs by
the direct copolymerization of sulphonatedmonomers has been alternatively applied
in the preparation of nonfluorinated sulphonic acid ionomers such as sulphonated
poly(arylene ether)s [174, 249, 250] or sulphonated poly(imid)s [157]. Though synthe-
tically challenging, the direct strategy is considered to be a rigorous and repetitive
method of controlling the chemical composition, acid content, and even molecular
weight of the resultant sulphonated macromolecules. The direct copolymerization
strategy is also commonly used in the preparation of polyfluorosulphonic acid
ionomers like Nafion®, Aciplex®, Flemion®, Dow® or 3M®, the current state-of-the-
art membranes for PEMs [62–64, 67, 68]. The perfluorinated copolymers bearing
sulphonic acid groups are synthesized in direct free radical copolymerizations of
tetrafluoroethylene (TFE) with perfluorinated vinyl ethers terminated by pefluoro-
suphlonic acid groups (Figure 10.19). However, all these fluorinated membranes are
expensive due to the demanding chemical synthesis and the cost or availability of
perfluoroether comonomers and suffer from low conductivity at a low water content,
moderate glass transition temperatures and the relatively lowmechanical strength at
elevated temperatures.

Chemical grafting of sulphonated monomers onto the hydrophobic polymer
backbone is another approach that has been employed for the preparation of ion
containing materials, such as the copolymer consisting of a polystyrene backbone
and sodium styrene sulphonate graft chains (PS-g-macPSSNa) [251, 252] or a copoly-
mer of sodium styrene sulphonate grafted to a poly(acrylonitrile) backbone (NaSS-g-
PAN) [253], as well as N-benzylsulphonate poly(benzimidazole) (BzS-PBI) [254, 255]
(Figure 10.19). The chemical grafting strategy allows for the elaboration of ion con-
ducting membranes formed by potentially well-defined block copolymers with sul-
phonated and unsulphonated blocks. The chemical structure of such materials with
their blocky character results in an increased proton conductivity without an enor-
mous increase in water swelling. Moreover, the comparison of random and graft
copolymer properties (proton conductivity, water uptake, mechanical strength or
thermal stability) reveals that the polymer structure, that is, selected method of
synthesis, enormously impacts the morphology and, therefore, the properties of the
resultant materials [22].

Poly(styrene sulphonic acid) grafts have also been attached to per- or partially
fluorinated backbones. The materials were synthesized via a stepwise route based on
the irradiation grafting of monomers onto a fluoropolymer backbone followed by a
subsequent postsulphonation (Figure 10.19). The fluorinated polymers such as poly
(tetrafluoroethylene) (PTFE) [112], poly(tetrafluoroethylene-co-hexafluoropropylene)
(FEP) [256–258], poly(ethylene-alt-tetrafluoroethylene) (ETFE) [259], or poly(vinyli-
dene fluoride) (PVDF) [260] were activated by different techniques of irradiation, for
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example, thermally, in the presence of ozone, from swift heavy ions, electron beam or
γ rays. The irradiated polymer films were immersed in styrene solution to graft
polystyrene onto the fluorinated backbone, and finally, the non-conducting hydro-
phobic materials were sulphonated by chlorosulphonic acid. The degree of grafting
can be controlled by the concentration of styrene, choice of solvent, temperature and
time of grafting.

The synthetic strategies presented above are widely used in the formation of
polymers bearing functional moieties for proton conduction [23, 112]. The resulting
materials are designed to serve as stand-alone PEM, although they might also be a
host for inorganic compounds or organic polymer to afford a proton conducting
component in a blend or composite. Preparation of such polymeric systems is a
promising technique to improve the membrane ionic conductivity, mechanical
strength, water retention and to decrease the fuel permeability, especially at elevated
operating temperatures [261]. To overcome the most crucial problem, that is, the
severe loss of conductivity at working temperatures above 100 °C, two strategies have
been developed. The first approach is based on systems that exhibit a high resistance
to dehydration or are capable of maintaining high conductivity with low water
content. The other strategy employs systems where media other than water assist
the proton transport. Ionomer composite membranes include perfluorosulphonic
acid ionomer/polymer matrix membranes (e.g. PTFE/perfluorinated ionomer macro-
composite membrane from W. L. Gore and Associates, Inc. – Gore®Select [262],
sulphonated FEP/Nafion hybrid membrane [263], or Nafion/PBI composite mem-
brane dopedwith phosphoric acid [264]), perfluorosulphonic acid ionomer/inorganic
fillers composite membranes (e.g. Nafion/SiO2 nanocomposite membrane [265],
Nafion/TiO2 composite membrane [266], Nafion/Zirconium phosphate (α-ZrP) com-
posite membrane [267], or Nafion/polyphenylsilsesquioxane (PPSQ) – polysiloxane
composite membrane [268]), sulphonated polymer/inorganic proton conductor sys-
tems (e.g. most widely studied SPEEK/heteropolyacids (HPA) composite membranes
[214–222]), polymer/acid complexes (e.g. PBI/H3PO4 based membranes [269], or poly
(diallyldimethylammonium-dihydrogenphosphate (PAMA+H2PO4

−)/H3PO4 blend
membrane [270], sulphonated polymer/base complexes (e.g. SPEEK/imidazole or
pyrazol complex membranes [271]), or polymer blends (e.g. SPEEK/PBI and ortho-
sulphone-sulphonated poly(arylethersulphone (SPSU)/BPI as the acid/base blend
membranes [272], or sulphonated poly(phenylene oxide) (SPPO)/PVDF [273]). The
current trend is for the composite and hybridmembranes, which combine the proper-
ties of both the polymeric matrix and inorganic part.

Cross-linking is another efficient strategy to improve the thermal stability,
mechanical strength and oxidative stability, as well as to lower the water uptake of
ionomeric membranes. It has been widely employed in modifying the structure of
sulphonated aromatic polymers in particular [188, 274]. A cross-linking reaction can
be defined as a process where a polymer becomes a dense three-dimensional network
by varied interactions, such as covalent bonds, as a result of the chemical reaction
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(e.g. esterification, addition, Friedel–Crafts reactions and the formation of sulphone
–SO2– bridges), ionic bonds or hydrogen bonds, as well as a combination of covalent
and ionic bonds [275]. Chemical cross-linking was employed to modify a wide range
of aromatic polymers of potential FC applications including polybenzimidazoles
(PBIs) [131–134], polyphosphazenes (PPZs) [152, 153], sulphonated polyimides
(SPIs) [164–167], and sulphonated poly(ether ether ketone)s (SPEEKs) [187–190].
Nonetheless, the expanded polymer network and increased cross-linking density
may cause a decrease in the proton conductivity and flexibility of the PEMs [187].

10.6 Applications of PEM fuel cell technology

Fuel cells have the potential to replace such conventional power sources as
internal combustion engines or batteries due to their high energy efficiencies
and low emissions. The efficiency can reach as much as 60% in electrical energy
conversion and an overall 80% in the cogeneration of electrical and thermal
energies. Additionally, fuel cells can significantly reduce (by more than 90%) or
even eliminate pollution – such as in the case of hydrogen-fuelled FCs, where the
water forms as a non-polluting by-product, which can further be reused as
potable water. Use of the FCs can also eliminate the emission of greenhouse
gases, since hydrogen fuel can be produced in an environmentally friendly
manner such as through the electrolysis of water driven by renewable energy,
and not generated by burning fossil fuels, mostly coal and natural gas. As a
consequence, avoiding the need for the usage of conventional carbon-based fuels’
(coal, oil and gas) can significantly decrease economic dependence on oil produ-
cing countries and, therefore, also provide greater security of energy supply for
the user nation. Moreover, most of the fuel cells operate with a low noise level
compared to conventional combustion engines, and therefore, they are ideally
suited for use within buildings and readily accepted in residential areas. The
availability of stationary fuel cells at any location with access to a source of
power and water supply essential for producing the hydrogen fuel may result in a
decentralization of power grids, the reduction of transmission and distribution
losses, and, thus, considerable decrease the grid dependence. Furthermore, unlike
batteries, fuel cells exhibit longer operating times that depend on the amount of
fuel supplied and not on the capacity of the unit itself, quick recharge by fuelling,
no “memory effect” during refuelling – no gradual energy capacity loss after
repeated recharging or partial discharging – and a modular design allowing for
the easy exchange of cells’ parts, and low maintenance costs. Although fuel cells
feature outstanding properties, such features as high initial cost and relatively
low durability still remain the greatest obstacle to their commercial implementa-
tion. Nevertheless, fuel cell technology can compete with the conventional, well-
established technologies (internal combustion engines or batteries) in practically
all applications [276].
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The three major areas of application for fuel cell technology are portable power
generation, stationary power generation and power for transportation. A fuel cell’s
power output parameters depend on several factors, including the type, size, operat-
ing temperature and pressure of the supplied gases. As already presented, most often
the various types of fuel cells are classified by the electrolyte used. It determines the
potential for their application in certain FC technologies through their working
temperature (T) profile. The profile impacts such vital characteristics as: (i) efficiency
(η): the higher the temperature, the lower the internal resistivity and polarization,
and offsetting of the voltage drop in result of the temperature increase, (ii) start-up
time (the time needed for reaching the cell’s optimal operating temperature) is longer
for higher temperatures, (iii) dynamic behaviour: fluctuating temperatures following
the changing load lead to a repeated stack material shrinking or expanding and the
resultant mechanical stress reduces the fuel cells’ lifetime, especially in the case of
high temperature units (HTFC) that have ceramic components [277].

The three latter parameters above determine the applicability of specific FC
technologies. Figure 10.20 illustrates the dependence quite well: for large stationary
applications that require, most of all, high efficiency (with the start-up time and load-
following dynamics being less important), MCFC or SOFC are the most suitable types.
Mobile and portable equipment, on the other hand, needs short start-up times in any,
also sub-zero, temperatures, so PEMFCs would be preferred.

Another criterion for FC technology selection is fuel availability. From the elec-
trochemical point of view, hydrogen is the best fuel; its direct reaction ensures the
system’s high power density. However, being a gas, the fuel is difficult to handle. As
for much easier to manage liquids, only methanol reacts directly at acceptable rates,
but its power density is less than 20% of direct hydrogen fuel cells. Other liquid fuels
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require reforming into H2-rich gases. This applies also to natural gas (NG), although
in this case the advantage is the already existing dense supply network. The conver-
sion process produces catalyst poisons, such as carbon monoxide (CO), that are
desorbed in high temperatures, which makes high temperature fuel cells (HT-FCs)
the preferred type for the overall reduced cell complexity and ease of handling.

Portable fuel cells can be defined as low power systems being an integral part,
or external charging up, of products designed to be moved. Prime candidates for FCs
application are small personal electronics (mp3 players, mobile phones, cameras),
large personal electronics (laptops, printers, radios), or education kits and toys. Fuel
cells also earn much attention as power supply for military applications in portable
soldier’s appliances or skid mounted generators, or auxiliary power units (APU) for
the leisure and trucking industries, as well as portable products (torches, trimmers)
or emergency equipment [278]. The typical power range for portable electronic
devices is from less than 5W (micro power application) to 500W. Portable/micro
fuel cells are generally an alternative to batteries and typically are based on either
PEM or DMFC technology. These FC applications are mostly driven by the capability
of higher energy density, extending a device’s operating time, the reduction of noise
and emissions, and a short charging time [279]. Themarket of portable fuel cells is led
by the following players: Horizon, myFC, Inteligence Energy, eZelleron, EnyMotion,
Truma, Acumtrics, Thoshiba, NEC, Hitachi, Panasonic, Samsung, Sanyo, or LG [277].

Stationary fuel cells are units providing electricity (and sometimes heat), but
not designed to be moved. As the prime power source, they are most commonly used
in large cogenerated heat and power (CHP) systems, residential applications
(resCHP) and uninterrupted power supply solutions (UPS). Development works con-
tinue on expanding their functionality by adding absorption chillers to make tri-
generation systems that provide heat, power, and a cooling capacity [280]. These
would be of particular interest in situations characterized by comparable, seasonally
fluctuating demand for heat and cooling power. An additional benefit would be the
suitability of oxygen-free exhaust gases for fire prevention. An important feature of
this type of FC is their resilience, that is, their ability to mitigate drops and peaks in
the demand/supply, which is particularly useful in distributed power grids for
absorbing local events, such as blackouts, or for stabilization and backing-up pur-
poses. Stationary FCs make up the body of global FC sales. As reported by Navigant
Research, they amounted to over 70% of the total FC turnover in 2014 [281]. The type
is expected to remain most popular, with the annual volume growing from approxi-
mately 40,000 in 2014 to 1.25million in 2022, which translates into a 51.7% com-
pound annual growth rate (CAGR). One of the most popular types of FCs used for
stationary purposes is CHP units. They generate not only power, but also heat that
otherwise would be wasted, which increases their total efficiency to 80–95%. Both
types of energy find use in residential applications. Based on either PEM or SOFC
technology, the fuel cells have the power output range of 0.5 kW to 10 kW. Residential
CHPs are popular in Japan (over 10,000 cumulative units deployed by the end of
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2010) and South Korea, although in the second case, their purchase still relies on
government subsidies. Another type of stationary FC units belongs to UPS systems.
They are used for continuous power supply in case of blackouts, for instance. As for
the fuel type used, it differs by region: in Asia the most common fuel is natural gas
and LPG, in the United States it is hydrogen, while, in Europe, there have been
attempts of fuelling with methanol. Finally, there is a wide range of large stationary
primary power source units ranging from 1 to 50MW. Their main purpose is to take
over the power grid function in areas with little or no network, or to extend it by
additional nodes in such cases. Based on four FC types (SOFC, MCFC, PEMFC, and
PAFC), the systems are mostly provided by manufactures in the United States and
Japan. The prime power market of large stationary fuel cells is led by three players
such as: Fuel Cell Energy (MCFC systems), Bloom Energy (SOFC systems), and
Doosan (prior ClearEdge Power, PAFC systems). Moreover, commercially available
PEMFC systems include units for back-up and off-grid power applications from
Axane, Ballard, Power Cell, Electro Power Systems, Heliocentris, Horizon,
Hydrogenics or ReliOn-Plug Power, as well as for residential CHP usage from Ene-
Farm [277].

Fuel cells for transport applications are units designed as the power source for
vehicles or for extending their drive range. Their advantages include their zero
emissions and considerably higher efficiency than ICE or battery-powered vehicles.
The use of FCs has increased the range of electric vehicles (EVs) and reduced the
refuelling time (sometimes to as little as a few minutes) compared to battery-based
vehicles. Because of the power demand characteristics (short start-up time and high
load dynamics), the cell type most often applied is PEMFC. The preferred fuel is
hydrogen compressed to 350 or 700 bars, although the availability of fuelling stations
is limited. The reason is a lack of feasible technology for on-board processing systems
that would produce hydrogen from such liquid fuels as methanol, LPG, gasoline, or
diesel. In transport, fuel cells are applied mainly in passenger cars, buses and cargo
vehicles but H2 and O2-fueled PEMFCs are also successfully used in military submar-
ines, allowing silent underwater operations for up to three weeks without surfacing
[279]. Development works continue for light traction vehicles such as golf cars,
airport carts, wheelchairs, and motorcycles, bicycles, ships, airplanes, trams and
locomotives. Although FC-powered light duty vehicles (LDVs) have not been com-
monly used so far, the situation started to change in 2014, with Toyota’s launch of its
Mirai model. The deployment commenced at a few nodes with the required refuelling
infrastructure in Germany, Japan, and the United States, but it is expected to spread
from these centres as the market grows. Another sector for fuel cells is bus transport.
It keeps growing with every new model presented successfully in Europe, Japan,
Canada and USA. The capital cost remains high, although it is expected to become
comparable to the prices of hybrid diesel buses in the near future. There are also a few
niche transport applications, some successfully marketed, such as PEMFC-powered
materials handling vehicles, popular in the United States and making up about 90%
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of the category, as well as other applications less commercialized and still under
development, such as unmanned aerial vehicles (UAV), e-bikes or trains.

In unit shipment terms, PEM has been the most popular fuel cell technology for a
number of years because of its versatility and sizeablity. Measured in megawatts, the
distribution between various types is more even due to the contribution from the
limited applicability but high power MCFCs and SOFCs commonly used for large
stationary applications as the primary source of power. The medium versatility range
is characterized by the SOFCs applied in stationary and some portable equipment,
while DMFCs, similar to PEMs, are the most “dedicated” technology means useful in
small transport units and for power grid extension or back-up purposes (Figure 10.21)
[282, 283].

2015 marked a considerable change in the PEM sales trend by power output.
Previously stable at about 60 – 70MW annually, shipments more than doubled that
year, reaching 180MW and making up more than a half of the total fuel cell technol-
ogy turnover. The sales increased due to the launch of fuel cell electric cars, mostly
two models manufactured by Toyota and Hyundai. The growth trend is expected to
sustain, especially in that the figures are easy to attribute, knowing the vehicles’
power rating of 114 and 100 kW, respectively, and considering the contribution from
forklift trucks’ (FLT) and buses’ stacks as well as other transport applications. The
impact of the few hundred vehicles on the global sales structure clearly illustrates the
size of the current fuel cells market [283].

Nonetheless, the automotive sector is not the only source of the sector’s growth:
micro-CHPs continue to gain in popularity in Japan and, to an extent, in Europe, as
UPS solutions or grid extension nodes. Although dominated by Japanese and
Canadian companies, the market is being entered into by new players such as

80 360

320

280

240

200

160

120

80

40

0

PEMFC Shipments by fuel cell type
DMFC
PAFC
SOFC
MCFC
AFC

70

60

50

40

30

20

10

0
2010 2011 2012 2013* 2014 2015** 2010

Year

M
egaw

atts10
3  U

ni
ts

2011 2012 2013* 2014 2015**

Figure 10.21:Market development of various fuel cell types based on sales from 2010 to 2015 in units
and by power output (MW). * Uncorrected Fuel Cell Today forecast from 2013 [282]. ** Uncorrected
E4tech forecast from 2015 [283].

10.6 Applications of PEM fuel cell technology 331



American Altergy or ReliOn. Japanese PEM technology finds its use also in European
micro-CHPs (Viessmann and Baxi/Senertec), although there are companies that
prefer other solutions, such as Elcore marketing its own patented high temperature
PEMs [283].

Fuel cell technology has proven feasible in a number of applications: as CHPs,
remote or back-up sources of power, or for vehicle propulsion. It has successfully
handled such challenges as thematter of having sufficient power density or problems
with the durability of specific applications. Nonetheless, the cost of the inevitable
technology is still too high, and its further reduction requires significant research and
investment in its development.

10.7 Summary and future perspectives

This review presents the most important research on alternative polymer membranes
with ionic groups attached, provides examples of materials with a well-defined
chemical structure that are described in the literature, and elaborates on the syn-
thetic methods used for preparing PEMs and the current status of fuel cell technology
and its application. It also briefly discusses the development the PEMFC market.

The growing FC market is a clear driver for the scientific community to continue
working on the development of inexpensive and efficient materials for the mem-
branes. The two main barriers to global commercialization of PEM fuel cells are their
durability and cost of production. Recently, we have seen considerable progress in
this respect, and the two attributes can be successfully used for illustrating the
current status of PEMFC technology, as set in the targets of the U.S. Department of
Energy for: (1) durability: (i) for transportation applications, 5000h by 2020, and,
ultimately, 8000h, (ii) for distributed generation and micro-CHP fuel cell systems on
natural gas or liquid petroleum gas (5kW), 60,000h by 2020 and (iii) for medium-
sized CHP systems (100 kW–3MW), 80,000h by 2020 [284]; the currently achieved
figures for the three applications are: less than 4000h (2015, 285], 6000h (2011) and
30,000h (2011), respectively [286] and (2) the cost: (i) for transportation applications,
$40/kW in 2020, and, ultimately $30/kW, and (ii) for the distributed power and CHP,
$1000/kW to $1500/kW by 2020, depending on the size and application [284]. The
cost of power in fuel cell transport systems was $53/kW in 2015 [285]. Moreover, DOE
completed the set of targets with the maximum efficiency: 65% for transportation,
45% electric efficiency for micro-CHP systems, and 50% electric efficiency and 90%
CHP efficiency for medium-sized combined heat and power fuel cell stacks.

The cost of FCs needs to be reduced by over 40%, but for the manufacturing
plants the current figure of $53/kW translates into as much as over a half of the total
system cost, and it has not been reduced considerably in the recent years [284]. The
biggest cost component of the overall FC system is the membrane, followed by
the catalyst. The only way to make catalyst production less expensive is to reduce
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the content of the platinum, but no significant progress has been reported recently in
this respect. That makes lowering the cost of membranes the main method of limiting
the total FC cost, that is, the change required for global marketing and popularization
of the inevitable solution [287].

Although for availability and applicability reasons Nafion and similar polyper-
fluorosulphonic acidmembranes still remain the best researchedmaterials in proper-
ties’ terms, little is known about their manners of synthesizing, chemical
composition andmolecular weight. Even if they exceed their alternatives with regard
to many vital properties, it might be required to compromise such attributes as a
favourable conductivity profile, and develop alternative membranes that could well
offset the loss with potential other advantages, such as thermal stability, durability,
applicability in a wider range of conditions (especially humidity), limited swelling,
lower fuel crossover, and, especially, lower cost of production and operation. Given
the current status of research on and interest in PEM membranes, they remain the
most promising, certainly in the short run, future solution to the challenges presently
faced.
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Adrianna Nogalska, Anna Trojanowska and Ricard Garcia-Valls

11 Membrane contactors for CO2 capture
processes – critical review

Abstract: The use of membrane contactor in industrial processes is wide, and lately it
started to be used in CO2 capture process mainly for gas purification or to reduce the
emission. Use of the membrane contactor provides high contact surface area so the
size of the absorber unit significantly decreases, which is an important factor for
commercialization. The research has been caried out regarding the use of novel
materials for the membrane production and absorbent solution improvements. The
present review reveals the progress in membrane contactor systems for CO2 capture
processes concerning solution for ceramic membrane wetting, comparison study of
different polymers used for fabrication and methods of enzyme immobilization for
biocomposite membrane. Also information about variety of absorbent solutions is
described.

Keywords: membrane contactors, CO2 capture, polymeric membranes

11.1 Introduction

The content of carbon dioxide in the atmosphere has increased since the industrial
revolution (started in 1750) by 40% according to The International Panel of Climate
Change (Figure 11.1) [1]. The major human activity sources of CO2 emission are
power and industry sectors, which generate 60% of total emission. Burning fossil
fuels in power plants, oil refineries and other large industrial facilities release the
biggest amount of carbon dioxide to the air. Besides the combustion, emission
occurs during petrochemical processes, manufacture of metals from ores with use
of carbon, thermal decomposition of limestone in cement production and fermen-
tation process in alcohol making. Even if natural sources of CO2 emissions are larger
than human, increased content of carbon dioxide affects the balance in nature and
causes the climate change [1]. More than 100 countries have adopted a global
warming limit of 2 °C or below as a guiding principle for it mitigation efforts to
reduce climate change risks, impacts and damages [2]. Unfortunately, simulations
shows that even though the emission will stop, the consequences will be an
irreversible change for 1,000 years after, such as atmosphere warming, precipita-
tion changes or sea level rise [3].

The CO2 capture is an efficient process if we are taking into consideration a CO2

emission source with its high concentration. In order to contribute to the wellness of
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the environment, few ways of the elimination of the CO2 excess from the air were
proposed, like the use of algal cultures and sea weed as negative emission technol-
ogies [4] or use of CO2 captured directly from the air as reagent in green synthetic
strategy [5]. Due to low efficiency, the low-concentration carbon dioxide capture
process is still a rarely discussed subject and requires development.

Very effective and widely commercially used during flue gas purification CO2

capture method is the amine base scrubbing [6]. Amine-based system uses the
chemical absorption of CO2 into metanolamine. It takes place in a two-compartment
system: first CO2 from the flue gas stream is absorbed in the absorber and then
desorbed in stripper as concentrated gas so the amine is regenerated. The heat
needed for desorption is very high and it is the most expensive part of the process.
Nevertheless, researchers are coming with new ideas constantly searching for
improvements.

There are a number of patents released during the last decade with inventions
concerning CO2 removal from the gas streams by precipitation techniques [7–9] or by
separation with membranes [10–14]. The absorbent systems for removing CO2 from
exhaust gases by precipitation consist of absorbents such as a mixture of amine and
amino acid salts (AASs), metal oxides or bicarbonates which are contacted with CO2-
containing gas stream, what results in a precipitation of different solids. The bicar-
bonate salts are then withdrawn from the absorber compartment and regenerated in
desorber by for example applying heat. The inventors claim that the CO2 capture
efficiency is higher than conventional amine scrubbing with higher CO2 removal
ability per cycle and less solvent vaporization loss. The membrane technology used
for CO2 capture is based on the separation processes in mixed gases – CO2/N2 and
CO2/CH4 in flue gas and nature gas. The inventors have come up with new composite
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Figure 11.1: Chart showing the increase of atmospheric concentration during years 1958–2010 [1].
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materials for the membrane preparation, e. g. polyimide-poly(ethylene glycol) copo-
lymer membrane, polyvinylamine/polyaniline mixed matrix membranes or a metal
organic framework membrane among the others. Membranes work as selective
barriers which allow the passage of CO2 and contribute to the formation of CO2

reach permeate on the other side.
Fixed CO2 can be later used for several applications and further processes

depending on its form. For example, precipitated product can be used as a material
for a construction, cement, or to produce aggregate so the CO2 cannot escape back to
the atmosphere. Whereas a pure, gaseous product is used in chemical synthesis. The
scientific world notes the potential use of the CO2 as a source of green energy
production, especially being interested in recycling of the carbon dioxide by its
conversion to the methanol or hydrocarbons and further use of it as a fuel in e. g.
direct methanol fuel cell [15].

Lately, use of membrane contactors found interest due to a possible decrease of
the absorber unit size and as a consequence, lower prize of the system production
and exploration. This review focused on the use of gas–liquid membrane contactor
systems in CO2 capture processes. We summarize the state of art in the technology
including novel materials and process improvement approaches. Three different
membrane types – ceramic, polymeric and biocomposite, as well as variety of
absorbents solutions – are presented.

11.2 Membrane contactors

Membrane contactors (Figure 11.2) are used in separation processes due to a number
of advantages, e. g.: they provide large gas–liquid contact area which helps reducing
the contactor size and weight, they are easy scale-up and have compact configura-
tion, what’s more the driving force is a difference in the concentration gradient; thus
there is no need to apply pressure and this excludes flooding problem.

Porous membrane

Absorbing liquid

CO2

CO2

CO2

Figure 11.2: Schematic representation of gas–liquid membrane contactor for CO2 capture.
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Selection of compatible membrane and absorbent is crucial for the efficiency of
the system. The membrane has to be stable chemically and physically so it will not
undergo degradation. But the most important factor is overcoming the wetting
problem. It is true that high porosity and the open structure are good for the flux;
unfortunately they can contribute to the membrane wetting. For a proper perfor-
mance, membrane pores should stay dry and open for the gas, because it helps to
keep the large contact area (Figure 11.3). Thus, the best solution is to choose the
membrane with high hydrophobicity and the absorbent solution with high surface
tension. Besides, absorbent should exhibit high affinity to the gas so its gas absorp-
tion capacity will be high as well as the selectivity and it should be also compatible
with the rest components of the system having e. g. non-corrosive properties.
Whereas, the membrane mostly has to provide high gas permeability by having
large open spaces within the structure.

11.3 Membranes
11.3.1 Ceramics

Ceramic membranes possess superior chemical and thermal stability over polymeric
ones. The most commonmaterials used for the fabrication of ceramic membranes for
the CO2 capture systems are metal oxides, especially alumina and silica.
Unfortunately, hydroxide groups situated on their surface results in high hydrophi-
licity of the material. Thus, the researchers are focusedmostly on improvement of the
membrane hydrophobicity in order to overcome the wetting problem and come with
new superhydrophobic ceramic (SC) membrane contactors. The fluoroalkysilane
(FAS) grafting is the method usually used for the hydrophobicity improvement. The
FAS reacts with OH-groups from e. g. silica and increases the surface hydrophobicity
(Figure 11.4).

For instance, Magnone et al. [16] performed the grafting directly on an alumina
hollow-fiber membrane contactor with a high-symmetric distribution of

MEMBRANE

GAS GASLIQUID LIQUID

a) b) MEMBRANE

Figure 11.3: Gas–liquid membrane contactor in dry (a) and wet (b) modes. The contact surface area is
marked with red color.
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morphological elements. The modified membrane achieved a CO2 absorption flux of
about 5.4 × 10−3mol/m2s at room temperature with a single-symmetric ceramic mem-
brane, which is considerably higher compared to other conventional polymeric
membrane for CO2 absorption into MEA solutions.

Lin et al. [17] reported that pore wetting by amine solution was decreasing CO2

absorption flux into an alumina membrane. The author’s approach consisted in
coating the macroporous alumina tubular membrane surface with mesoporous silica
aerogel by sol-gel reaction and shrinking of the pore size. Afterward, the membrane
undergoes grafting with FAS. The achieved contact angle with four grafting reached
the value of 139 degrees showing the improvement of the membrane hydrophobicity.
Prepared membranes have high CO2 flux 0.6mmol/m2s and were stable for 24 h.
Compared to the analogue flat membranes, the tubular membranes provide a larger
surface area, which results in higher CO2 recovery up to 100%.

Another material for SC preparation is a mullite (3Al2O32SiO2), which combines
alumina and kaolin. Abdulmunen et al. [18] proposed the preparation of grafted
kaolin–alumina hollow-fiber membrane. Using low-cost materials, provides obtain-
ment of membranes with high porosity and hydrophobicity what contributes to a
high performance. The membrane was prepared by extrusion and sintering techni-
que from a suspension of kaolin and alumina mixture followed by grafting with FAS
with a contact angle of 142 degrees.

In order to overcome the wetting and the fouling problem in liquid gas mem-
brane contactor systems, Yu et al. [19] fabricated the SC membrane from alumina
tube with ZrO2 which was followed by grafting. The authors suggested also a
periodic drying of the membrane to ensure constant and high CO2 removal
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efficiency. The ceramic membrane is considered as a cheaper material, which gives
improved results and has anti-wetting and anti-fouling features, thanks to the
drying. After being grafted with FAS, the ceramic membrane exhibited a contact
angle value of 153° and a slightly lower permeance because the grafted FAS reduces
the pore size of the membrane.

11.3.2 Polymers

Comparison between different polymeric membranes was done by Fabien Porcheron
and the group. The authors studied a number of polymers: polypropylene (PP),
nylon, polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF). Studies
show that the membranes are hydrophobic; unfortunately, they notice the decrease
of contact angle up to 0 degrees on nylon and PVDF after aging with absorbent
solution in high temperature for 1 week. The results are in agreement with thermo-
gravimetric analysis (TGA), thermomechanical analysis (TMA) and infrared spectro-
scopy (IR) analysis, where only PP and PTFE membranes did not reveal any changes
caused by aging. Gas permeability test shows that the more porous is the material the
better results it gives. According to the researcher, the PTFE membrane provides the
best performance with high efficiency among the studied materials, due to its struc-
ture and stability [20].

The main studied section in the field are materials, mainly new materials for
membrane preparation or improvements of existing ones. The most important mem-
brane feature to improve in gas–liquid contactors operation is its hydrophobicity. A
research group from China was trying to achieve it, incorporating graphene
nanosheets into PVDF membrane. The modification induced a more porous sublayer
structure, where the particles were visible and the surface roughness increased.
Thus, contact angle increased only on the bottom surface. The hybrid membrane
enhances the CO2 absorption only when themore hydrophobic surface was facing the
absorbent. The wetting problem was overcome so the long-term efficiency of system
was achieved [21].

Fashand et al. [22] decided to use PVC for the first time in the gas–liquid contact-
ing process for CO2 capture. The relatively cheap material provides membrane with
high hydrophobicity and a structure adequate for its use in the process, such as large
macrovoids and reduced wall thickness. Thanks to good processability, high absorp-
tion efficiency was achieved by optimization of take-up speed during spinning
process.

Besides concentrating about materials, researchers are concerning also the use
of different modules. There is a theoretical study treating about the difference in CO2

removal performance by flat-sheet membrane contactor (FSMC) and hollow-fiber
(HFMC) polymeric membrane contactor with use of amine aqueous solutions. For
the studied conditions, FSMC showed better results. Nevertheless, the authors admit
that before choosing a suitable module a number of factors should be considered,
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such as membrane properties and operating parameters [23]. Francis Bougie and
Iliuta [24] have studied the possibility of use of more than one FSMC for CO2 removal
from a gasmixture. The author designed an experiment, which consists of connecting
up to three polymeric membrane contactors, so the outlet absorbent liquid was
directed to the inlet of next compartment. Generated results indicated that there is
a proportional increase in the CO2 flux with the number of membranes. Moreover, the
authors demonstrated that there is a possibility to add as many membranes as
needed to achieve the absorbent solution saturation.

11.3.3 Biocomposite

According to Fick’s law, increase of local CO2 concentration on the membrane side
will result in enhancing the CO2 absorption by the system. To achieve it, scientists are
modifying the membrane surface, by for example incorporation of biomolecules.
Most commonly used enzyme for CO2 capture studies is carbonic anhydrase. The
protein is situated in leaf and it is responsible for catalysis of CO2 hydration (1) for
photosynthesis. Besides, we can find it in blood, where it helps to keep the pH
balance. The catalyzed reaction involves two-step mechanism. The first step (2) is
the nucleophilic attack of a zinc-bound hydroxide ion on CO2. The second step (3) is
the regeneration of the active site by ionization of the zinc-bound water molecule and
removal of a proton from the active site.

CO2 +H2O↔HCO3− +H+ ð11:1Þ

Zn2+ OH− +CO2↔Zn2+ +HCO3− ð11:2Þ

Zn2+ +H2O↔H+ + Zn2+ OH− ð11:3Þ

Unfortunately, the biomimetic systems suffer one main disadvantage: enzyme
incorporation into a synthetic support usually results in decrease in its activity
caused by, among the others, structural or functional changes. The researchers are
applying different incorporation techniques to overcome this issue.

One option is use of nanoparticles to covalently bond the enzyme. This approach
was investigated by Jingwei Hou et al. [25] Biocatalytic TiO2 nanoparticles with
covalently immobilized carbonic anhydrase were used to prepare superhydrophobic
PP membrane by sol–gel coating and surface modification with perfluorodecyl-
triethoxysilane (PDTS). Results showed that enzyme remain high in activity and the
biocatalytic membrane contactor exhibits reusability of 10 cycles.

Another method, used by Joel K. J. Yong et al. [26], includes the electrostatic
adsorption of carbonic anhydrase by layer-by-layer assembly on polimeric
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membrane surface. The films were applied to the shell side of the hollow-fiber
membranes by static mode where membrane remains in solution and by forcing
polyelectrolites across the membrane. Results show the formation of thin films only
on the surface, without penetration to the inside pores. This caused another improve-
ment – the pore wetting was significantly reduced and finally the CO2 hydration was
enhanced in all examined cases.

Ya-Tao Zhang et al. [27] studied the performance of membrane reactors consist-
ing of PVDF hollow-fiber membranes aligned parallel with nanocomposite hydrogel
with immobilized CA between them. As the porous network of the hydrogel contained
free water, which is crucial for proper functioning of the enzyme, the enzymatic
activity remained up to 76%. The obtained reactor effectively separates CO2 from
mixed gas streams of low concentration with 30 h of durability.

11.4 Absorbents

Absorbents are playing a crucial role inmembrane contactor systems as they are the
only selective part of the compartment and the effectivity of the system depends
mostly on the affinity of the liquid to CO2. A number of solutions were studied
(Figure 11.5), especially bases and amines and their salts, but monoethanolamine
solution is still the most commonly used reference absorbent.

The theoretical study conducted by Subham Paul and the group [23]
about the use of single and blended amines, considering aqueous solutions of
MEA, DEA, MDEA and AMP, as absorbent solutions for CO2 capture by FSMC,
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proves that MEA has the highest absorption flux rate among single amines and
the increase in its concentration in blends results in increase of absorbtion
rate as well.

The use of aqueous amine solution was investigated also by Francis Bougie and
Iliuta [24], who incorporated piperazine (Pz) as activator of CO2 removal from CO2/N2

gas mixture by aqueous 2-amino-2-hydroxymethyl-1,3-propanediol (AHPD) in poly-
meric FSMC comparing his results with MEA solution. Pz is a secondary diamine
activator, which has a good absorption and regeneration capacity and, thanks to its
high surface tension, has a potential to decrease the membrane wetting. The acti-
vated absorbent solution showed better performance than single AHPD solution, but
similar absorption flux for MEA solution.

AASs such as potassium glycinate, sodium glycinate, potassium sarcosine and
sodium sarcosine, were compared with MEA and NaOH by Nihmiya Abdul Rahim and
Al-Marzouqi [28]. The AAS solutions show better CO2 absorption performance unfor-
tunately only in low molar ratios, because decreased pH enhances the release of CO2

reaction.
Muhammad Saeed [29] used zinc complex to promote the K2CO3 absorption

in a contactor system. The Zn–cyclen complex is mimicking carbonic anhydrase
(the enzyme mention in biocomposite membrane section), but according to the
studies it is more stable and has a longer lifetime compared with the natural
enzyme. Promotion of the absorbent results in a 10-fold improvement of the
adsorption rate.

11.5 Conclusions

In this review, we revealed the current state of art of membrane contactors for CO2

capture technology, covering different membrane materials, hydrophobicity
improvements methods and process efficiency enhance approaches including the
use of biological molecules and summary of absorbent solutions in use.
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Maciej Staszak

12 Modeling and simulation of membrane process

Abstract: The article presents the different approaches to polymer membrane math-
ematical modeling. Traditional models based on experimental physicochemical cor-
relations and balance models are presented in the first part. Quantum and molecular
mechanics models are presented as they are more popular for polymer membranes in
fuel cells. The initial part is enclosed by neural networkmodels which found their use
for different types of processes in polymer membranes. The second part is devoted to
models of fluid dynamics. The computational fluid dynamics technique can be
divided into solving of Navier-Stokes equations and into Boltzmann lattice models.
Both approaches are presented focusing on membrane processes.

Keywords: Fuel cell, two (D2Q9) and three (D3Q19) dimensional physical space,
neutron layers

12.1 Introduction

Physical phenomena is subject to many different modeling methods. This chapter is
organized to give a general view of the modeling approaches, aims, capabilities,
and limitations especially for polymer membrane systems. As a preferable engi-
neering view of the modeling task the text describes two general cases from geo-
metric perspective, zero- and higher dimensional modeling. The traditional design
approach is to use zero-dimensional description of simulated entity which is less
computationally demanding. The zero-dimensional methods involve classical cor-
relations for membrane fluxes, transmembrane pressures estimations, resistances,
retentions, etc. The zero-dimensional approach also involves the microscopic-level
description of the phenomena modeled, e.g. by quantum or molecular analysis
where the answer obtained corresponds to some indefinite point location rather
than spatial distribution of resultant variables. On the other hand, modeling per-
formed for two- or three-dimensional geometries becomes more popular for the
process systems designers due to fast development of computers and numerical
algorithms. This approach is generally based on hydrodynamic level of process
description. Two fundamentally different, higher dimensional methods are
described in the text, the more traditional finite volume method and lattice
Boltzmann method. The first is derived based on discretization of Navier–Stokes
equations of flow while the second relies on Boltzmann particle distribution func-
tion, which is a multidimensional function of position and momentum of fluid
ensemble.
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Both methods of phenomena description, zero and higher dimensional, are
important and are further discussed in details for polymer membrane systems,
divided into several appropriate subtopics.

12.2 Zero-dimensional modeling

The zero-dimensional modeling refers to the traditional technique of simulation
and design approach in which the problem stated is formulated as a lumped
parameter model. This approach considers any simulated andmodeled phenomena
as the entity with constant parameters over space analyzed. In such a case no
spatial distribution of any of the variables modeled is taken into account. This
approach is used inmany important areas of design when there is a need to estimate
key process variables, e.g. flowrates, temperatures, concentrations, pressures, and
so forth. However, there is a smooth border between zero- and higher dimensional
problems as many of the correlations used in this approach contain some important
sizes of simulated entity, e.g. channel length, membrane width, pores diameter,
and so forth. But the approach itself is still zero dimensional due to its governing
equations of lumped formulation.

12.2.1 Basic modeling description

The most fundamental approach considers entering and exiting masses from sub-
jected space. The mass, energy, and/or momentum streams are balanced over ana-
lyzed entity, the process is described by appropriate constitutive relation and model
is formulated typically in terms of algebraic, but sometimes also differential, equa-
tions. In the membrane systems the mass balance involved is included implicitly,
during the derivation of some specified formulation. The general approach to model
the porous and nonporous membranes is similar but there are some differences due
to their morphology. In details the model construction is dependent mainly on the
membrane filtration mode due to specific flows schemes. Two basic modes are
commonly used when considering the flows arrangement, namely dead-end and
cross-flow setup (Figure 12.1). Several prediction models have been proposed as
constitutive relation for the membrane permeate flux for the aforementioned modes
of filtration.

One of the earliest approaches to the membrane transportation process is the
orifice model for a pore which utilizes the Sampson [1] equation for the flow through
the orifice qorifice.

qorifice =
r3ΔP
3μ

ð12:1Þ
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where μ is the fluid viscosity and ΔP is transmembrane pressure. Applying
fractional pore area Ap/Am and the pore radius r, the flux q across membrane can
be obtained:

q=
r

3πμ
Ap

Am
ΔP ð12:2Þ

The resistance-in-series model assumes that the resistances exerted on flowing
fluid by the porous media can be presented in the form of sum of resistances. The flux
in the membrane filtration can be described by governing equation given as:

q=
ΔP

Rm +Rpl +Rc
ð12:3Þ

In the above relation q is the permeate flux with the units of velocity (discharge per
unit area), ΔP is the pressure applied, Rm membrane resistance, Rpl concentration
polarization (CP) layer resistance, and Rc is the cake resistance. The most proble-
matic variable to be estimated when incorporating equation into modeling proce-
dure is CP layer resistance. This resistance depends on amount of retained
particles in layer considered and on the particle–membrane material interactions.
Furthermore, the particles amount depends on the permeate flux which is then
intrinsically coupled with its value so cannot be determined without prior knowing
the permeate flux. It was presented [2] that pressure drop over the CP layer is

Feed

Feed Retentate

(b)
Permeate

(a)
Permeate

Figure 12.1: Cross-flow and dead-end membrane configuration setup.
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constant in the case when the cake layer exists on the surface of the membrane.
This pressure drop is called critical pressure ΔPc and can be determined by the
relationship:

ΔPc =
3kT
4πr3

NFc ð12:4Þ

where r is the radius of the particle, NFc is the critical filtration number. NFc is the
critical value of the filtration number at which the cake layer begins to appear. The
filtration number NF is defined as the ratio of the energy required to transport a
particle from the surface of the membrane into the bulk suspension to the thermal,
dissipative energy of the particle. Details on derivation and relation of filtration
number to the Einstein–Stokes equation, combined with the correction factor for
high particle concentration from Hapell cell model, can be found in the literature [3].

For membrane filtration process, Darcy law (5) can also be considered as a
constitutive relation. This approach formulates the flux q in terms of pressure
gradient across themembrane, k permeability of themembrane, and μ fluid viscosity.

q=
− κ
μ

∇p ð12:5Þ

The flux q refers to the total cross section of the membrane and thus to obtain the
actual average velocity u in the porous media it must be divided by the membrane
porosity ϕ:

u=
q
ϕ

ð12:6Þ

The process of filtration has the intrinsic dynamic nature. The time evolution of
membrane filtration is mainly due to fouling phenomenon. Several stages of fouling
are classified, and mechanisms proposed as well. The typical dynamics of the filtra-
tion resembles the flux changes during time. Initially high flux corresponds to the
situation when almost pure solvent is transported across membrane. This period is
characterized by short duration time and fast drop of the flux. Succeeding stage is
represented by long-term gradual flux decline, and finally the last period of the
process is indicated by the steady-state flux. Initial or last stage might sometimes
be difficult to observe due to high rate of the process dynamics or long time of steady-
state approach.

12.2.1.1 Standard blocking model
The model is also referred as pore blocking model. The rate of change of number of
pores that are available for fluid transportation at any time of the process can be
given by relation:
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dn
dt

= − fb
u0C0n
n0

ð12:7Þ

In the above n represents number of non-blocked pores accessible by the fluid per
unit of area of the membrane surface. The variable fb is the number of pores that can
be blocked by a unit volume of particles. The C0 is the initial particle concentration in
the feed stream. The indices 0 refer to the initial values of specified variables. The
analytical solution to the above is:

n= n0e
− fb

u0C0
n0

t ð12:8Þ

Thus two time-dependent componentfluxes canbe identified, thefluxby unblocked
pores and flux by blocked pores. The dynamics of the total flux can thus be given:

u= u0e
− fb

u0C0
n0

t|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
unblocked pores

+ ub0 1− u0e
− fb

u0C0
n0

t
� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
blocked pores

ð12:9Þ

where ub0 is the flux for the blocked membrane.

12.2.1.2 Cake formation model
For incompressible cakes the Carman-Kozeny [4] equation relates pressure drop with
velocity and membrane details:

Δp
L

=
180μ
Φ2

sD2
p

ð1− εÞ2
ε3

us ð12:10Þ

Equation commonly used to estimate specific cake resistance rc reads:

rc =
180μð1− εÞ2

D2
pε3

ð12:11Þ

In the above equation, μ is the viscosity of the fluid, ε is the porosity of the
solid cake, Dp diameter of the particle, us superficial velocity, Φs is the sphericity
of the particles in the cake. The time required for 99% reduction of the initial flux
is given by:

t =
ð104 − 1ÞRbmcg

2rcu0c0
ð12:12Þ

where cg is the particle concentration on the surface of the cake layer, c0 is
the particle concentration in the bulk (feed) fluid, Rbm is the resistance of the
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blocked membrane and u0 is the initial velocity (to the clean surface of the
membrane).

12.2.1.3 Physicochemical model
The model with a fouling limitation applied is given in the form that reads [5]:

Rf =R*ð1− p exp ð− qcrtÞÞ ð12:13Þ

whereR* is the long-term fouling resistance, p, q, and r are specific constants. The
variable p renders very fast initial increase in the resistance, due to the substance
adsorption at the surface of the membrane which causes blocking of the pores. The q
and r variables render the curvature of the time evolution of the hydraulic resistance
of themembrane. R* is given by a Langmuir or Freundlich isotherms and is a function
of bulk concentration and solution pH. Equation 12.13 represents typical correlative
approachwhere the specific variablesmust be experimentally obtained for individual
membrane type.

12.2.1.4 Reaction model
The assumption of Langmuir–Hinshelwood kinetics for the buildup of an adsorbed
layer on the membrane surface [6] and leads to the description of the dynamics of its
thickness l:

dl
dt

= k1ðl0 − lÞCw − k2l ð12:14Þ

The Cw is the concentration of the separated substance at the membrane surface.
The kinetic constants k1 and k2 refer to the rate of its deposition and removal
respectively. The solution to the above reads:

lðtÞ= k1Cwl0
k1Cw + k2

+ e− ðk1Cw + k2Þt l0 −
k1Cwl0

k1Cw + k2

� �
ð12:15Þ

The values of kinetic constants can be obtained by means of nonlinear fit
numerical methods versus experimental data of cake thickness formation.

By solving classical diffusion equation of Fick’s second law, other formulation
can also be given:

dl
dt

= krCb
2exp

2ΔP
kmμðRm + l=pÞ
� �

ð12:16Þ

where ΔP is the pressure across the membrane, μ is the viscosity, p is permeability of
the filtrated substance, l represents thickness of the layer, Cb bulk concentration of
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the substance, and Rm is the membrane resistance. The kinetic constants represented
by kr and km refer to the deposition and removal process respectively. The solution to
the above problem can only be done on the numerical basis.

12.2.1.5 Maxwell permittivity model
Gas separation by selective transport through mixed matrix polymeric mem-
branes is commonly used technique for gaseous mixtures treatment. Chung
et al. [7] suggested to use Maxwell permittivity model [8] originally aimed to
predict the material resistance to external electric field. The effective perme-
ability of composite membrane can be formulated in terms of component
permeabilities of continuous Pc and dispersed phases Pd:

Peff = Pc
Pd + 2Pc − 2ϕdðPc − PdÞ
Pd + 2Pc −ϕdðPc −PdÞ ð12:17Þ

The above model is a simple approach that accounts for dilute suspension of
spherical particles. The variableϕd is the dispersed (polymer) phase volume fraction.
Some modifications of the above approach have been proposed [9] to account for
more realistic behavior. The diffusion coefficient for gas in membrane pores is then
given by Knudsen diffusion coefficient that reads:

DAK = 9:7 � 10− 5r

ffiffiffiffiffiffiffi
T
MA

r
1−

dg
2r

� �
ð12:18Þ

where r is the effective pore radius expressed in Å, T is the absolute tempera-
ture,MA is themolecular mass of the gas, and dg is the diameter of the gasmolecules
also expressed in Å. The value of the permeability of the combined sieve (Pd) and
interface (Pi) void can be used along with the continuous polymer phase perme-
ability (Pc) to obtain a predicted permeability P3MM for the three-phase mixedmatrix
materials by applying the Maxwell equation:

Peff = Pc
Peff + 2Pc − 2ðϕd +ϕiÞðPc −Peff Þ
Peff + 2Pc − ðϕd +ϕiÞðPc −Peff Þ ð12:19Þ

The variable ϕd is the dispersed (polymer) phase volume fraction and ϕi is the
volume fraction of the interface void.

12.2.1.6 Modeling dense membranes
The nonporous membranes, i.e. for reverse osmosis [10], modeling shares the
same principia of mass conservation as the porous, they differ in the form of
constitutive relations although. The key process governing the transport
through the membrane material is the solution-diffusion mechanism. The
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performance of the process depends on the selectivity φM of the membrane
which is defined by:

φM = 1−
Cp

Cw
ð12:20Þ

where Cw and Cp are the concentration of diluted substance in the feed
and permeate, respectively. The flux of permeate JP can be calculated by
relationship:

JP =
jmΔPm

φω
M

ð12:21Þ

where the thermodynamic function to compute a maximum value of the selec-
tivity coefficient of the membrane reads:

φM = 1− exp
ΔW
kBT

� �
ð12:22Þ

In eq. 12.21 the variable jm is the impermeability coefficient of themembrane, and ΔPm is
the operating pressure. The ω is an empirical coefficient that depends on the physical
properties of the material and the operation conditions. The ΔW is the component of
power of osmotic process expended for transporting ions across the membrane, T is the
temperature of the fluid, and kB is the Boltzmann constant. The flow through the
membrane under the operating pressure ΔPm, including impurities, depends on the
hydraulic resistances of the membrane Rm and the deposit layer (cake) Rc:

Jv = jm
ΔPm

μcðRcδc +RmδmÞ ð12:23Þ

where the dc and dm are the cake and membrane thicknesses, μc is the dynamic
viscosity of the deposit layer.

The steady state and dynamics for dense membranes can also be modeled by
considering that the driving force of the process is entirely of diffusive nature [11]. In
this case the flux of specie ith is related with diffusion coefficient and specific
formulation of driving force which includes corresponding permeabilities pi,perm
and pi,feed difference:

Ji =
Si

L � Hi
Diðpi, feed − pi, permÞ ð12:24Þ

where Di is the diffusion coefficient of specie ith, Si is the sorption coefficient,
Hi is Henry constant, and L is the membrane thickness. The postulated dynamic
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description relies on variation of diffusion coefficient and permeabilities by
introducing their functional forms dependent on time, Di(t) and pi,perm(t). Such
mathematical simplification is valid only with assumption that diffusion coeffi-
cient is independent of diffusing specie concentration which is valid for dilute
solutions. This statement is postulated by the authors [11] exclusively by parti-
cular formulation of Fick’s second law for time evolution of specie concentration
in membrane material:

∂c
∂t

−
∂

∂x
D tð Þ ∂c

∂x

� �
=0 ð12:25Þ

The initial condition for the above reads:

cðx, 0Þ=0 ð12:26Þ

which formulates that no diffusing specie is contained inside the membrane in
the initial moment of the process. The boundary conditions read:

cð0, tÞ= c1
−D tð Þ ∂cðL, tÞ

∂x
= J tð Þ

8<
:
that depicts that at the membrane surface (x=0) there is some initial concentra-

tion c1 of the solute, and at the downstream surface of the membrane there is a flux
J(t) given by the partial pressure in the permeate channel during the process.

12.2.1.7 Models dependent on membrane configuration
12.2.1.7.1 Hollow fiber module
The hollow fiber modules are specific types of membranes in which the key consti-
tuent is their longitudinal character of the process. Starting from Fick’s diffusion law
the longitudinal development of solute concentration for laminar flow is given by
relation dependent on the distance z from inlet [12]:

CmðzÞ=CA, i 1− exp −
4kLz
uLd

� �� �
ð12:27Þ

where CA,i is the bulk concentration of specie Ath, kL is the mass transfer coeffi-
cient, d is the diameter of the fiber, uL liquid velocity. The average of the above
distributed concentration Cm(z) can be obtained [13] by calculating the integral
average along the z axis, to give CA:

CA =
CA, i

L
L+

uLd
4kL

exp −
4kLz
uLd

� �
− 1

� �� �
ð12:28Þ
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12.2.1.7.2 Spiral-wound module
Spiral-wound membranes are typically used for reverse osmosis process. To estimate
the concentrations in permeate following equations are proposed [14]:

Cp zð Þ=Ci 1 +
JvðzÞ=Bs

eJVðzÞ=ki

� �− 1

ð12:29Þ

where ki is the mass transfer coefficient at z location, and z is the location of feed
(z=0) and outlet channel of module length L (z=L). The Jv evaluated at the same z
locations is given by:

JvðzÞ= AWΔPðzÞ
1 + AWR

Bs
T � Cp

ð12:30Þ

where Bs is the solute mass transfer coefficient, AW is the solvent mass
transfer coefficient, Cp is the concentration of solute in the permeate, T is the
temperature, R is universal gas constant, ΔP is transmembrane pressure at
predefined z locations.

12.2.1.7.3 Capillary module
The capillary modules are commonly used for membrane distillation. The mathema-
tical model [15] of such a unit operation must account for mass and also for heat
balance equations, to enable the power requirement calculation. The formulations of
equations presented below confirm also flat configuration of the membrane. The flux
F expressed by the mass balance equation reads:

F = 1:064
rpε
δτ

� � ffiffiffiffiffiffiffiffiffi
Mw

RTm

s
ðPm −PdÞ ð12:31Þ

where rp is the pore size, ε is the porosity of the membrane, δ is the membrane
thickness, τ is the pore tortuosity, Pd is the pressure at the vacuum side, Pm is the
water vapor pressure at the membrane surface temperature Tm, Mw is the water
molecular weight and R is the gas constant.

Heat balance equation reads:

ρcpS >
dðvTf Þ
dAmb

−
Tref dv
dAmb

� �
= − FΔHv ð12:32Þ

where cp is the specific heat, Tref is the reference temperature and ΔHv the heat of
vaporization of water. The model can be used to calculate the energy requirements
and distillate yield flat and capillary modules.
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12.2.1.8 Summary
The presented section outlines the broad spectrum ofmodel approaches that are based
on traditional engineers and designers techniques of membrane processes description.
Themodeling and the designing procedure are the tasks that employ the same tools but
take different view of the process considered. The correlations presented can be used to
make a simulation if some initial data like feed source, feed quality, feed/product flow,
and required product quality are given. Then having selected the flow configurations
andmembrane elements type and setup, one can determinewhether the processworks
as expected. The design procedure on the other hand implicates a specific results to be
obtained, namely the material and geometry estimation of the membrane itself. Both
views, the modeling and the design, are essentially the same regarding the theoretical
and mathematical description of the process but target different needs. Most of the
presented formulations are based on correlated experimental results applied to equa-
tion of mass or momentum balances. In general, the fundamental disadvantage of the
models based on experimental measurements or any specific material constants
obtained under particular conditions is their higher, compared to other approaches,
tendency to decrease the accuracy and/or reliability when performing calculations for
systems that differ significantly from systems for which they were originally estab-
lished. Many correlations are designed for some specific range of temperatures, pres-
sures, and so forth and beyond these ranges they might not be reliable source of
knowledge about the system. The exception from such typical correlative issues
might be to rely only on fundamental physicochemical data which do not depend on
the system conditions (e.g. critical pressures, temperatures, or volumes of species
involved). The mathematical approaches and models presented in next parts of this
chapter address this problem because their fundamental approach is not to rely on
actual, narrow range specific parameters.

12.2.2 Molecular modeling

Molecular modeling covers methods, algorithms, and numerical approaches which
can be applied to model the molecules and atoms behavior. Its typical use is to
study molecular systems varying from small to large molecular systems and
material entities. The typical analysis done by molecular modeling is a phenom-
enon at atomistic level of the matter. In general this type of analysis can be done
on the basis of molecular mechanics or quantum chemistry approach. Molecular
mechanics applies laws of classical mechanics to render the interactions between
atoms and molecules while quantum approach utilizes quantum theory to describe
behavior of molecules, atoms, and subatomic particles. While the molecular
mechanics involves atoms and bigger entities the quantum approach accounts
also for electrons in the atomic structure. Both approaches are entirely different,
with molecular mechanics being less accurate but faster and quantum modeling
much more realistic but also with higher computational demands. There exists
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also approaches combined that couple the molecular and quantum mechanics in
single algorithms [16] referred to as QM/MM (quantum mechanics/molecular
mechanics).

12.2.2.1 Quantum mechanics models in polymer membranes
The underlying fundament of all quantum methods is Schrödinger equation which
defines molecules in terms of interactions among nuclei and electrons and depicts
geometry of the molecules by structure satisfying minimum energy requirement.
The time dependent Schrödinger equation reads:

EΨðr, tÞ= ĤΨðr, tÞ ð12:33Þ

In the above the Ψ represents wave function representing quantum state of the
molecule, atomic, or subatomic system. A single wave function covers at once all
the particles in the system analyzed. There are many different wave functions for
single system though, each of them representing appropriate description, in a chosen
coordinate system. Every of the distinct representatives express all observable ele-
ments of information about the state (e.g. position, translational momentum, orbital
angular momentum, spin, total angular momentum, energy). Ĥ is the Hamiltonian
operator that acts on a function Ψ. The Hamiltonian corresponds to the kinetic and
potential energies of a system and is the summation of all energies for every particle
in the given spatial configuration at an instant time. The Schrödinger equation
cannot be solved directly and approximationsmust be used in order to obtain results.
The most commonly approximation used in order of increasing simplifications
applied are as follows. The Born–Oppenheimer approximation with the assumption
that the atomic nuclei do not move and only electrons kinetic energy, and the nuclei–
nuclei charge interactions are accounted for. The Hartree–Fock approximation is
further simplification that assumes no interaction between electrons themselves.
This leads to formulation of atomic (and molecular) orbitals which can be related
to stationary state of wave function for an electron in atom or molecule. The orbitals
render the structure of the atom or molecule as if all the electrons formed the
molecule shape without electron–electron interactions, which obviously is a simpli-
fication. The LCAO approximation (Linear Combination of Atomic Orbitals) is used in
Hartree–Fock approximation to render the linear combination of atomic orbitals to
further calculate the molecular orbitals by their quantum superposition. The mole-
cular orbitals are expressed in the sense of so-called basis sets which are the linear
combinations of a set of functions. The basis set is created of a finite number of
orbitals, centered at each atomic nucleus within the molecule. The Hartree–Fock
approximation is applicable to molecules composed from up to hundreds of atoms.
Assuming no electron–electron interactions and treating every electron as indepen-
dent of each other leads to overestimating of electron repulsion energy which con-
sequently render as too high total energy of the system calculated. To overcome this
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problem a correlated models were proposed in which the electron correlation
accounts for coupling the electrons motions that result to decrease the repulsion
energy of electron–electron interactions. Lower repulsion energy estimated leads to
lowering the total energy. The density functional models propose approximate cor-
relation by an explicit term formulated on the basis of Density Functional Theory. The
main assumption of this approach is the fact that the sum of the correlation energies
of uniform electron cloud can be evaluated based on its density. The density func-
tional models are usually appropriate to estimate equilibrium, geometries of transi-
tion-states, and vibrational frequencies. The density functional models reveal some
serious deficiencies with regard to energetics of reaction. Due to this problem the
Configuration Interaction Models were introduced in which the “auxiliary” wave-
function terms corresponding to excited states are additionally included with regards
to Hartree–Fockmethod. The Configuration InteractionMethod approaches the exact
Schrodinger equation solution if the basis set applied is more complete (covers wider
range of possible wavefunction states). The importance of using more complete basis
sets arises due to size consistency, where typical problem is that the solution to the
energy of two infinitely separated particles is not double the energy of the single
particle. Due to the high demand on computing power these methods are limited to
relatively small systems, however. The simplest model offering improvement over
Hartree–Fock method is Moller–Plesset theory of second order (MP2). Also higher
order models MP3, MP4 were formulated but they are limited to small systems. The
MP2 method is practical for molecules of moderate size, although.

The basis sets mentioned earlier are functions introduced first by Slater [17] to
give a description of electron orbitals. Slater type orbital (STO-xG, where x is the
number of Gaussian functions) basis sets are simplest sets of Gaussian functions
representing orbitals. It is significant that the same number of Gaussian functions is
used to represent core and valence orbitals. They give rough estimation for orbitals
but are much less computationally demanding. Pople et al. [18] formulated more
complex basis sets named split valence basis sets. This formulation represents the
valence orbitals by more than one basis function due to the fact that valence orbitals
take main part in molecular bonding. A lot of basis sets are discussed in the refer-
ences [19–23].

Due to the complexity of the quantum calculation it is typically not possible to
perform the calculations by homebrew computer codes, instead a commercial
(Gaussian, Jaguar, etc.), academic (e.g. Gamess, Firefly) or free General Public
License (CP2K, PUPIL) codes are used.

Taking into account polymer membranes the main research area where
the quantum modeling calculations are mostly involved are polymeric membranes
in fuel cell simulations, namely proton exchange membrane fuel cell, PEMFC
(Figure 12.2). Fuel cell is an electrochemical device that transforms the chemical
energy into the electrical energy without any assistance of additional component.
Principal elements of a single PEM fuel cell are: membrane, catalyst layer, gas
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diffusion layer (also referred to as porous transport layer), current collectors, and
flow channels. Such membranes are often denoted as polymer electrolyte mem-
branes or proton exchange membranes. The hydrogen is the fuel for the PEMFC and
the hydrogen ion, proton is the charge carrier.

The anode reaction reads:

H2! 2H+ + 2e− E =0V
dE
dT

=0mVK − 1 ð12:34Þ

The cathode reaction reads:

1
2
O2 + 2H+ + 2e−!H2O E = 1:2291V

dE
dT

= −0:8456mVK− 1 ð12:35Þ

The overall reaction is then given by stoichiometry:

H2 +
1
2
O2!H2OE = 1:2291V

dE
dT

= −0:8456mVK− 1 ð12:36Þ

The anode reaction reads:
The cathode reaction reads:
The overall reaction is then given by stoichiometry:
One of the most popular membrane material present on the market is Nafion,

which is sulfonated tetrafluoroethylene based fluoropolymer-copolymer (RF[OCF2CF
(CF3)2]nOCF2CF2SO3H). Nafion is most often formed as a thin foil and used as a

H2
H+

Cathode
Membrane

Anode

O2
1/2

H2O

- +

Figure 12.2: Fuel cell typical setup.
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protons transporting membrane, namely ionomer, while being a barrier for electrons
or anions. This material exhibits also high thermal and chemical resistance.

Yu et al. [24, 25] simulated chemical mechanisms of degradation of Nafion using
JAGUAR 7.0 code. They incorporated Density Functional Theory to formulate the
potential energy surfaces for various possible reactions accounting for intermediates
which could be created when Nafion is exposed to molecular hydrogen, molecular
oxygen, or protons in the presence of the platinum catalyst. The B3LYP (Becke, three-
parameter, Lee-Yang-Parr) exchange-correlation functional was used with 6-311G**
basis set (six Gaussian primitive function for core orbitals, and a linear combination
of two basis function for each valence orbitals, the stars indicate extension to the
main basis set by adding double polarization functions). Based on the results three
mechanisms by which OH radical species formed on a platinum surface lead to
degradation of Nafion polymer were proposed and experimentally validated by F
NMR and mass spectroscopy.

Sakai et al. [26] used Gaussian software commercial tool to model the deprotona-
tion reaction of the sulfonic group (SO3H) in a hydrocarbon membrane, as a new
proton conductor for polymer electrolyte membranes (PEM) of polymer electrolyte
fuel cells (PEFC). Similarly as case previously described 6-311+G(d, p) basis set was
used at the B3LYP density functional theory level. The difference in basis set is
presented by the plus sign meaning that the diffuse function is used for p and d
orbitals. The diffuse functions are of high significance for anions to describe the
electrons that are at longer distances from the nuclei. The quantum model was used
to investigate and simulate the behavior of the sulfonic group of sulfonic acid
C6H5SO3H as a model of a hydrocarbon membrane. As the concluding statement
the following two properties were noticed as the main factors decreasing proton
conductivity at low hydration levels: sulfonic acid has low acidity because deproto-
nation of SO3H group and protonation of SO3

− anion occur with the same probability;
and the SO3

− anion of sulfonic acid binds strongly with the H3O+ in comparison with
short side chain perfluorosulfonic acid. Paddison et al. [27] presented earlier similar
study using B3LYP/6-311G** level density functional theory to perform modeling of a
hydrocarbon polymer membrane (CF3CF(O(CF2)2SO3H)(CF2)nCF(O(CF2)2SO3H)CF3,
where n = 5, 7, and 9). The quantum simulation performed exposed that the number
of water molecules needed to connect the sulfonic acid groups is a proportional
function of the number of fluoromethylene groups in the main chain, with one, two,
and three water molecules needed to connect the sulfonic acid groups in parts with
n = 5, 7, and 9, respectively. It is also worth noting that the simulation was performed
with explicit addition of water molecules to each of the polymeric fragments (an
implicit approach would be to replace intermolecular interactions by so-called aver-
aged field), which allowed to conclude that the minimum number of water molecules
required to affect proton transfer also increases as the number of separating tetra-
fluoroethylene units in the main chain is increased. These quantum modeling calcu-
lations provided the results that might be used to evaluate the impact of changes of
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polymer chemistry on proton conduction, including the side chain length and acidic
functional group.

There are also modeling studies which are based on approaches which in their
background rely on quantum calculations. One of such approach is COSMO model
(conductor-like screening model) which is used for estimating the electrostatic
interaction between a molecule and a solvent. This model belongs to continuum
solvation or averaged field group of models. The main concept is to approximate the
solvent presence by a dielectric continuum, surrounding the molecules. The COSMO
method can be used with Hartree–Fock methods or density functional theory calcu-
lations. The extensions for real solvents allow to estimate the chemical potentials of
substances in liquids which consequently leads to other thermodynamic equilibrium
properties (such as solubility, activity coefficients, vapor pressures, partition coeffi-
cients and free solvation energies) calculations. The example of the use of such an
approach is the work of Shah et al. [28] They used a COSMO-SAC model (conductor-
like screening model – segment activity coefficient) to estimate the structure–
properties relationships between the polymer structure and membrane performance.
The GGA/VWN-BP functional setting and the DNPv4.0.0 basis set was used. The
generalized gradient approximation (GGA) takes into account variations in the den-
sity by including the gradient of the density in the functional. The Vosko-Wilk-Nusair
[29] (VWN) is the correlation for many electron system of the spin-polarized homo-
geneous electron gas. The VWN correlation energy per particle of homogenous
electron gas improves the theory and experiment agreement. The VWN-BP represents
the Becke-Perdew version of the VWN functional. The model can successfully predict
two component sorption from single component sorption data. The model functions
poorly in the case of some polar solvent/polar polymer combinations, however.

12.2.2.2 Molecular mechanics models in polymer membranes
Molecular mechanics describes molecules and chemical bonds based on van der
Waals and Coulombic interactions. This approach utilizes classical mechanics laws
to model the molecular systems.

Themolecular mechanics approach expresses the energetic state of amolecule in
terms of a sum of contributions resulted from deviations from an ideal molecular
state of lowest energy. The summation is taken over stretch contributions (bond
distances), bend contributions (bond angles) and torsion contributions (torsion
angles) of mechanical state of molecular system. Additional terms are the contribu-
tions due to van der Waals and Coulombic (non-bonded) interactions. Stretches and
bends contributions of molecular bonds are formulated in terms of Hook’s law forms.
Torsion contributions need to reflect the torsional potential periodicity which takes
the form of trigonometric functionals that accounts for such behavior. The energy of
torsion can be formulated in terms of Fourier series which allow to account for energy
differences in cis and trans conformers or between planar and perpendicular con-
formers. The van der Waals and Coulombic interactions summation formulate the

376 12 Modeling and simulation of membrane process



non-bonded interactions terms. Some explicit summation terms might also be
included to account for such interactions as hydrogen bonding. The van der Waals
interactions are formulated as a summation of attractive and repulsive components.
The Coulombic term is formulated to take the charges interactions into account.

The advantage of molecular mechanics models over quantum approach is their
greater ability to transfer the geometrical variables betweenmolecules, and expectable
parameters dependence on atomic hybridization. This makes themolecular mechanics
approach to be easier when applying initial geometrical guess to a numerical solving
procedure and allows to perform faster calculations. In practice the computational load
increases linearly with the size of molecular systemmodeled (which is not the case for
quantum mechanics). The parametrization of molecular models is also important
advantage over quantum approach. On the other hand the simplicity of the molecular
mechanics models imposes some limitation when comparing with quantum approach.
The most important limitation is that molecular mechanics allow to represent only the
equilibrium states (geometries and conformations) of the molecular systems. The
parametrization of functionals describing force fields has not yet been done to comply
with nonequilibrium molecular states. The next limitation is that the molecular
mechanics cannot describe the electron distributions in molecules which is an impor-
tant feature when simulating chemical reactions. Consequently, the underlying prin-
cipal nature of molecular mechanics modeling is its approximation character, for
which the accuracy depends on quality of the parameters used and on the classifica-
tions of relations between molecules. This is typical that for such an approach going
beyond the range of parametrizations, i.e. describing some new molecular structures,
is expected to be burdened with high and difficult to estimate error.

The extension to molecular mechanics approach is molecular dynamics, which
besides of the molecular mechanics interactions, consist on solving, typically on
numerical basis, the classical equations of motion. After the calculation of potential
energy field, the forces acting on the molecules are computed. Applying the Newton’s
equations of motions to the molecular system results in a molecular momenta estima-
tion which consequently leads to movement patterns of molecules. Such a system of
differential equations is solved using specified step-by-step numerical algorithm of
integration. The differential equations set is typically characterized by high stiffness
(relation of fast to slow dynamic components of the process simulated) and special
numerical treatment is needed. Historically the Gear’s algorithm [30] was designed for
such systems, which is the two step method assembled of explicit Adams and implicit
backward differentiation formula. Recently Verlet algorithm [31] is used to solve this
problem, which is purposely designed to integrate the equations of motion.

As an example the effects of molecular structure on the polymer membrane
process is studied by means of molecular mechanics calculations by Shen et al. [32]
The molecular mechanics models require to input initial structure of the modeled
molecular system. For the polymers a heuristic method [33] can be used, which
consist on building the structure from monomers and locating them randomly in
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computational space. Authors examined the rejection mechanisms for contaminants
in polyamide reverse osmosis process and based on the molecular dynamics calcula-
tions concluded that the solute rejection is positively correlated with the Van der
Waals size of the dehydrated solutes due to decreasing accessible intermolecular
volume between polymer chains of the membrane with solute size. Devanathan et al.
[34] performed an ab initio study (from first principles) of proton transport in Nafion
polymer membrane. One of the most fundamental problems in proton transport is
that it does not follow diffusive transport of water molecules but make use of
surrounding hydrogen bonded clusters. For complex molecular systems, such as
those which appear in proton exchange membranes, molecular dynamics methods
that aim to explain proton transport accurately need to capture this dynamical
behavior. The study was conducted for different hydration levels: dry, hydrated,
and saturated fuel cell membrane. In the confined environment of the membrane,
the protonic defect exists as H5O2

+, H7O3
+, and H9O4

+ cations for the three hydration
levels respectively. As the hydration levels increases, the barrier for proton transport
from contact ion pair to solvent separated ion pair decreases, the water molecules
form a penetrating cluster, which allows the proton to hop through the water cluster
structure contacting multiple sulfonate groups of Nafion polymer. The estimated by
means of molecular dynamics diffusion coefficient for proton transfer is equal to
0.9·10–5 cm2/s, which for high hydration levels stands in accordance with experi-
mental trends, as stated by authors.

The diffusive transport in four polymer membranes is investigated on the basis of
molecular dynamics by Ling et al. [35] to give the estimation of diffusion coefficients
in this process. Based on diesel components the study presented the modeling
calculations that allowed to investigate the micro diffusion mechanism inside poly-
mer membranes. Authors took into account three key factors affecting the diffusional
transfer: interaction energy between molecule and polymer membrane, fractional
free volume of the membrane and mobility of polymer chains. The mean square
displacement formulation was used to calculate the diffusion coefficient from the
results obtained:

MSD= 〈ðriðtÞ− rið0ÞÞ2〉= 1
t

Xt
τ= 1

ðrðτÞ− rð0ÞÞ2 ð12:37Þ

where ri(t) is the spatial coordinate of molecule i at time t, and ri(0) is the initial
spatial coordinate of molecule i. The diffusion coefficient is calculated from Einstein
formula:

MSD= 2dDtα ð12:38Þ

where d is the dimensionality of the Brownian movement (space dimension-
ality), t is the time over which the diffusion coefficient value D is averaged. The
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power law exponent α is in normal diffusion regime (the diffusing molecules
jump between individual free spaces in the polymer membrane) equal unity. The
calculated diffusion coefficients were of order 10–9, m2/s which is in good
accordance with presented experiments for materials investigated.

12.2.2.3 Summary
In general quantum and molecular mechanics simulations even of idealized polymer
membranes can provide valuable guidance by predicting the performance of candi-
date systems as a function of the structural and compositional factors that influence
transport properties. Results obtained from such calculations, even if semiquantita-
tive, can be used to give directions of synthesis toward suitable materials among the
increasing number of potential polymers combinations. The modeled and calculated
wave function representing the state of molecule can effectively be related to chemi-
cally valuable concepts such as atoms in molecules, functional groups, bonding, the
theory of Lewis pairs and the valence bond model [36].

12.2.3 Neural networks modeling

Artificial neural network is the class of models where the fundamental algorithms
resemble biological neural networks learning process. The neural network model is
a type of approximation algorithm which is used to estimate functions that depend
on large number of variables. The structure of artificial neural network is based on
its key element – neuron that is typically presented by some mathematical function
which recalculates and transfers variable values (information). The neurons that
are used in neural network are interconnected and are capable of exchanging
information between each other. The neural connections are characterized by
weights which are tuned during the learning process, making the neural networks
adaptive to data sets presented for the learning process. The artificial neural net-
work is constructed from interconnected neurons, and typically takes the form of
neuron layers.

The three-layered connection of neurons is an example of neural network model
(Figure 12.3). The first layer, input layer, contains input neurons which transmit data
to the second, hidden layer of neurons. The hidden layer can be assembled of any
number of neural layers. The hidden layer transfers the information to the output
layer to give result of calculations. Each connection, so-called synapse, stores a
numerical weight which transforms data during the process of its transmission. The
artificial neural network can be characterized uniquely by three elements: the pattern
of interconnections between layers of neurons and neurons themselves, the algo-
rithm of weights updating at the synapses, and activation function which recalcu-
lates and transforms the input signal to its output value. A simplest neural network
consisting of single neuron is referred to as perceptron. It takes a number of binary
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inputs and produces single binary output and is used to solve the classifications
problems. Amultilayer perceptron is a composite of several (at least two) perceptrons
aligned in layers. More sophisticated neuron formulations were introduced as for
example sigmoid neuron. Instead of binary inputs/outputs, a continuous activation
function is defined which works in the variable range <0; 1>, and is called sigmoid
function:

σ zð Þ= 1
1 + e− z ð12:39Þ

In the case the sigmoid neuron contains N inputs with corresponding weights wj

and bias b applied the formulation of activation function reads:

σ zð Þ= 1

1 + exp −
PN
j= 1

wjxj −b

 ! ð12:40Þ

Hidden layer

Input layer Output layer

Figure 12.3: Example of neural network setup connections between neutron layers.
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The particular choice of activation function determines the neural response to
the neural network and has impact on its learning properties and capabilities.

Fundamental feature of neural network is its ability to learn based on teaching
data sets. The process aims to find optimal solution for the specified task. For this
purpose a cost function is defined which is a measure of particular solution distance
from the optimal one. It is the key task of learning algorithms to minimize the cost
function in the solution space. The least squares method defined on the observed
data and neural network output is a typical approach characterizing the cost func-
tion. There are three learning paradigms, namely supervised learning, unsupervised
learning and reinforcement learning. In supervised learning the two sets of paired
data are given over which the neural network is trained to find optimal synapses
weights, that match the presented, teaching data. The unsupervised learning is the
process where for particular teaching data set the specific cost function chosen is
minimized. The cost function is of arbitrary choice that should reflect any of the data
features. In reinforcement learning the teaching data set is not given, instead so-
called software agent (that is a computer program communicating with the environ-
ment) acts on the studied environment at some time t and observes its reaction. The
aim of this action is to determine a scheme that minimizes measure cost function in
long term. The neural network models are able to approximate, predict, or recognize
specific behavior; they are also capable of making generalizations exceeding bound-
aries of range for which they were trained.

Lobato et al. [37] present a study in which three different types of neural networks
are tested to model a polybenzimidazole-based polymer electrolyte membrane fuel
cell. Multilayer Perceptron (MLP), Generalized FeedforwardNetwork (GFF), and Jordan
Elman Network (JEN) were used having as common characteristic the supervised
learning control. The training and validation data set consisted of 16 series of experi-
mental data where 10% of the whole set were preserved for validation phase, which
was not used for training the neural network purposes. The neural networks had three
input variables: conditioning temperature, the operating temperature and electric
potential, and three outputs: the electric current density, the cathode resistance and
the ohmic resistance. The best prediction was reached by MLP network as determined
at the validation stage, which was the simplest network used in the study. All three
neural networks exhibited good accordance with experimental results, although.

Modeling the performance of Nafion type fuel cell was also subject of the study by
Lee et al. [38] The aim of this analysis was to obtain an empirical model including
process variations to estimate the performance of fuel cells without complex calcula-
tions. Artificial neural network were trained to fit experimental data obtained in a
single cell in H2/air operation using Nafion 115 and Nafion 1135 membrane electro-
lytes. The models presented accounted for the current density, the gas pressure,
temperature, humidity, and utilization to cover operating processes. The multilayer
feed forward neural network was used with two cases of activation function for
neurons, linear and tangent sigmoid function:
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f = x, f =
2

1 + exp ð− 2xÞ − 1: ð12:41Þ

Due to the multilayered network construction the output of the jth hidden layer
unit is given by:

hj = f
Xni
i= 1

w′
jixi +b

′
j

 !
ð12:42Þ

where w’ji is the weight of connection from ith input unit to jth hidden layer unit
and b’j is the bias value for j

th hidden layer unit. The output value from the network is
given by:

y= f
Xnh
j= 1

wjhj + b

 !
ð12:43Þ

wherewj is the weight of synapse from jth hidden layer unit to output unit and b is
the bias for output unit. Finally the weights are adjusted to minimize sum of squares
error SSE:

SSE =
Xnp
p= 1

ðtp − ypÞ2 ð12:44Þ

ρ
∂u
∂t

= − ρu �∇u−∇p+ ρg

∇ � u=0

8<
: ð12:45Þ

In the above the variable u is the velocity vector, ρ is the fluid density, g is the
acceleration vector. The first equation states that the rate of change of force vector
exerted on fluid volume ρ·∂u/∂t equals: the negative value of advective (sometimes
referred to as convective) component of flow due to the fluid’s bulkmotion ρu·∇u; the
negative value of pressure gradient ∇p acting on the analyzed fluid volume; and
bodyforces ρg exerted on a fluid volume. The bodyforces source term can be of
different nature, typically due to gravity but also centrifugal, magnetic or porous
media resistance forces can be taken into account. The second equation presenting
zeroth divergence of velocity vector means that there are no source or sinks in the
volume analyzed. The key weakness of the equation is its idealization due to the
absence of constitutive relation. For the fluids in motion it is very important to
account for their real behavior by including the relation between forces applied
(stress) and deformations observed (strain) on the fluid volume. This term was
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introduced by Navier and Stokes independently, extending the Euler’s equation and
is referred to as stress-strain relation. For compressible fluids (most general case) the
constitutive relation is presented in the form of total stress tensor σ (containing
axiatoric and deviatoric components) that reads:

σ = λð∇ � uÞI + τ ð12:46Þ

where λ is the bulk viscosity which originates from the drag forces created by
volumetric change (compressibility effects). The identity matrix I was introduced
during derivation due to fluid isotropic properties related to axiatoric component of
the stress. The deviatoric component τ of the stress tensor σ originates from the
viscous drag forces developing in fluid in motion:

τ= μð∇u+∇uTÞ ð12:47Þ

The deviatoric stress tensor τ describes the state of stress at a point inside a fluid
in the deformed state. The deviatoric stress (apart from axiatoric which is an uniform
stress) has dissipative nature and is referred to as diffusion of momentum term. The
variable μ is the viscosity of the fluid.

Any source of vector or tensor quantity is indicated by the its divergence, there-
fore the divergence of the stress tensor describes the force transport component that
results from the viscous nature of the fluid. The divergence of deviatoric stress tensor
τ reads:

∇ � τ=μ∇ � ð∇u+∇uTÞ=μ∇2u ð12:48Þ

∂u
∂t

+ u �∇u= −
1
ρ
∇p+μ∇2u+

1
3
1muμ∇ð∇ � uÞ+ g. ð12:49Þ

which finally leads to the formulation of Navier–Stokes equation:
The above equation is valid for constant viscosity Δ which does not depend on

strain rate (Newtonian fluids). Another terms that appear in this equation: Δ∇2u is the
momentum diffusion, the gradient of the divergence of velocity ∇(∇·u) – the resultant
vector field presents the measure of the changes of the source/sink of the velocity
vector field of the fluid volume. The Navier–Stokes equation itself describes the
velocity field of the fluid modeled.

The mass continuity equation might also be considered. The solution of conser-
vation of mass equation:

∂ρ
∂t

+∇ � ρuð Þ=0 ð12:50Þ
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results in scalar field describing mass distribution in the fluid volume. The
equation describes the fact that the rate of change of mass ∂ρ/∂t inside specified
volume of fluid equals the difference between masses entering and exiting ∇·
(ρu) this volume. For the multicomponent flows additional diffusive terms must
be accounted for:

∂ρ
∂t

+∇ � ρuð Þ=∇ � D∇ρð Þ ð12:51Þ

where ∇·(D∇ρ) is the measure of the changes of flux due to diffusion, D is the
diffusion coefficient. In case of reactive flows the equation might preferably be
expressed using molar basis and for nonequimolar chemical reaction additional
source term S should be introduced.

12.3.1.1 Finite volume method
A practical realization of solution algorithms to the Navier–Stokes equations is a
finite volume method widely known as CFD. The finite volume refers to the discreti-
zation approach used, which is most popular in fluid dynamics simulation software
packages. The governing form of the finite volume equation reads:

∂

∂t
∭
V

QdV + ∬
A

FdA=0 ð12:52Þ

which formulates the principia that changes in time are balanced by changes
in space. The vector of conserved variables Q is integrated over a volume V,
while fluxes vector F is integrated over boundary surface A surrounding fluid
volume V.

The Navier–Stokes equation solution is obtained by applying appropriate dis-
cretization scheme over time, for time derivative of function u:

∂ui
∂t

=
uni − u

n− 1
i

Δt
ð12:53Þ

In this way the partial differential equation is discretized to give ordinary differ-
ential equations set. The spatial derivatives follow similar schema (although different
schema are used), for the x component of u:

∂u
∂x

� �
x
=
uI, J − uI − 1, J

Δx
ð12:54Þ

The above scheme represents a general guideline of discretization. In typical
practice the geometry of analyzed object is constructed by spatial mesh which can be
assembled of number of cells. Such volumetric cells can be chosen as tetrahedrons,
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wedges, prisms, hexahedrons and polyhedrons for three-dimensional cases. For
modeling in two dimensions it is typical to use triangles, rectangles or quadrilateral
to represent the space of the flow. It is important to mention that the geometric
primitives used are of convex type.

The process of mesh creation is the preprocessing stage where a decision is made
about the sizes and shapes of boundaries, eventually moving or rotating bodies, and
the type and size of the mesh cells used. This is crucial to the accuracy of the solution
for the cell size not to be larger than the smallest process phenomena to be tracked and
simulated. From this point it is evident that to be able to solve or represent very small
flow effects one should also use very small cell sizes, which in turn would increase the
cells number. Because the differential equations are discretized over the cells produ-
cing corresponding number of algebraic equations, the higher number of cells results
in larger equations set to be solved. Consequently as a reason of increasing demands
on accuracy, decreasing size of cells produces CFD models that require more time to
reach the solution. This is a problem of tradeoff between the demanded accuracy and
computing load when performing the step of preprocessing. The preprocessed mesh is
then a base of the core step – the processing that consists on applying the iterative
algorithms to obtain the solution for steady or transient states of the flow. The final
stage is to postprocess the results obtained to analyze them. It can be the graphical
representation of the flows but also calculation of several process variables, e.g.
calculating flowrates, pressure drops, or chemical reaction rates.

Reformulating the Navier–Stokes eq. (50) to account for transport through por-
ous media an additional source force term S must be introduced:

ρ
∂u
∂t

+ ρu �∇u= −∇p+ ρμ∇2u+ ρ
1
3
μ∇ð∇ � uÞ+ ρg + ρS ð12:55Þ

which accounts for the resistance effects when modeling permeate flux. For any type
of membrane, polymer, ceramic, and so forth when the sieve transport is considered
the most straightforward way to calculate the S resistance term is to use Darcy
equation.

∇pDarcy = −
μ
α
u ð12:56Þ

and inertial losses factor:

∇pinertial =R
1
2
ρjuju ð12:57Þ

In the above formulation the multiplication of both the vector R (inertial resistance
factor which for non-isotropic media depends on direction) and vector u is a scalar
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product. The velocity vector magnitude is designated by |u|. The resistance term S in
the Navier–Stokes equation is the summation of both component resistances. For the
case when themembranematerial can be assumed to be isotropic, then the geometric
direction ith component of S reads:

Si =Ri
1
2
ρjujui − μ

αi
ui ð12:58Þ

The variable α is the permeability and R is the inertial resistance factor. For the
isotropic case the indexes are omitted. The simple and straightforward estimation of
both the parameters can be done on the basis of experimental measurements of the
flows and pressures across the membrane [40]. Inertial resistance term R can be
calculated based on measurements of the permeate flux q subject to changing
transmembrane pressure Δ p:

R=
Δp
q � μ ð12:59Þ

Having calculated the R coefficient and knowing the membrane thickness L the
permeability coefficient is obtained by relation:

α= −
L
R

ð12:60Þ

Many software tools aimed for CFD calculations which allow fluid transport in
porous media simulation, provide specific interface to enter these component resis-
tances, in different range of functionality, however (e.g. Ansys/Fluent allows for
vector resistance specifications while CFX allows only a scalar definition, concerning
version 16.0).

Pellerin et al. [41] used Darcy law to simulate a two-dimensional case of mem-
brane flux. The fluid flow outside membrane is simulated using closure model for
turbulence effects (density-weighted ensemble-averaged, which is a simpler case of
Reynolds averaged stress model). The membrane itself is simulated as an isolated
entity by the laminar flow approach with velocity calculated on the basis of Darcy
equation. The two-dimensional space was constructed by regular mesh of squares
which formulated simple discretization problem of finite differences approach. The
results were compared to analytical models of Berman [42] and Gupta [43]. Themodel
proposed and both literature models show similar results which support it accuracy.

The CFD simulation of porous membrane of fuel cell is presented by Wang et al.
[44] For the first time, the polarization curve and flowing components concentration
distributions encompassing both single- and two-phase regimes of the air cathode
are presented. The liquid and vapor transfer is governed by capillary transport
mechanism andmolecular diffusion, respectively, due to negligible small air velocity
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within the porous electrode. Authors applied following simplifying assumptions to
the CFD model presented: the gas diffusion is isotropic and homogeneous, and
characterized by an effective porosity and permeability of the porous media; the
catalyst layer is treated as an infinitely thin surface for oxygen reduction at the
membrane interface forming water; the cell is at isothermal conditions; the gas
phase is an ideal mixture. The model construction allows for algorithmic coupling
to predict the transition between the single and two phase regimes of flow. The two-
phase model is appropriate to model the air cathode of both hydrogen and direct-
methanol fuel cells.

The three-dimensional model of polymer membrane fuel cell was presented by
Siversten et al. [45] The model proposed was non-isothermal model for proton
exchange membrane fuel cells, which was implemented into a CFD code. The
model algorithm presented allows for parallelization of the computing architecture.
The convective and diffusive transport mechanismwas accounted for which allows to
present the concentration distribution of components. Appropriate energy balance is
used to render the distributed heat generation associated with the electrochemical
reaction in the cathode and anode. Authors implemented the modeling procedure in
commercial tool Fluent 6.1 by the use of so-called user-defined functions, which
allows to program own algorithms using C programming language. The modeling
algorithm included flow channels and membrane itself. For the membrane the
electro-neutrality was assumed, which is a valid assumption for fully humidified
polymer material. The heat transport through the membrane for N-component mix-
ture is calculated by the energy balance equation that reads:

∇ � ðu � ðρE + ρÞÞ=∇ keff∇T −
XN
j= 1

HjJj + τeff � v
 !

+ Sh ð12:61Þ

where E is the total energy, keff is the effective conductivity, Jj is the diffusive flux
and H is the enthalpy of the jth specie. The effective stress tensor matrix is designated
by τeff (is the volume average of the stress matrix [46] as given by (48)) and Sh is the
source term for energy per unit volume and unit time which may include the heat of
reaction. A general thermodynamic approach is used to model the transport in the
membrane material. The current density of protons j is given by:

j= − L+ +∇ϕm − L+w∇μw ð12:62Þ

where L++ is the specific proton conductivity [47] (assumed at value 13.375 S/m),
ϕm is the local potential, Δ w is the local chemical potential of water. The water flux is
given by:

Nw = − Lw+∇ϕm − Lww∇μw ð12:63Þ
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The L variables are the Onsager coefficients, and can be related by L+w=Lw+. They
can be estimated by the equation:

Lw+ =
ξ
F

ð12:64Þ

where ξ is the number of water molecules transported with each proton (value
of 3 is used). The variable F is the Faraday constant. The variable Lww is not
discussed in the paper unfortunately, the reader is referred to master thesis of
Sivertsen [48]. The lmem variable is used (permeability of the membrane, 2.35·10–7

mol2s/m–3kg–1):

lmem = Lww −
L+wL+w

Lww
ð12:65Þ

The number of cells of a mesh constituting the space of simulation was total of
546,000. Such amesh resolution is typically sufficient to obtain accurate and reliable
results. Global comparisons show that the model and experimental results are in
good accordance. The study also demonstrates that altering the conductivity modi-
fies the current distribution by changing the relative influence of electrode potential
to activation overpotentials (measure of electrode polarization).

Wiley et al. [49] present a two-dimensional study to compare the CFD simulations
results with previous literature experimental data. The developed approach was a
general purpose model of concentration polarization and fluid flow in pressure
driven membrane separation processes. The model treats the channels as a typical
space of flow with no slip boundary conditions at the walls. The membrane wall is
treated differently although, where the tangential velocity component is applied to be
zero and normal component of velocity (entering the space of membranematerial) uw
is defined by:

uw = u0 1− β
cw
c0

� �
ð12:66Þ

where u0 is the velocity at channel inlet, cw is the concentration at the wall,
c0 is the channel inlet concentration. The coefficient β is given by Brian [50] as:

β=
Rπ0

ΔP −Rπ0
ð12:67Þ

and R (fractional component rejection/retention):

R= 1−
J

cwuw
ð12:68Þ
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where J is the component flux through membrane. The variable π0 is the osmotic
pressure of the feed solution, and Δ P is transmembrane pressure.

The normal velocity uw to the membrane surface can also be given by relation of
Doshi et al. [51]:

uw =
u0B1

h � Sc 1−B2
cw
c0

� �
ð12:69Þ

although no further details are given referring constants B1 and B2. The
variable h represents the half flow channel height, and Sc is the Schmidt
number. The main concept is to balance the convective flux in the channel
with the diffusive flux in the membrane material, taking into account that not
all of the fluid pass through the membrane. This last is taken into account by R
rejection coefficient. Finally the balance equation at the feed side of the mem-
brane reads:

D
∂c
∂y

+ uwRcw =0 ð12:70Þ

and for the permeate side:

D
∂c
∂y

+ uwcp = ð1−RÞcwuw ð12:71Þ

where D is the diffusion coefficient in the membrane (the term D∂c/∂y formulates the
diffusive flux along y axis). The CFD model developed contains specific equations for
the cases studied, but it can be changed to cover any combination of variations in
wall flux, rejection, viscosity and diffusivity.

12.3.2 Boltzmann lattice models

The Boltzmann lattice method is completely different method of solving Navier–
Stokes equations than the finite volume approach. The method is based on the
Boltzmann equation which describes the statistical behavior of a non-
equilibrium thermodynamic system. The equation in the principal formulation
can be stated as:

∂f
∂t

=
∂f
∂t

� �
force

+
∂f
∂t

� �
diffusion

+
∂f
∂t

� �
collisions

ð12:72Þ

In the above formulation f is the distribution function which quantifies particles
per unit volume in single-particle phase space. It is a function of six scalar
coordinates of phase space of position and momentum components: (r, p) =
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(x, y, z, px, py, pz) which is parametrized by time t. The force term relates to the
forces of external origins exerted on the particles, the diffusion term charac-
terizes the diffusion of particles, and collisions is the collision term – describing
for the forces appearing between particles in collisions. The specific formulation
of this equation reads:

∂f
∂t

+
p
m

� ∂f
∂r|fflfflffl{zfflfflffl}

diffusion

+ F � ∂f
∂p|fflffl{zfflffl}

force

=
∂f
∂t

� �
collisions

ð12:73Þ

where m is the mass of the particles ensemble with which the function f is
associated. Vector F is the external forces vector (e.g. force due to gravity),
vector p is the momentum vector, vector r is the position of the particle. The
term for collisions cannot be formulated generally. The simplest model of
collisions between particles is due to Bhatnagar, Gross and Krook [52] which
assumes that the effect of molecular collisions is to shift the distribution
function f being in non-equilibrium state back to a Maxwellian equilibrium
distribution function f0, with the rate proportional to the molecular collision
frequency υ:

∂f
∂t

+
p
m

� ∂f
∂r

+ F � ∂f
∂p

= ν f0 − fð Þ ð12:74Þ

Considering the mixture of the N components the general formulation for kth

specie reads:

∂fk
∂t

+
pk
mk

� ∂fk
∂rk

+ F � ∂fk
∂pk

=
XN
j= 1

1
mj

ð ð
σðΩÞj pk

mk
−

pj
mj

jðf ′kf ′j − fkfjÞdΩd3pj ð12:75Þ

where apostrophe superscripted variables refer to the state after collision. The vari-
able Ω is the solid scattering angle, the term σ(Ω) is the differential cross section for
collision with the scattering angle Ω.

The Lattice Boltzmann model refers to a small differential volume in six-dimen-
sional space of position and momentum. The idea goes further in problem reduction
with the postulate that the particle (or fluid ensemble) is restricted to move in specific
directions only or stay at rest. For the case of two physical dimensions of fluid
calculations, these directions e!i (or referred also as microscopic velocities) are
symmetrically distributed straight paths (Figure 12.4).

The designations refer to the physical dimensions D and number of directions
chosen Q over which the movement is quantified. For presented case of D2Q9 lattice
the microscopic velocities are defined by:
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ei = c ×

ð0, 0Þ i=0

ð1, 0Þ, ð0, 1Þ, ð− 1, 0Þ, ð0, − 1Þ i= 1, 2, 3, 4

ð1, 1Þ, ð− 1, 1Þ, ð− 1, − 1Þ, ð1, − 1Þ i= 5, 6, 7, 8

8><
>: ð12:76Þ

where c is the lattice speed:

c=
Δx
Δt

ð12:77Þ

The value of ∇ x is the lattice cell geometric size (geometric discretization size),
the ∇ t is the time step of transient discretization. The resultant value of velocity
for given lattice cell with Ndir directions is then the macroscopic velocity u(x, t)
which is given as the average weighted by distribution function fi:

u x, tð Þ= 1
ρ

XNdir

i= 1

fie
→
i ð12:78Þ

while density ρ is given by the summation of the distribution function:

ρðx, tÞ=
XNdir

i= 1

fi ð12:79Þ

The Lattice Boltzmann method can be regarded as a particular finite difference
method for solving the Boltzmann transport equation on a lattice. The key
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Figure 12.4: Lattice Boltzmann microscopic speed directions setup for two (D2Q9) and three (D3Q19)
dimensional physical space.
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explanation why this approach can function as a method for fluid simulations is that
the Navier–Stokes equations can be derived from the discrete equations by the
Chapman–Enskog expansion [53].

Park et al. [54] apply the lattice Boltzmann method to the multi-phase flow
phenomenon in the inhomogeneous gas diffusion layer of a polymer electrolyte
membrane fuel cell. The D2Q9 lattice was used to represent the two-dimensional
process of flow and D3Q15 for three physical dimensions. The Stokes/Brinkman [55]
model formulation was used to describe the flow in porous media:

μe∇2〈u〉−
μ

Ktow
〈u〉=∇〈P〉 ð12:80Þ

The operator 〈〉 on the velocity u and pressure P designates volume-average in
the porous region. Ktow is the tensor of permeability for the fiber bundles, and μe is
the effective viscosity. The Brinkman equation reduces to Darcy’s law at distant
locations from the void spaces when velocity gradients are small. The permeability
in the above equation is expressed in the form of tensor to account for isotropy of the
porous media, which can be represented in the form of matrix of kij permeability
elements:

Ktow =

kxx kxy kxz
kyx kyy kyz
kzx kzy kzz

2
64

3
75 ð12:81Þ

The permeability tensor elements on the diagonal (kxx, kyy, kzz) represent the
components of permeability corresponding to pressure force acting in the direction of
flow. The off-diagonal permeability tensor elements (kxy, kxz, kyx, kyz, kzx, kzy) account
for the flow rate dependence on pressure forces in orthogonal directions. Equation
12.73 is coupled with the continuity equation:

∇ � u=0 ð12:82Þ

The construction of lattice Boltzmann model is done by formulating the colli-
sion term according to BGK method [52], with time discrete advancement function
defined as:

fiðx+ eiΔt, t +ΔtÞ− fiðx, tÞ= −
fiðx, tÞ− fieqðx, tÞ

τν
ð12:83Þ

where ∇ t is the numerical time step, τυ is the relaxation time. The equilibrium
distribution function fi

eq at given time step depends on density ρ and velocity u at
location x is given by:
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ωi =

4=9 i=0

1=9 i= 1, 2, 3, 4

1=36 i= 5, 6, 7, 8

8><
>: ð12:84Þ

The microscopic velocities are formulated by Cartesian coordinates given by
definition:

ei =

ð0, 0Þ i=0

c cos
i− 1
2

π, sin
i− 1
2

π
� �

i= 1, 2, 3, 4

ffiffiffi
2

p
c cos

i− 4½
2

π, sin
i− 4½

2
π

� �
i= 5, 6, 7, 8

8>>>>><
>>>>>:

ð12:85Þ

which resembles the definition given by formulation (77).
The three-dimensional construction of the lattice is formed used 15 microscopic

speeds defined by the matrix:

ei = c ×

ð0, 0, 0Þ i=0

ð ± 1, 0, 0Þ, ð0, ± 1, 0Þ, ð0, 0, ± 1Þ i= 1, 2, ..., 5, 6

ð ± 1, ± 1, ± 1Þ i= 7, 8, ..., 13, 14

8><
>: ð12:86Þ

The equilibrium distribution function fi
eq reads:

– for zeroth microscopic speed:

f0
eqðρ, uÞ= ρ 1

8
−
u � u
3

� �
ð12:87Þ

– for orthogonal directions of microscopic speeds, i=1..6:

fi
eqðρ, uÞ= ρ 1

8
+
ei � u
3

+
ðei � uÞ2

2
−
u � u
6

 !
ð12:88Þ

– for non-orthogonal microscopic speeds, i=7..14:

fi
eqðρ, uÞ= ρ 1

64
+
ei � u
24

+
ðei � uÞ2

16
−
u � u
48

 !
ð12:89Þ

For the porous media lattice Boltzmann model is modified to account for Brinkman
equation by incorporating the force term FB that reads:
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FB = s xð Þ τFðx, tÞ
ρðx, tÞ ð12:90Þ

and:

U = uðx, tÞ+ FB ð12:91Þ

The term U exchanges the velocity u in formulation for equilibrium distribution
function fi

eq. The variable s(x,t) indicates the porous media (=1) or void (=0) of the
space of the flow.

The force term F(x,t) which is needed to recover the Brinkman equation reads:

Fðx, tÞ= − βρðx, tÞuðx, tÞ ð12:92Þ

where the β parameter describes the momentum sink magnitude due to resis-
tance of porous media. Finally the lattice Boltzmann equation according to Brinkman
porous material description reads:

ν∇2u− βu=
1
ρ
∇P ð12:93Þ

in which the β parameter:

β=
ν

Ktow
ð12:94Þ

In the above the viscosity υ and permeability tensor are expressed in lattice
units [56].

Han et al. [57] presents the results of the two-dimensional simulation concerning
the polymer membrane of fuel cell although no specific details concerning mathe-
matical procedure taken are given in the study. The transport is considered in two
regimes: flow in microporous layer and in gas diffusion layer. The numerical inves-
tigations concentrate primarily on liquid water transport in flooding conditions. The
water entering the porous regions is generally driven by the capillary forces through
the contact with the solid material. Numerical results acquired for the cases with and
without the perforated cavity in the porous layers were compared. For the case
without the perforated cavity, water randomly penetrates through the porous regions
and finally appears as two small droplets at the surface of the channel. For the case
with the hole in the porous layer, water transports favorably through this void space
and appears as a relatively large liquid droplet at the open end. This liquid transport
phenomenon is caused by the smaller capillary pressure requirement and less flow
resistance in the large perforated pore. The perforated pores can therefore function as
a suitable water transport pathway and contribute in liquid water removal.
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Kim et al. [58] investigated liquid water transport in the microporous layer
and gas diffusion layer of polymer electrolyte membrane fuel cells by lattice
Boltzmann method. Application of the model for two-phase systems with
porous geometry that emulates the process in multilayer porous transport
layers. The model was built for two-dimensional physical space. Apart
from the typical lattice Boltzmann setup (D2Q9) the approach to calculate
collision function is aimed at the liquid–liquid and liquid–solid interactions.
The collision function for the jth component and ith microscopic speed applied
reads:

Ωi, jðx, tÞ= −
1
τj

fi, jðx, tÞ− f eqi, j ðx, tÞ
� �

ð12:95Þ

where τj is relaxation time corresponding to viscosity of specie jth given by:

μj = cs
2 τj −

1
2

� �
ð12:96Þ

The variable cs is the speed of sound in the media simulated. The equilibrium
distribution function is then given by:

f eqi, j ðρ, uÞ=ωiρj 1 +
ei � ueqj
cs2

+
ðei � ueqj Þ2

2cs4
−
ueqj � ueqj
2cs2

 !
ð12:97Þ

The equilibrium velocity of the specie jth is formulated by considering the rate of
momentum change due to the fluid–fluid and fluid–solid interaction forces ΣFj . In
the study the ΣFj does not account for gravitational and buoyancy forces, and is
given by:

ueqj = u+
τσ
ρj

XFj ð12:98Þ

The rate of net momentum change due to the fluid–fluid interactions Fj
int are

given by:

Fint
j ðxÞ= −ψjðxÞ

X
k

Gj, kðx, x′Þ
X
i

ωiψkðx+ eiΔtÞei ð12:99Þ

whereψj is the effective number density for specie jth and is equal to its density ρj
for multiphase lattice Boltzmann model. The function Gj,k(x, x’) is the Green function
[59] which relates the interactions between specie jth at x location and x’ location,
that reads:
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Gj, kðx, x′Þ=
0, jx− x′j > jeij
Gj, k, jx− x′j= jeij

(
ð12:100Þ

which means that only the nearest particle interactions are considered, the
coefficient Gj,k is defined to account for the strength of the interaction between
components j and k. The Gj,k determines the repulsion strength between parti-
cles belonging to different species and can be used to fine tune the surface
tension between phases. For critical value of Gj,k the repulsion forces are not
strong enough to keep the two fluids separated and start to form single phase
system [60]. The fluid–solid interactions are considered by the relation:

Fads
j ðxÞ= −ψjðxÞ

X
i

Gads
j ωisðx+ eiΔtÞei ð12:101Þ

where Gj
ads is the adsorption coefficient for specie jth. The Gj

ads controls the
strength of the fluid wettability of the solid surface. The function s(x+ei∇ t) attains
value 1 for solid neighbor location and 0 for fluid neighborhood.

The model studied presents creation of water clusters inside the porous media.
Also extraordinary transient behavior of the liquid water near the microporous layer/
gas diffusion layer interface and the gas diffusion layer/gas channel interface was
realized from the lattice Boltzmann simulations of highly hydrophobic multilayer
porous transport layers.

12.3.2.1 Summary
CFD methods are valuable tools for process engineers in the design and simulation
fields. The differential models, commonly referred to as CFD, aim to solve the Navier–
Stokes equation in its discretized form. The advantage of this approach is the ability to
use a variety of discretization schemes that suits the geometrical and process needs.
The discretization which is dependent on the mesh construction is always a source of
error which can be minimized by proper tuning the cell sizes, shapes and types. This
formulation of the fluid dynamics approach is not able to predict the thermodynamics
of the simulated entity, however. On the other hand, the lattice Boltzmannmethod, by
proper use of collision operator, is able to predict specific thermodynamic behavior of
the fluids simulated, e.g. the existence of multiphase system. Such possibility, in order
to be incorporated into traditional discrete approach, needs to be accounted for by
separate models, for example volume of fluid model of multiphase flow, which further
enlarges the formulation and computing demand. One of the key benefits of lattice
Boltzmann method for simulating fluid flows as compared to traditional numerical
methods is their aptitude to efficiently model interfaces between two or more fluids.
Both the fluid dynamics approaches, however totally different, can successfully
be incorporated into modeling and simulations of membrane systems.
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13 Applications of silver nanoparticles stabilized
and/or immobilized by polymer matrixes

Abstract: Nanomaterials frequently possess unique and noticeably changed physi-
cal, chemical and biological properties compared to their macro scaled correspond-
ing item. Utilization of nanoparticles habitually requires the construction of
integrated chemical systems. Most popular of these are polymer-supported nanopar-
ticles. In this review, we provide the reader with the last developments and break-
through technologies concerning silver nanoparticles (AgNPs), one of the most
comprehensively studied nanomaterials, considering the polymer types and pro-
cesses used for the nanocomposite membranes preparation.

Keywords: silver, nanoparticle, biofouling

13.1 Nanotechnology

In today’s world, nanoparticles (NPs) and nanotechnology have attracted the atten-
tion of the scientific community globally and have emerged as a fast developing and
fascinating area of research. In December 1959, Nobel Laureate – Prof. Richard
Feynman – gave an infamous lecture entitled “There’s plenty of room at the bottom”
at the California Institute of Technology during ameeting with the American Physical
Society. During this meeting, Prof. Feynman for the first time mentioned a process
which could potentially manipulate individual atoms and molecules and hence
advance the field of synthetic chemistry. He was one of the first to recognize the
potential of nanoscale materials for industrial society. In 1974, in order to describe
the process of moving or manipulating atoms at the nanoscale (1–100 nm), this type
of technology was officially termed as “nanotechnology” [1], and since that year, it
has been defined as follows [2]:

Nanotechnology is the design, characterization, production and application of structures,
devices and systems by controlling shape and size at nanometer scale.

NPs, the building blocks for nanotechnology, are engineered materials with at
least one dimension less than 100 nm. They may have one (e. g. nanolayers), two
(nanowires and nanotubes) or three dimensions on the nanoscale (quantum dots,
NPs and metal NPs). NPs may provide solutions to technological and environmental
challenges in the areas of solar energy conversion, catalysis, medicine,
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biotechnology, biological labeling, environmental, water treatment, photography,
photonics, optoelectronics and surface-enhanced Raman scattering (SERS) detection
[3–5]. Moreover, functionalized, biocompatible and inert nanomaterials have poten-
tial applications in cancer diagnosis and therapy [6]. A recent survey found that more
than 247 nanomaterial-basedmedical products have been approved by the USA Food
and Drug Administration (FDA) and are currently in various stages of clinical study.
Their intended uses range from the treatment of clinically unrespectable cancers to
the preparation of antibacterial hand gels to the regeneration of heart tissue. At the
same time, common themes emerge when discussing nanomaterials in medicine.
Indeed, one of the biggest issues is how to translate nanomaterials from the labora-
tory to the clinic effectively [7]. This increasing demand must be accompanied by
“green” synthesis methods. In the global efforts to reduce generated hazardous
waste, “green” chemistry and chemical processes are progressively integrating
with modern developments in science and industry. Implementation of these sus-
tainable processes should adopt the 12 fundamental principles of green chemistry:

1/Prevention – It is better to prevent waste than to treat or clean upwaste after it
has been created.

2/Atom Economy – Synthetic methods should be designed to maximize the
incorporation of all materials used in the process into the final product.

3/Less Hazardous Chemical Syntheses – Wherever practicable, synthetic
methods should be designed to use and generate substances that possess little or
no toxicity to human health and the environment.

4/Designing Safer Chemicals – Chemical products should be designed to affect
their desired function while minimizing their toxicity.

5/Safer Solvents and Auxiliaries – The use of auxiliary substances (e. g. sol-
vents, separation agents, etc.) should be made unnecessary wherever possible and
innocuous when used.

6/Design for Energy Efficiency – Energy requirements of chemical processes
should be recognized for their environmental and economic impacts and should be
minimized. If possible, synthetic methods should be conducted at ambient tempera-
ture and pressure.

7/Use of Renewable Feedstocks – A raw material or feedstock should be
renewable rather than depleting whenever technically and economically practicable.

8/Reduce Derivatives – Unnecessary derivatization (use of blocking groups,
protection/deprotection, temporary modification of physical/chemical processes)
should be minimized or avoided if possible, because such steps require additional
reagents and can generate waste.

9/Catalysis – Catalytic reagents (as selective as possible) are superior to stoi-
chiometric reagents.

10/Design for Degradation – Chemical products should be designed so that at
the end of their function they break down into innocuous degradation products and
do not persist in the environment.
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11/Real-time analysis for Pollution Prevention – Analytical methodologies
need to be further developed to allow for real-time, in-processmonitoring and control
prior to the formation of hazardous substances.

12/Inherently Safer Chemistry for Accident Prevention – Substances and the
form of a substance used in a chemical process should be chosen to minimize the
potential for chemical accidents, including releases, explosions and fires.

These principles were first articulated in 1998 as a set of tools to help the design
scientist to anticipate downstream issues at the earliest stage of a Research &
Development effort [8]. They were geared to guide in minimizing the use of unsafe
products and maximizing the efficiency of chemical processes. Hence, any synthetic
route or chemical process should address these principles by using environmentally
benign solvents and nontoxic chemicals [9, 10]. Conventionally, nanomaterials are
synthesized using either chemical or physical methods which include sol process,
micelle, chemical precipitation, hydrothermal method, electrochemical techniques,
pyrolysis and chemical vapor deposition. Some of these methods are easy and make
available control over crystallite size by restoring the reaction environment. But
problem still exists with the general stability of the product and in achieving mono-
disperse nanosize using these methods. Investigations have shown that the size,
morphology, stability and chemical and physical properties of the metal NPs are
strongly influenced by the experimental conditions, the kinetics of interaction of
metal ions with reducing agents and adsorption processes of stabilizing agent with
metal NPs. Therefore, the design of a synthesis method in which the size, morphology,
stability and properties are controlled has become a major field of interest [11, 12].

Nanomaterials often show unique and considerably changed physical, chemical
and biological properties compared to theirmacroscaled counterparts [13]. Utilization of
NPs often requires the construction of integrated chemical systems. Most popular of
these are polymer-supported NPs. In this chapter, we provide the reader with the last
developments and breakthrough technologies concerning silver nanoparticles (AgNPs)
applications in antifouling properties for water and wastewater treatment; SERS
enhancement; catalysis and medicine. According to literature and patent reports,
AgNPs represent one of the most comprehensively studied nanomaterials [14].

13.2 Silver nanoparticles

Silver, known in metallic form since antiquity, has very early been recognized by
mankind for its antimicrobial properties, a phenomenon observed, for example, in
the context of drinking water (a silver coin in a well), food (silver cutlery, water
storage recipients) and medicine (silver skull plates, teeth). Silver compounds were
also shown to be useful. For example, dilute solutions of silver nitrate served long,
and still do in some countries, as antimicrobial ointment to be instilled into newborn
babies’ eyes to prevent contraction of gonorrhea from the mother. Used frequently
until the middle of the twentieth century, silver and its compounds were then
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replaced by the newly discovered antibiotics and nearly forgotten for almost 50 years
[11, 15]. Moreover, in the recent past, AgNPs have received enormous attention of the
researchers due to their extraordinary defense against wide range of microorganisms
and due to the appearance of drug resistance against commonly used antibiotics.
AgNPs are used just about everywhere, including in cosmetics, socks, food contain-
ers, detergents, sprays and awide range of other products to stop the spread of germs.

13.2.1 Polymeric composite membranes containing silver nanoparticles for
antifouling properties during water and wastewater treatment

Membrane applications in water and wastewater treatment have increased steadily
over the past few years due to improved membrane design, smaller footprint and
reliable effluent quality. Microfiltration membranes, in particular, have shown
promise as a cost-effective alternative to conventional water treatment, as pretreat-
ment for nanofiltration (NF) and reverse osmosis (RO) and as key components in
membrane bioreactors. Despite this potential, organic fouling and biological foul-
ing remain problematic for membranes. Fouling increases operating and replace-
ment costs and compromises membrane performance. The abundance of natural
organic matter (NOM) in natural waters makes organic fouling of membrane pro-
cesses in water treatment inevitable; biofouling is considered more problematic
since bacteria can reproduce at the membrane surface, create biofilms and cause
additional fouling.

To solve the membrane biofouling problems, a variety of reactive functional
materials, such as hydrophilic, charged, photocatalytic or biocidal materials, have
been introduced into the ultra- and microfiltration membranes. These materials can
reduce membrane biofouling by adhesion inhibition (hydrophilic, charged matters) of
hydrophobic foulants or decomposition (biocidal, photocatalytic, positively charged
matters) of microbial foulants. Although these material’s properties endow good anti-
fouling properties to the water treatment membrane, a number of limitations have
been associated with these materials, including stability (autoxidation), pH depen-
dence (losing their charge by deprotonation) and membrane degradation [16].
Exceptionally, among the biocidal materials, AgNPs display strong inhibitory and
biocidal properties against a variety of microorganism types with long time periods.
Significant efforts have been devoted to introducing AgNPs into polymeric membrane
substrates to form AgNPs/membrane nanocomposite. Both in situ and ex situmethods
have been developed to incorporating AgNPs into the membrane surface.

13.2.1.1 In situ methods
Under the in situ approach, with the aid of reducing agents, the synthesis of AgNPs
occurred on the membrane surface sequestering silver ions [17]. For example, the
negatively charged carboxylic groups sequestered Ag+ on the polyamide surface of
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RO membrane, and the silver ions were reduced by sodium borohydride (NaBH4) to
form AgNPs [18]. However, the Ag loading amount was very low, and the formed
AgNPs were loosely bound on the surface and were easily washed out. Mussel-
inspired dopamine chemistry has opened a new route to modify all types of inorganic
and organic substrates with controllable film thickness and durable stability [19].
Polydopamine (PDA) has stimulated extensive research in the membrane surface
functionalization for antifouling purpose [20, 21]. Interestingly, PDA has been found
to reduce Ag+ ions to Ag and to synthesize AgNPs in situ on different substrates
without any other reducing agent [22]. Furthermore, Lee and co-authors [19] demon-
strated that the O- and N-sites of PDA can serve as anchors for the AgNPs to enhance
the durability of AgNPs on the surfaces via metal coordination. Consequently, PDA
chemistry may pave a simple, yet universal way to immobilize AgNPs on various
membrane surfaces for antibiofouling purpose.

Recently, Tang et al. [23] reported that the surface modifications with PDA and
AgNPs formed in situ can reduce the propensity of polysulfone membranes for
bacterial adhesion and growth. Under these studies, the surface of a polysulfone
membranewasmodifiedwith a bioinspired PDA film followed by the in situ formation
of AgNPs to mitigate membrane biofouling. According to the authors, the PDA
modification enhanced the membrane’s bacterial anti-adhesive properties by
increasing the surface hydrophilicity, while AgNPs imparted strong antimicrobial
properties to the membrane. The authors demonstrated that the AgNPs could be
generated on the membrane surface by simply exposing the membrane to AgNO3

solutions. Indeed, the Ag+ ions were reduced by the catechol groups in PDA; the
AgNP mass loading increased with exposure time, and the AgNPs were firmly immo-
bilized on the membrane through metal coordination. Generated results shown that
during leaching tests, the concentrations of Ag+ ions released were 2–3 orders of
magnitude lower than the established contaminant limit for drinking water, thereby
providing a safe antimicrobial technology.

Huang et al. [24] have also in situ immobilized AgNPs on polysulfone ultrafiltra-
tionmembrane via PDA deposition. The authors have used a silver ammonia aqueous
solution (Ag(NH3)2OH) for AgNPs) in situ reduction and demonstrated that the adhe-
sive and reductive PDA layer existing on the membrane surface induced the reduc-
tion of Ag+ on the site of surface without surface pore blockage, and also favored to
the firm attachment and uniform distribution of AgNPs onto the membrane. Under
this study, the prepared AgNPs-PDA/PSf membranes were characterized by mean of:
X-ray photoelectron spectroscopy (XPS), scanning electionmicroscope (SEM), atomic
force microscopy (AFM), water contact angle measurement and thermogravimetric
analysis (TGA). Obtained results indicated that AgNPs were immobilized on the
surface as well as the top layer cross-section of the membranes. The authors reported
that the increase of Ag+ ion concentration led to an increase in the size and density of
AgNPs anchored onto the membrane. Moreover, the authors reported that compared
with PSf membrane, AgNPs-PDA/PSf membrane showed higher water flux, slower
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flux decline rate during BSA solution filtration and higher flux recovery ratio after
simple water flushing. In mean that prepared AgNPs-PDA/PSf membrane possessed
excellent stability with little release of silver during the filtrate operation or static
immersion in water for 12 days. Besides, published results clearly demonstrated that
the AgNPs-PDA/PSf membrane displayed excellent antibacterial and antibiofouling
properties against Escherichia coli and Bacillus subtilis.

Just a while ago, a simple and facile approach was developed by Liu and Hu [25]
to in situ generate AgNPs on the thin-film composite forward osmosis (TFC FO)
membrane. The authors also have applied a Mussel-inspired dopamine chemistry
to grow PDA coating on both surfaces of polysulfone support membranes, followed
by the generation of AgNPs upon a simple dip coating in silver nitrate aqueous
solution, as illustrated in Figure 13.1.

The authors demonstrated that the AgNPs have a controllable effect on the mem-
brane performances including the water flux and reverse salt flux in the FO test mode.
The water flux and salt permeability of the membranes were tested using a custom
laboratory-scale cross-flow FO test system in layer faces the draw solution (AL-DS)
membrane orientation. The authors reported that the water flux decreased from 17.49
± 0.42 to 14.56 ± 0.75L m–2 h–1 and 13.31 ± 0.95L m–2 h–1, and the reverse salt flux
decreased from 34.64 ± 2.6 to 28.24 ± 3.61 g m–2 h–1 and 22.39 ± 0.54 g m–2 h–1, for
pristine, PDA coated, and AgNP generated membranes, respectively. The obtained
results confirmed that the PDA coating decreased the water flux and the reverse salt
flux by 16.75% and 18.48%, and the AgNP generation decreased the water flux and the
reverse salt flux further by 8.58% and 20.71%. Therefore, the authors concluded that
the PDA coatings have stronger effect on decreasing the water flux than the AgNP
generation, whereas the AgNP generation hasmore benefits on suppressing the reverse
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Figure 13.1: In situ synthesis procedure of silver nanoparticles on both sides of TFC FO membrane.
Reprinted with permission from [25]. Copyright (2016) American Chemical Society.
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salt flux than the PDA coatings. The authors demonstrated the water flux and reverse
salt flux could be tailored via controlling the formation of PDA coating by adjusting the
immersion time of membranes in 3,4-dihydroxyphenylalanine (DOPA) solution. The
published results suggest that the water flux and the reverse salt flux of the TFC FO
membranes can be further optimized to achieve controllable effect through optimizing
the thickness of the PDA film and the growth of AgNPs. Without any doubts, the
presented results shed new light on the development of a simple, universal and applic-
able approach for constructing long-lasting biofouling-resistant membrane surfaces.

Application of in situmethod for the formation of AgNPs in a TFC FO membrane
structure has also been explored by Soroush and co-workers [26]. The authors have
modified a surface of TFC FO membranes by AgNPs in the presence and absence of
graphene oxide (GO) nanosheets to impart biocidal properties to themembranes, as it
shown in Figure 13.2.

The generated results showed that the abundance of oxygen-containing functional
groups in GO makes it suitable for anchoring Ag+ ions and governing the size, shape
and distribution of AgNPs. Instead, the presence of GO resulted in the formation of
smaller and uniformly distributed AgNPs as well as increased silver loading, higher
stability and enhanced ion release control. The authors reported that the membranes
modified by both GO and Ag exhibited improved (98%) bacterial inactivation when
compared to that of only Ag-modified (80%) or GO-modified membranes (50%).
Moreover, the investigators reported that after release of Ag ion from GO-Ag-modified
membranes for 7 days, AgNP regeneration was conducted in a manner identical to the
in situ Ag formation procedure. Furthermore, after regeneration, the membrane
regained nearly all of its antibacterial properties and 75% of its initial silver loading.

Madhavan and co-workers [27] incorporated AgNPs into isoporous membranes
manufactured by a phase inversion method using a polystyrene-b-poly(4-vinylpyr-
idine) (PS-b-P4VP) block copolymer. Under this investigation, the AgNPs were
obtained by promoting pyridine–silver ion interactions, followed by reaction with a
reducing agent.

AgNO3
+

NaBH4

Figure 13.2: Modification of TFC FO membranes surface. Reprinted with permission from [26].
Copyright (2016) American Chemical Society.
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As shown in Figure 13.3, the AgNP deposited on the membrane at pH 9 with
1.0mM AgNO3 solution show well-distributed membrane morphology. Moreover,
antibacterial tests performed by the authors show that the NPs have strong biocidal
activity and they might be a suitable candidate for practical application. Indeed, flow
cytometry measurements, used in this study, demonstrated that, after 72 h of incuba-
tion of the membrane systems with P. aeruginosa, the proportion of viable cells
compared to the control (in absence of AgNPs) was around 20%.

Mishra et al. [28] disclosed an in situ synthesis method for preparing silver
nanoclusters (AgNCs) embedded in chitosan–polyethylene glycol (CS–PEG) mem-
branes. Under this investigation, the synthesis of AgNCs in CS–PEG matrix was
accomplished by the mild in situ reduction of silver ions created upon refluxing
AgNO3 in the mixed CS–PEG aqueous solution at 90 °C for 6 h, confirmed by a clear
golden yellow color of the resulting colloidal system. The authors observed that in
the absence of PEG, reduction was very slow and no substantial color change was
noted while varying pH from 3 to 7 at 90 °C up to 8 h; however, in the presence of

a) b)

c) d)

1µm 1µm

1µm 1µm

Figure 13.3: SEM images of a (a) plain PS-b-P4VP membrane and membranes with Ag nanoparticles
prepared at (b) pH 2.1, (c) pH 7 and (d) pH 9 with 1.0 mM AgNO3 solution. Reprinted with permission
from [27]. Copyright (2014) American Chemical Society.
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PEG, reduction was faster and at pH 7.0 ± 0.3, CS–PEG matrix color changed to
golden yellow within 6 h.

Figure 13.4 shows the possible mechanism of AgNC synthesis in CS–PEG solu-
tion. The pH of the mixed solution was adjusted to 7.0 ± 0.3 by adding of CH3COOH
and NaOH. The Ag+ ions initially coordinated with the nonprotonated electron donor
amine groups of CS are subsequently stabilized as AgNCs during reduction process
that occurs on heating. A multiple array of characterization techniques, employed by
the investigators, confirmed the formation of fluorescent AgNCs with sizes of ∼3 nm
uniformly distributed in CS–PEG matrix. Moreover, exhausted characterization con-
firmed that the AgNCs play an active role in determining the fraction and intercon-
nectivity of the microporous membranes. Furthermore, reported results showed that
the presence and increasing contents of AgNCs enhanced the mechanical stability of
membranes and decreased their susceptibility to degradation in the presence of
lysozyme and H2O2. Moreover, the presence and increasing concentrations of
AgNCs hindered biofilm formation against Escherichia coli (Gram negative) and
Staphylococcus aureus (Gram positive) and enabled a sustainable release of an anti-
inflammatory drug naproxen in vitro until 24 h. The overall results gathered and
reported in this work make the AgNC-impregnated CS–PEG membranes highly pro-
mising multifunctional devices combining efficient antibacterial activity in antifaul-
ing studies and biocompatibility with active local drug delivery.

Investigations carried out by Diagne et al. [29] were addressed to reduce both
organic and biological fouling by modifying the surface of commercially available
poly(ether sulfone) (PES) membranes using the polyelectrolyte multilayer modifica-
tion method with poly(styrenesulfonate) (PSS), poly(diallyldimethylammonium
chloride) (PDADMAC), and AgNPs (nanoAg) integrated onto the surface as stable,
thin films. The authors reported that the PSS increases the hydrophilicity of the
membrane and increases the negative surface charge, while integration of nanoAg
into the top PSS layer imparts biocidal characteristics to the modified surface.

AgNPs have also been coated directly onto polymermembrane substrates to form
AgNP/membrane nanocomposite. Nisola et al. [30] have coated polyether-block-
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Figure 13.4: Formationmechanism of AgNCs in CS-PEG solution. Reprinted with permission from [28].
Copyright (2016) American Chemical Society.

13.2 Silver nanoparticles 409



polyamide copolymer (PEBA) dense film containing AgNPs onto ultrafiltration poly-
sulfone membranes; however, the practical utility of these methods has been limited
by the low efficiency of AgNP deposition onto the membrane surfaces. The authors
demonstrated that the immobilized AgNPs can be easily released (or leached) from
the membranes owing to the lack of interaction between AgNPs and membrane.

Meagan and coworkers [31] described the preparation of AgNP/membrane nano-
composites in which the AgNPs were electrostatically assembled on the membrane,
as shown in Figure 13.5.

The membrane was prepared by means of the assembly between the AgNPs
encapsulated with the positively charged polyethyleneimine (PEI) and the polysul-
fone membrane functionalized with the negative charged carboxylic acid.
Electrostatic interactions were useful for depositing the AgNPs on the membrane
substrate; however, the AgNPs were eventually released from the membrane due to
the weakness of the electrostatic attraction between the AgNPs and the membrane.
Stable and robust bonds between the AgNPs and the membrane are important for
ensuring the preparation of safe, ecofriendly, stable, antibiofouling and high-
efficiency membranes.

Nanosilver has been incorporated into cellulose acetate [32] and polyimide [33]
membranes; however, the long-term effectiveness of the incorporated nanosilver in
preventing biofouling during continuous filtration has not been addressed.

13.2.1.2 Ex situ methods
This silver loss resulted in a significant loss of antibacterial and antiviral activity.
Thus, successful fabrication of nanoAg-impregnated membranes needs to allow for
the release of sufficient silver ions for microbial control while preventing a rapid
depletion of silver. The unwanted loss of the AgNPs from the membrane brings
about the deterioration in the desired properties such as an antibiofouling property
and a membrane lifetime. Most problematic of all, the AgNPs released from the
membrane can penetrate easily into the human body and can produce cell damage
and cancer.

Polysulfone UF Membrane Plasma Functionalized
Membrane Surface
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Figure 13.5: Scheme of polysulfone membrane fictionalization with encapsulated AgNPs. Reprinted
with permission from [31]. Copyright (2011) American Chemical Society.
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The ex situmethod generally involves two steps including the synthesis of AgNPs
first and their immobilization on the membrane surface, requiring either AgNPs or
membrane surface being functionalized to promote their strong bonding.
Conventionally, AgNPs have been synthesized using either chemical or physical
methods which include sol process, micelle, chemical precipitation, hydrothermal
method, electrochemical techniques, pyrolysis and chemical vapor deposition. Some
of thesemethods are easy andmake available control over crystallite size by restoring
the reaction environment. But problem still exists with the general stability of the
product and in achieving monodisperse nanosize using these methods.
Investigations have shown that the size, morphology, stability and properties (che-
mical and physical) of the metal NPs are strongly influenced by the experimental
conditions, the kinetics of interaction of metal ions with reducing agents and adsorp-
tion processes of stabilizing agent with metal NPs. Therefore, the design of a synth-
esis method in which the size, morphology, stability and properties are controlled
has become a major field of interest [11, 12].

Kwak and co-workers have studied metal–polymer (cellulose [34] or poly(viny-
lidene fluoride) [35]) fabrics nanocomposite, in which AgNPs have been covalently
assembled onto a thiolated polymer fabric. The author reported that the thiol group
in the thiolated cellulose formed a robust covalent bond with the Ag atoms on the
surface of the metal NPs, thereby significantly reducing the number of metal NPs
released from the fabric during washing [34]. Furthermore, the same authors showed
[35] that the AgNP–poly(vinylidene fluoride) (Ag–PVDF) membrane nanocomposites
have a sustainable antibiofouling property through the covalent assembly of the
AgNPs onto the PVDF membrane surface via a thiol end-functionalized amphiphilic
block copolymeric linker, as illustrated in Figure 13.6. To this end, the thiol end-
functionalized amphiphilic block copolymer as a covalent linker between the AgNPs

Thiol-end modified P(E-b-EO)

PE PEO

PEO
block

PE
block

SH SH

PVDF
Thiolaed PVDF

membrane
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of AgNPs

Inactivation
of microorganism
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nanocomposite

SHSH

SH SH SH SH
SH SH SH SH

Figure 13.6: Sustainable anti-biofouling ultrafiltration membrane nanocomposites by covalently
immobilizing silver nanoparticles (AgNPs) onto poly(vinylidene fluoride) (PVDF) membrane mediated
by a thiol-end functional amphiphilic block copolymer linker. Reprinted with permission from [31].
Copyright (2011) American Chemical Society.
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and the membrane was physically anchored onto the membrane via hydrophilic–
hydrophobic phase recognition of the amphiphilic linkers during the membrane
fabrication process, resulting in the thiolated PVDF membrane. AgNPs then cova-
lently bound to the thiolated PVDF membrane via a simple impregnation process.
Surprisingly, the resulting Ag–PVDF membrane nanocomposite did not release
detectable amounts of AgNPs from the membrane, and the membrane displayed
excellent antibiofouling property. This makes them tremendously attractive in appli-
cations ranging from high-efficiency membrane to ecofriendly water purification
systems.

The same concept of silver–composite membrane formation via the Ag–S
chemical bonding has also been carried out by Yin et al. [36]. The authors
reported that the AgNPs with approximately 15 nm in diameter were effectively
attached to the surface of polyamide TFC membrane via covalent bonding, with
cysteamine as a bridging agent. Gusseme et al. [37] immobilized the silver nano-
praticles in polyvinylidene fluoride membranes and investigated the disinfection
capacity toward virus in water. However, the researchers were mainly focused on
application of antibiofouling performance of AgNPs in membrane fabrication, but
the hydrophilicity of membrane surface provided by AgNPs has rarely been
reported. Li et al. [38] immobilized AgNPs on the surface of poly(vinylidene
fluoride)-g-poly(acrylic acid) (PVDF-g-PAA) membranes obtaining composite
membranes with excellent surface hydrophilicity and outstanding antifouling
performance. Under this investigation, the authors first prepared the PVDF mem-
branes by a classical method-immersion precipitation inversion process. Then by
using a physisorbed free radical grafting technique, they grafted a PAA brush on
PVDF membrane surface. Next, they decorated the membrane with Ag ions by
immersion of the grafted membrane in a silver nitrate solution. After this step,
the silver ions were coordinately bonded with the carboxyl group of PAA. In
order to get the Ag-PVDF-g-PAA membranes, the silver ions were further reduced
with NaBH4, as illustrated in Figure 13.7.

Unfortunately, the approaches that have been performed by Kwak and
co-workers [34, 35], as well as by Yin and co-workers [39] or Li and co-workers
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[38], require the membrane surface having certain functionalities to immobilize
AgNPs, and they are not applicable to most of other different membranes.

13.2.2 Polymeric stabilized silver nanoparticles for SERS properties

Raman spectroscopy arises from the inelastic light scattering by molecular vibra-
tions, which could provide “fingerprint” information for molecular diagnostics [40].
However, the inherently low scattering intensity of conventional Raman spectro-
scopy limits its widespread applicability. Over the last few decades, surface-
enhanced Raman spectroscopy (SERS) has received intense attention because of its
great potential for ultrasensitive detection down to the single-molecular level that are
often found in art materials that exhibit a highly fluorescent background occurring
when the studied materials are excited in the visible and near infrared (NIR) in
spontaneous Raman scattering measurements [41–43]. It is well-known that the
extremely large electromagnetic SERS enhancement (proportional to field enhance-
ment to the fourth power) up to 1010 has been theoretically predicted and experi-
mentally demonstrated for small areas called as “hot spots” [44–46]. Because SERS
“hot spots” usually reside in the interstitial voids of metal NPs and metal structures
with intersections, bifurcations and high radius of curvatures, exquisite preparation
of metal NPs with controlled size and morphology and delicate manipulation of the
NP assemblies are required in order to maximize the sensitivity of the prepared SERS
platforms. To this objective, various designs of SERS-active substrates have been
reported, such as roughened metal substrates, metal NP assemblies, porous or holey
substrates and even semiconductor-based substrates. However, SERS substrates
must be reproducible, highly sensitive and facile for fabrication and have site-
independent “hot spots,” while most of the above-mentioned candidates require
relatively complicated and expensive manipulations [24]. The polymer engineering
opens a new path for NP assembling and their successive application in SERS
technologies. Illustrative examples include the synthesis of Ag/poly(butyl acrylate)
composites using microemulsions [47], the preparation of poly(methyl methacrylate)
durable plastic films using an Ag/PVP colloid [48], incorporation of AgNPs in soft
polymers to produce active SERS substrates [49] and the preparation of Ag/bionano-
composites using cellulose [50], chitosan [51] or sporopollenin [52]. It is important to
underline that most of the polymer–AgNP matrix preparations are based on in situ
methods. Some of the most exciting examples are described below.

Recently, Yan et al. [53] reported a facile synthesis of homogeneous AgNPs fully
covering the polyaniline (PANI) membrane surface simply by introducing organic
acid in the AgNO3 reaction solution, as an improved technique to fabricate well-
defined Ag nanostructures on PANI substrates through a direct chemical deposition
method described in [54]. The authors found that the chemical nature of the acid is
crucial to create a homogeneous nucleation environment for Ag growth, where, in
this case, homogeneous AgNPs that are assembled by Ag nanosheets are produced
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with the assistance of succinic acid and lactic acid, but only scattered AgNPs with
camphorsulfonic acid. According to the authors, improved surface wettability of
PANI membranes after acid doping may also account for the higher surface coverage
of Ag nanostructures. The authors reported that the Ag nanostructures fully covering
the PANI surface, and they are extremely sensitive in the detection of a target analyte,
4-mercaptobenzoic acid (4-MBA), using SERS, with a detection limit of 10–12 M. The
authors believe the facilely fabricated SERS-active substrates based on conducting
polymer-mediated growth of Ag nanostructures can be promising in the trace detec-
tion of chemical and biological molecules.

Li and co-workers have focused their investigation on the development of sensi-
tive detection methods for environmental antibiotics monitoring due to the increas-
ing pollution of aquatic environments by antibiotics. Recently, the authors published
very interesting results concerning a preparation of AgNPs and carbon nanotube-
intercalated graphene oxide laminar membranes (AgNPs/CNT-GO membranes)
(Figure 13.8) for enrichment and SERS detection of antibiotics [55].

The achieved results show that the prepared Ag NPs/CNT-GOmembranes exhibit
a high enrichment ability because of the π–π stacking and electrostatic interactions
of GO toward antibiotic molecules, which enhance the sensitivity of SERS measure-
ments and enable the antibiotics to be determined at sub-nM concentrations. In
addition, the nanochannels created by the intercalation of CNTs into GO layers result
in an eightfold enhancement in the water permeance of Ag NPs/CNT-GO membranes
compared to that of pure GO membranes. More importantly, the obtained Ag
NPs/CNT-GO membranes exhibit high reproducibility and long-term stability. The
presented results show that the spot-to-spot variation in SERS intensity was less than
15%, and the SERS performance can be maintained for at least 70 days. The Ag NPs/
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Figure 13.8: Scheme of AgNPs/CNT-GO membranes for SERS detection of antibiotics. Reprinted with
permission from [54]. Copyright (2016) American Chemical Society.
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CNT-GO membranes were also used for SERS detection of antibiotics in real samples.
The results showed that the characteristic peaks of antibiotics were obviously recog-
nizable. Thus, the authors expect that the reported ultrasensitive SERS detection of
antibiotics can improve practical applications of Ag NPs/CNT-GO in environmental
analysis.

Mondal et al. [56] have decorated PANI fibers with AgNPs by using a solution-
dipping technique. Then, the authors evolved the fibers as sensitive materials for the
detection of trace amounts of 4-mercaptobenzoic acid and rhodamine 6G as an
analyte of SERS. The investigators reported that the developed decorated fibers
possess a down detection limit to nanomolar concentrations with excellent recycl-
ability. Furthermore, the authors demonstrated that synthesized fiber composites can
be apply simultaneously as an active SERS substrate and a superior catalyst for
reduction of 4-nitrothiophenol. Figure 13.9 shows an SEM micrograph of Ag/PANI
fiber and SERS enhancements.

Polymers whose behavior is sensitive to external stimuli are attracting great
interest as they might add complementary functionalities to the composite of the
SERS active metal. Accordingly, Au/Ag nanorods in thermoresponsive hydrogel
networks [57] or mechanical responsive Ag-loaded agarose gels [58] have been
reported as substrates that show a SERS behavior dependent on “hot spots”
induced by the synergistic action of the plasmonic metal nanostructures and the
external stimuli responsive polymer. Trindade and co-workers have focused their
investigation on the development of κ-carrageenan-based nanocapsules containing
nanometals and SERS platforms. The authors have shown that κ-carrageenan can
incorporate diverse types of inorganic NPs via encapsulation in the biopolymer
structures [59–61]. Recently, the investigators reported that blended nanocompo-
sites of Ag have been prepared in order to obtain new analytical SERS platforms
[62]. According to the authors, because of κ-carrageenan tunable colloidal behavior
between the sol–gel state, carrageenans are foreseen as interesting matrices to

4-MBA
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Figure 13.9: SEM micrograph of Ag /polyaniline fiber and SERS enhancements. Reprinted with
permission from [56]. Copyright (2015) American Chemical Society.
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develop thermosensitive SERS substrates provided that there is the ability to create
dynamic hot spots by varying the gelation conditions. The authors demonstrated
that the rheological behavior of Ag-containing hydrogels influences their perfor-
mance as SERS platforms. The published results provided new insights into SERS
associated with changes on the rheological behavior of chemical environments
comprising active metal surfaces such as AgNPs. Furthermore, the authors pro-
vided a possible mechanism that correlates the gel strength of the biopolymer
matrix with the SERS signal, as consequence of the formation of metal nanojuntions
caused by the closer proximity of AgNPs as the biopolymer chains interaction. The
authors believe that reported results can motivate research on the design of ther-
mosensitive polymers that use rheological parameters for controlling the analytical
sensitivity when used as SERS substrates.

13.2.3 Polymeric stabilized silver nanoparticles as catalyst

As mentioned in the beginning of this chapter in recent years, the synthesis of metal
nanostructures using noble metals has gathered notable attention. Especially, poly-
mer-embedded metal NPs seem to have special advantages that, in addition to
providing stabilizing and protecting effects to metal NPs, polymers also offer unique
possibilities for enhancing access of reactants to catalytic sites by way of a precon-
centration effect, thereby exerting synergism in catalytic activities. An efficient and
widespread way of synthesis of aromatic amines is the reduction of nitroaromatics
using catalysts. Metal NPs have been used widely for the catalytic reduction of
nitroaromatics in the presence of NaBH4 [63].Various mono- and bi-metal NPs such
as Ag, Pt, Au, Au–Ag, Pt/C and Ni–Pt have been used for the catalytic conversion of
nitroaromatics into their corresponding amino compounds. Generally, Pt, Pd, Au and
its bi-metal NPs are expensive and are considered to have better catalytic activity
than AgNPs. However, Ag is the cheapest metal available among them. Hence, the
preparation of catalytically more active AgNPs over other noble metal NPs through a
simple procedure is of significance in this field of research. Viswanathan and
Ramaraj [64] developed a simple protocol for silver ion reducing by using dopamine
in the presence of the polyelectrolyte poly[acrylamide-co-(diallyldimethylammo-
nium chloride)] (PADA) and amine-functionalized silane. The authors have used
the polymer-stabilized AgNPs as catalyst for the reduction of 4-nitrophenol (4-NP).
Reported results demonstrated that interestingly dopamine-reduced AgNPs show
better catalytic activity (k=10.99×10−3 s−1) than those reduced using the conventional
reducing agent NaBH4 (k=4.16×10

−3 s−1) toward the reduction of 4-NP.
Jayabal and Ramaraj have also developed a simple method for the preparation

of bimetallic gold/silver nanorods embedded in amine functionalized silicate sol–
gel matrix (Au/Ag–TPDTNRs) in the aqueous medium [63]. The authors have used
N1-[3-trimethoxysilyl)propyl]diethylene triamine (TPDT) as a reducing as well as
stabilizing agent to prepare the Au/Ag–TPDTNRs. Furthermore, the authors have
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investigated the Au/Ag–TPDTNR application for a catalytic reduction of nitroben-
zene. The catalytic activity of the Au/Ag–TPDTNRs was evaluated by studying the
catalytic reduction of nitrobenzene to aniline upon the addition of NaBH4 in an
aqueous solution. The Au/Ag–TPDTNRs was found to be a good catalyst when
compared to the Au–TPDTNRs and AuNRs for the reduction of nitrobenzene to
aniline at room temperature. According to the authors, the enhanced catalytic
activity of Au/Ag–TPDTNRs is due to the synergistic effect of Au and Ag present
in the bimetallic Au/Ag–TPDNRs. The reaction rate constants (k) are estimated to be
0.4050, 0.2515 and 0.1235 min−1 for Au/Ag–TPDTNRs, Au–TPDTNRs and AuNRs,
respectively. The electrocatalytic reduction of nitrobenzene at pH 7 using the Au/
Ag–TPDTNRs modified electrode was also investigated by the authors and com-
pared with the Au–TPDTNRs. The generated results showed that the higher electro-
catalytic activity of Au/Ag–TPDTNRs is due to the synergistic effect of Au and Ag
present in the bimetallic Au/Ag–TPDTNRs. The results of the reported study demon-
strated that the Au/Ag–TPDNRs are efficient catalysts for the catalytic reduction of
nitrobenzene.

The use of smart polymer microgels as microreactors for the synthesis of
AgNPs and for stabilizing them is increasing due to the unique combination of
tunable optical and catalytic properties of AgNPs and responsive behavior of the
microgels. N-isopropylacrylamide (NIPAM)-based microgels are generally used
for in situ fabrication of AgNPs [65]. AgNPs fabricated with microgels have been
widely used as catalysts for various organic reactions due to their easy synth-
esis, control over size and shape of NPs, open network of microgels for diffusion
of reactants toward the surface of NPs, long-term stability, good reusability,
non-toxicity, low cost, easy availability, quasi-homogeneous catalytic nature
and tunable catalytic activity [66]. Liu et al. [67] synthesized AgNPs inside poly
(NIPAM) microgels by in situ reduction method and used this hybrid system for
catalytic reduction of 4-NP in aqueous medium. The authors reported that the
catalytic activity of AgNPs can be tuned by swelling and de-swelling of the
hybrid microgels. Dong et al. [68] fabricated AgNPs in poly(N-isopropylacryla-
mide-co-acrylic acid) microgels and explained the stability of AgNPs inside the
network on the basis of the electron donor–acceptor concept. Khan et al. [69]
used poly(N-isopropylacrylamide-co-methacrylic acid) microgels as microreac-
tors for the fabrication of AgNPs for catalytic applications. The amide groups
in NIPAM and acrylamide units of P(NIPAM-co-AAm) microgels may act as
ligand to stabilize the AgNPs inside the network, and the hybrid system can be
used as a catalyst for various reactions in aqueous medium. The copolymeriza-
tion of NIPAM with acrylamide can not only increase the volume phase transi-
tion temperature of the microgels to increase their catalytic temperature range
but it may also increase the diffusion of hydrophilic reactants from outside to
inside the network. These ideas stimulated Begum and co-workers [70] to fabri-
cate AgNPs in P(NIPAM-co-AAm) microgels for catalytic application. Under this
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investigation, the uniformly loaded AgNPs were found to be stable for a long
time due to donor–acceptor interaction between amide groups of polymer net-
work and AgNPs. The hybrid microgels were successfully used by the authors as
a catalyst for rapid reduction of 4-Nitrophenol (4-NP) into 4-aminophenol (4-AP)
in aqueous medium. They reported that the apparent rate constant increased
with increasing concentration of catalyst and NaBH4. The hybrid system reported
in the publication has a potential to be used as a catalyst for many other organic
reactions. According to the authors, provided results could inspire others
researchers to fabricate NPs of other metals like Pt, Pd, Ru, etc., inside P
(NIPAM-co-AAm) microgels, and these hybrid systems may be used in future
as catalysts for reduction of nitroarenes and other systems. According to the
investigators, developed hybrid microgels can also be used for applications
other than catalysis.

13.2.4 Silver polymer-based material in medical applications

Implant associated and joint replacement bacterial infections are high at 1.0–4.0%
and are one of the most serious complications in orthopedic surgery because
they are extremely difficult to treat and result in increased morbidity and
significantly worse outcomes [71–73]. Bone infection, also called osteomyelitis,
can result when bacteria invade a bone. Treatment of osteomyelitis usually
requires surgical debridement and prolonged antimicrobial therapy. The rising
incidence of infection with multidrug-resistant bacteria, in particular methicil-
lin-resistant S. aureus (MRSA), however, limits the antimicrobial treatment
options available [74]. Therefore, AgNPs have been incorporated into plain
poly(methyl methacrylate) bone cement, used for the secure attachment of
joint prostheses hip and knee replacement surgery, as a way to reduce bacterial
resistance [72, 75]. Soo and co-workers have investigated incorporating AgNPs
into poly(lactic-co-glycolic acid) (PLGA) grafts as a potential for implant and
fixation material in orthopedic and orthodontic surgery [76, 77]. The authors
demonstrated that metallic nanosilver particles (with a size of 20–40 nm)–
(PLGA) composite grafts have strong antibacterial properties [76]. In addition,
nanosilver particle–PLGA composite grafts did not inhibit adherence, prolifera-
tion, alkaline phosphatase activity or mineralization of on growth MC3T3-E1 pre-
osteoblasts compared to PLGA controls. Furthermore, the authors reported that
the nanosilver particles did not affect the osteoinductivity of bone morphoge-
netic protein 2 (BMP-2). Infected femoral defects implanted with BMP-2 coupled
2.0% nanosilver particle–PLGA composite grafts healed in 12 weeks without
evidence of residual bacteria. In contrast, BMP-2-coupled PLGA control grafts
failed to heal in the presence of continued bacterial colonies. The obtained
results indicated that nanosilver of defined particle size is bactericidal without
discernible in vitro and in vivo cytotoxicity or negative effects on BMP-2
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osteoinductivity, making it an ideal antimicrobial for bone regeneration in
infected wounds. Moreover, the same research group has evaluated AgNP/
PLGA-coated stainless steel alloy (SNPSA) as a potential antimicrobial implant
material [77]. The authors reported that SNPSA exhibited strong antibacterial
activity in vitro and ex vivo and promoted MC3T3-E1 pre-osteoblast proliferation
and maturation in vitro. Furthermore, SNPSA implants induced osteogenesis
while suppressing bacterial survival in contaminated rat femoral canals. The
generated results pointed out that SNPSA has simultaneous antimicrobial and
osteoinductive properties that make it a promising therapeutic material in
orthopedic surgery.

Catheters used in the hospital setting have a high propensity for infection,
which can lead to unwanted complications. Thus, AgNPs have been investigated as
a method of reducing biofilm growth on catheters. Recently, polyurethane cathe-
ters have been modified with a coat of AgNPs to create effective antibacterial
catheters [78]. Silver-coated catheters prepared by Roe et al. [79] showed significant
in vitro antimicrobial activity and prevented biofilm formation using Escherichia
coli, Enterococcus, Staphylococcus aureus, coagulase-negative staphylococci,
Pseudomonas aeruginosa and Candida albicans. Approximately 15% of the coated
silver eluted from the catheters in 10 days in vivo, with predominant excretion in
faces (8%), accumulation at the implantation site (3%) and no organ accumulation
(≤0.1%). Moreover, multiple studies have reported that AgNP-coated catheters can
effectively reduce bacteria for up to 72 h in animal models [78, 80]. A clinical pilot
study performed by Lacknerand co-workers was focused on investigating the pre-
vention of catheter-associated ventriculitis (CAV) with AgNPs. The authors did not
find any incidence of CAV, and all cerebrospinal fluid cultures were negative in the
19 patients that received a AgNP-coated catheter [81]. On the contrary, in the
control group of 20 patients by using the catheter without AgNPs, five were positive
for CAV [81].

AgNPs have also been applied to dental medicine. The oral environment is
considered to be an asperous environment for restored tooth structure. Recurrent
dental caries is a common cause of failure of tooth-colored restorations. Bacterial
acids, microleakage and cyclic stresses can lead to deterioration of the polymeric
resin–tooth bonded interface. Research on the incorporation of cutting-edge antic-
aries agents for the design of new, long-lasting, bioactive resin-based dental
materials is a demanding and provoking work. Released antibacterial agents
such as AgNPs, nonreleased antibacterial macromolecules (DMAHDM, dimethyla-
minohexadecyl methacrylate) and released acid neutralizer amorphous calcium
phosphate nanoparticles (NACP) have shown potential as individual and dual
anticaries approaches. Melo and co-workers [82] performed an exhausted investi-
gations on AgNP synthesis, and their future incorporated into all the dental
materials required to perform a composite restoration: dental primer, adhesive
and composite (Figure 13.10).

13.2 Silver nanoparticles 419



The authors focused on combining different dental materials loaded with
multiagents to improve the durability of the complex dental bonding interface.
A combined effect of bacterial acid attack and fatigue on the bonding interface
simulated the harsh oral environment. Human saliva-derived oral biofilm was
grown on each sample prior to the cyclic loading. The oral biofilm viability
during the fatigue performance was monitored by the live–dead assay. Damage
of the samples that developed during the test was quantified from the fatigue
life distributions. Results achieved by the authors indicate that the resultant
multiagent dental composite materials were able to reduce the acidic impact of
the oral biofilm, thereby improving the strength and resistance to fatigue failure
of the dentin–resin bonded interface. Besides, studies performed by Melo et al.
[82] showed that dental restorative materials containing multiple therapeutic
agents of different chemical characteristics can be beneficial toward improving
resistance to mechanical and acidic challenges in oral environments. Akhavan
et al. [83] reported that incorporation of AgNPs into orthodontic adhesives could
increase or maintain the shear bond strength of an orthodontic adhesive while
simultaneously increasing its resistance to bacteria. A recent study carried out
by researchers Zmudzkin and co-workers [84] demonstrated that integration of
AgNPs into dental composites could reduce the microbial colonization of lining
materials, enhancing the antifungal efficiency. Similarly, AgNP amalgamation
into endodontic fillings displays an increased antibacterial effect against
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Figure 13.10: Incorporation of AgNPs into dental structure. Reprinted with permission from [82].
Copyright (2016) American Chemical Society.
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Streptococcus milleri, Staphylococcus aureus and Enterococcus faecalis [85].
Degrazia et al. [86] investigated an effect of AgNPs on the physicochemical and
antimicrobial properties of an orthodontic adhesive. The authors found that the
addition of AgNP solutions to Transbond™ XT adhesive primer inhibited
Streptococcus mutans growth without compromising the chemical and physical
properties of the adhesive.
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14 Spectroscopic properties of polymer composites

Keywords: carbon materials, polymers, Raman and IR spectroscopy

14.1 Introduction

Polymers and polymer composites have been present in human life for a long
time. Every day, we use many objects made of polymers, e. g. disposable table-
ware made of polyethylene (PE) or polypropylene (PP) are with us during the
family picnics and holiday trips. We drink water from plastic bottles, eat using
plastic cutlery, and so on. On the other hand, we see polymers and polymer
composites as essential parts in equipment at homes, public buildings, cars,
aircrafts, and different machines. Moreover, the role of these materials has
become significant for our organisms. Nowadays, polymeric biomaterials play
important roles in medicine for example as resorbable substrates for tissue regen-
eration control, construction implants of tailored mechanical properties and con-
trolled resorption time, construction of prostheses, dental materials, artificial
coronary vessels, a drug carrier, biostable joining elements, surgical sutures,
and dressing materials. The polymers most often used in medical applications
are polyvinyl chloride (PVC), polyvinylidene chloride (PVDC), polystyrene (PS),
PE, polytetrafluoroethylene (PTFE), PP, polymethyl methacrylate (PMMA), poly-
carbonate (PC), and many others.

Moreover, biomaterials are generally made of polymer composites. Additionally,
they can include metals and metal alloys (e. g. Fe, Co, Cr-Ti, and amalgams), ceramic
materials (e. g. bioglass and hydroxyapatite) or possibly cells and human tissues.

Generally, it is worth noting that organic–inorganic hybrid materials such as
polymer-ceramics and polymer-carbon very often are applied as biomaterials or
materials used in electronics and optoelectronics.

According to literature, essential and very often used components of polymer
composites are different allotropic forms of carbon, e. g. graphene, graphene nanor-
ibbons (GNRs), and single- or multiwalled carbon nanotubes (MWCNTs). Thus,
owing to interesting electronic and mechanical properties of GNRs, they have
become promising materials for preparation of conductive composites for applica-
tions as transparent electrodes, heat circuits, and supercapacitors [1]. On the other
hand, chemical modification of graphene by photopolymerization with styrene
results in self-organized intercalative growth and delamination of graphene with
few layers. Such composites are extremely promising for a wide range of
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mechanical, thermal, and electrical applications [2]. An interesting report was that
on electron field emission (FE) from reduced graphene oxide (rGO):poly(3-hex-
ylthiophene) (P3HT) composite layers [3]. Reduced graphene oxide can also have
potential applications in vacuum microelectronic devices, such as microwave
power amplifiers and FE-based electronic devices such as flat panel FE displays
(FEDs) [4–6]. Graphene fibers provide new ways to study interfacial interactions
between the polymer and graphene for producing high-performance graphene-
enhanced polymer nanocomposites. As an example, transcrystallization of isotactic
polypropylene (iPP) surrounding the graphene fibers can be shown. The results
indicate that fabrication of effective graphene-enhanced polymer nanocomposites
can be used for various emerging applications [7]. Graphene-based polymer com-
posites are also developed for potential use in biomedical applications. Soft bio-
medical polymers can be strengthened by incorporating graphene in the polymer
matrix for use in hard tissue applications such as orthopedic repair and regenera-
tion in the form of fracture fixation devices, tissue scaffolds, etc. [8].

Another form of carbon used as fillers in polymer composites or hybrid
materials is carbon nanotube (CNT), generally due to its extremely high
Young’s modulus, stiffness, and flexibility. Considering first single-walled car-
bon nanotubes (SWCNTs) as a candidate for application in producing composite
materials, it should be noted that successful application requires well-dispersed
nanotubes with good adhesion to the host matrix, which is not easy to realize.
Moreover, weak nanotube–polymer interactions result in poor interfacial adhe-
sion, which can cause nanotube aggregation within the matrix. A novel
approach to in situ composite synthesis, by attachment of PS chains to full-
length pristine SWCNTs without disrupting the original structure, has been
proposed [9]. For some applications, solid-phase deposition of CNTs at the site
of action is realized, but for other ones solution-phase processing and manip-
ulation are required to achieve appropriate assemblies, orientations, and homo-
geneous dispersion of CNTs within host materials [10, 11]. In the last decade, the
interest has been focused on functionalization of CNTs and especially SWCNs
with various organic, inorganic, and organometallic structures using both cova-
lent and noncovalent approaches [12, 13]. Multifunctional nanotube–polymer
composites (e. g. SWCNT/MWCNT-polycarbonate (PC)/polystyrene (PS)) have
been developed mainly due to improvement in mechanical and thermal proper-
ties and an increase in electrical conductivity [14–16]. The interest in transparent
and flexible conductors as components of various devices used, e. g. as paper
displays and plastic solar cells, has resulted in novel CNT/polymer composites
(e. g. PS, PMMA, P3HT) with highly aligned nanotubes inside. The composite
films obtained show high optical transparency, robust flexibility, and excellent
conductivity [17, 18]. Polymer colloids with an interfacial coating of purified
SWCNs have been synthesized from length- and type-sorted SWCNTs. Such
composite particles exhibit electrical conductivities comparable to or higher
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than those of bulk SWCNT–polymer composites at nanotube loadings lower by
more than 1 order of magnitude, maintaining unique electronic and optical
characteristics of the parent SWCNT solution with potential applications as
microelectronic and microoptical components [19]. In the last few years, hybrid
nanocomposites containing SWCNTs and ordered polyaniline (PANI) have been
prepared through in situ polymerization reaction. The SWCNT–PANI nanocom-
posites show both higher electrical conductivity and Seebeck coefficient than
pure PANI, which could be attributed to the enhanced carrier mobility in the
ordered chain structures of PANI. Such nanocomposites with thermoelectric
effect (TE) have great potential for applications in both power generation in
waste heat recovery systems and solid-state cooling or heating devices [20].

Hybrid materials fabricated on the basis of polymers and allotropic forms of
carbon constitute a wide group of composite materials; however, other groups of
hybrid materials synthesized from polymers and metals, metal oxides and metal
alloys have been discussed in the past decade. Ordered mesostructured materials
fabricated from polymerizable silica species and organic structure-directing agents,
such as amphiphilic block copolymers or charged surfactants, are important exam-
ples of self-assembling hybrids. However, optical devices made from silica have a
limited refractive index (n = 1.43) and must be supported by ultralow refractive
index materials when efficient waveguiding is important [21]. One of the innova-
tions proposed for fabrication of ordered self-assembling optical hybrids required
replacing the silica framework with a higher refractive index material, such as
titania [22, 23]. Dye-doped hybrid waveguides with trifluoroacetate-modified titania
frameworks and high effective index of refraction (n = 1.6–1.7) have been fabricated
[23, 24]. Commodity polymers such as PC films and polyester (PET) filaments are
selectively functionalized through UV oxidation and then used as templates to
control the nucleation and growth of ZnO nanorods and microplates forming
periodically ordered microarrays directly out of aqueous solution. Such a process
allows preparation of materials for biomimetics and makes this strategy more
technologically applicable [25]. On the other hand, metal-insulator core-shell struc-
ture has been employed to fabricate composites with high dielectric constant and
low energy losses. An example is Zn-ZnO/polyvinylidene fluoride (PVDF) composite
with enhanced dielectric constant due to duplex interfacial polarizations induced
by metal–semiconductor interface and semiconductor–insulator interface. Such
polymer-based dielectric composites with conductive fillers have potential applica-
tions in electric power systems and electronic devices [26]. Thermally conducting
but electrically insulating polymer-based composites have been widely used in
electronic devices. Such composites are mostly manufactured by introducing
highly thermally conducting particles such as ceramics, metals, or metal oxides
into a polymer matrix. Examples are hexagonal boron nitride (hBN) platelets widely
used as the reinforcing fillers for enhancement of thermal conductivity of polymer-
based composites [27].
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The above-mentioned groups of different composite materials and their applica-
tions are far from exhausting all materials reported in literature and in the following,
spectroscopic characterization of only chosen polymer composites is given.

14.1.1 Review of results

Among different spectroscopic techniques, Raman spectroscopy is a noninvasive and
powerful tool for investigation of different materials. For quite a long time, Raman
spectroscopy was mainly dedicated to fundamental research, but development of
instrumentation (laserminiaturization, CCD detection, Rayleigh filters, high-resolution
holographic gratings and data processing software) has rendered it a general charac-
terization method. An important breakthrough in the development of Raman spectro-
meterswas integrationwith opticalmicroscope, ensuring spatial resolution of less than
1 μm, upon visible excitation. It is worth noting that infrared absorption spectroscopy is
complementary to Raman spectroscopy; however, it is not as versatile, useful and
informative as Raman spectroscopy. Moreover, standard equipment of today’s Raman
microscopes is a motorized stage allowing Raman mapping and depth profiling of the
sample.

A wide group of polymer composite materials contains allotropic forms of
carbon, such as graphene flakes, carbon nanoribbons, or CNTs. Raman spectro-
scopy is known as a very useful technique to study compounds containing carbon
allotropes. It is one of the few techniques sensitive to the full range of structural
states present in this class of materials, from perfectly crystalline to amorphous.
Raman spectroscopy allows distinction between diamond, graphite, graphene, or
CNT through the measurement of a single spectrum. The common crystalline
phases of carbon yield very simple spectra: diamond (sp3 hybridization) gives a
strong single mode of T2g symmetry at 1,332 cm–1, whereas graphite (sp2 hybridiza-
tion) gives doubly degenerated E2g modes at 42 and 1,582 cm–1. The latter is referred
to as G band and corresponds to vibration in graphene planes, whereas the former
corresponds to weak interplanar Van der Waals interactions [28]. Two additional
modes called D and D’ (the letter stands for “disorder”) are detected whenever
flaws/defects appear in the structure. D’ mode results from the splitting of the G
band and appears around 1,620 cm–1, at the value at which the dispersion curve of
graphite is the flattest. The intensity ratio of G to D’ bands depends on the propor-
tion of distorted graphene planes [29]. D band results from the resonant enhance-
ment of the modes from graphite dispersion curves, having the same wavevector k
as the incident photons. This assignment provided an explanation for some pecu-
liarities of the D band, such as its excitation dependence [30]. A SWCNT can be
considered as a cylinder of graphene of a few nanometers in diameter and a length
ranging from tens of nanometers to millimeters. The properties of SWCNT are
different and depend on the cylinder diameter and rolling direction. The number
of Raman-active modes of SWCNT depends on the symmetry of the tube but is
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independent of its diameter. In fact, only four to five Raman bands are observed.
Two of them recorded at around 1,600 cm–1 are assigned to G+ and G–; however, the
mode at around 1,350 cm–1 is attributed to defect-induced vibration (D mode).
Moreover, in the Raman spectrum of SWCNT, besides D, G (G+, G–), and D* (marked
also in literature as 2D) modes, a low wavenumber radial breathing mode (RBM) is
detected in the range 80–350 cm–1 [31].

14.1.2 Polymer composites with graphene

Owing to the unusual mechanical properties of graphene (Young’s modulus of an
order of 1 TPa), production of reinforced high-performance composites based on
polymer and graphene seems to be possible. Upon a composite deformation, internal
stress is induced and in such materials stress is transferred from polymer matrix to
the monolayer graphene. Raman spectroscopy is one of the best techniques for
characterization of both graphene and its deformations. The positions of Raman
bands in the graphene spectra shift with stress and the stress-induced Raman
bands shifts can be used for determination of the stress in the material and in
consequence for estimation of its effective Young’s modulus [32, 33]. It is important
to evaluate and compare the levels of reinforcement in polymer nanocomposites by
exfoliated graphene flakes made of different numbers of layers. Many authors have
reported that the shift of Raman bands for the nanocomposites containing multilayer
graphene flakes is smaller than that for the material with monolayer graphene.
Moreover, the band shift rate for multilayer graphene without a top coat (i. e. polymer
is deposited on only one surface of the flake) is very low [34, 35]. Gong et al. have
discussed the influence of tensile strain on vibrational spectra of monolayer and
bilayer graphene flakes before and after applying the SU-8 top coat (SU-8 is an epoxy
resin). The changes in the peak position of 2D Raman band vs. strain for coated
and uncoated monolayer and bilayer graphene on PMMA polymer beam are pre-
sented in Figure 14.1.

It is well known that the 2D band from the spectrum of bilayer graphene consists
of four components and should be fitted using four lines. As seen in Figure 14.2(a), a
red shift of four components of 2D band is observed. Comparing the slopes of 2D1A
and 2D2A components recorded for bilayer graphene to those recorded monolayer
graphene, one can notice very similar dependence of the 2D component position as a
function of strain. To avoid problems with orientation of the graphene flake, the
measurements were carried out for the same flake coatedwithmono-, bi-, and trilayer
of graphene, which ensures the same orientation of the flake toward the laser light
polarization. The shift of the adjacent monolayer region is shown for comparison in
Figure 14.2(a) (open circles) [33]. Figure 14.2(b) shows changes in the position of 2D
band vs. strain for four different coated graphene structures, i. e. mono-, bi-, tri-, and
other multilayers of graphene. The 2D band was fitted in all cases with a single
Lorentzian line shape function, to compare the shift of the maximum of this band.
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The slope of 2D band maximum for mono- and bilayer materials is comparable but
somewhat lower for the trilayer material. However, the slope for multilayer graphene
is significantly lower.

A shift of 2D band can be also caused by a change in the measurement condi-
tions, e. g. different wavelength, different relative orientation of graphene lattice to
the straining direction, and direction of polarization of laser light. Gong at al. have
performed a systematic study for more than 30 different graphene flakes on polymer
beams in different orientations, with different numbers of layers, both uncoated and
with a polymer coat, recording changes in the 2D band position upon deformation.
For uncoated samples, a decrease in the band shift rate (dω2D/dε in cm–1/% strain)
was noted when the number of layers increased from one to three, from –48.8 to –
32.4, respectively. The value obtained for a multilayer uncoated flake was –37.4 but
with a high error ±8.2. The shift rate obtained for uncoated graphite flake was very
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Figure 14.1: The change in the 2D peak position vs. strain for graphene (band was fitted to single
peak) upon deformation of PMMA beam. (a) Graphene monolayer, (b) bilayer deformed before and
after coating with SU-8. Schematic diagrams of the deformation of uncoated (above) and coated
(below) graphene are also included. Adapted with permission from ACS NANO 6 (2012) 2086-2095.
Copyright (2012) American Chemical Society [33].
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low and equaled –3.0. For coated specimens, the band shift rates observed were
generally higher and reached from –57.7 to –46.6 cm–1/% strain for the samples with
a single layer and that with three layers, respectively. Additionally, the differences
between mono- and bilayer flakes were comparable within the limits of experimental
error. The value obtained for a multilayer coated flake was –40.2 cm–1/% strain, but
similarly as for uncoated specimen, it was charged with a high experimental error
±14.2 cm–1/% strain. For coated graphite, the band shift rate is 0 cm–1/% strain. Since
the shift of the 2D band with strain (dω2D/dε in cm–1/% strain) is proportional to the
effective Young’s modulus of graphene, it follows that, if the polymer–graphene
interface remains undisturbed, the mentioned above band shift rates are an indica-
tion of the efficiency of internal stress transfer within the graphene layers.
Concluding, it has been established that although there is good stress transfer
between the polymer matrix and a monolayer graphene, monolayer graphene is
not the optimum material to use for reinforcement of graphene-based polymer
nanocomposites. Similarly, in bilayer material, good stress transfer between polymer
matrix and graphene is observed, and there is no slippage between the layers for fully
encapsulated material. Less efficient stress transfer has been found for trilayer and
other multilayer graphene due to slippage between the internal layers, indicating
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that such materials will have a lower effective Young’s modulus than either mono-
layer or bilayer graphene in polymer-based nanocomposites [33].

Young et al. have demonstrated a possibility of using Raman mapping for inves-
tigation of strain distribution in graphene flake and stress transfer from the polymer
matrix (PMMA beam) to a graphene monolayer for model composites sample [36]. It
was found that the shift rate with strain of 2D bandwas –61 ± 2 cm–1/% strain showing
good stress transfer between underlying polymer and a graphene monolayer.
Moreover, a significant broadening of 2D band is observed as a result of deformation.
However, it should be mentioned that broadening or even splitting of 2D band
strongly depends on the angle between the direction of laser light polarization and
high-symmetry directions in graphene.

In order to avoid discrepancies in interpretation, the direction of the laser light
polarization was parallel to the strain axis in the graphene monolayer for all measure-
ments. Figure 14.3 presents Ramanmaps of the strain in graphenemonolayer at different
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Figure 14.3: Raman maps of strain over the graphene monolayer at different levels of strain, in the
uncoated and coated states. Adapted with permission from ACS NANO 5 (2011) 3079-3084. Copyright
(2011) American Chemical Society [36].
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strain levels applied in horizontal direction along the flake. Scale bar shows the relation-
ship between the color of maps and graphene strain. The contour of the graphene flake
around the maps is also shown. The black dots on the maps represent the points at
whichmeasurements were carried out. As seen from Figure 14.3, the first twomaps were
obtained for applied strains of 0%and 0.4% for graphene on PMMAbeamwithout SU-8
top coating. These maps indicate that the strain in graphene is relatively uniform with
some evidence of lower strain at the left-hand end at 0.4% strain. Then, the specimen
was unloaded, coated with SU-8, and reloaded to 0.4% and 0.6% strain, and Raman
maps were obtained (see Figure 14.3). It is seen from Figure 14.3 that at 0.4% strain the
graphene strain distribution is virtually identical in both the uncoated and coated
samples. Increasing the applied strain to 0.6% strain causes the strain in the graphene
to increase to around0.6% strain overmost of themonolayer, with a lower level of strain
at the left-hand end. The distribution of strain over a linear region along themiddle of the
long axis of themonolayer is presented in Figure 14.4. The increase in strain at the right-
hand tip of the tapering monolayer can be explained in the same way as for the fibers in
composites with differently shaped ends [36, 37]. If the fiber has a square end in
cylindrical fiber, there is a gradual decrease in fiber strain toward the end of the fiber
(left-hand end of graphene flake), whereas if the fiber has a conical tip, then for high-
modulus reinforcements the strain actually rises as the fiber tapers (right-hand end of
graphene flake) and drops to zero only very close to the end of the tip [37].

Further significant information related to stress transfer to the graphene mono-
layer at higher strain can be gathered from the Ramanmaps of strain in graphene (see
Figure 14.5).
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Figure 14.4: Variation in the strain in the graphene along the middle of the long axis of the monolayer
for uncoated specimen. Adapted with permission from ACS NANO 5 (2011) 3079-3084. Copyright
(2011) American Chemical Society [36].
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As shown, the strain is relatively uniform around 0.15% in the relaxed state,
whereas if the applied strain is increased to 0.8%, the strain distribution
becomes very nonuniform in the graphene monolayer. Further analysis carried
out for the specimen reloaded to 0.6% applied strain (Figure 14.5) indicates that
variation of strain along the middle of the long axis of the graphene flake
changes quasi-periodically with the repetition within 10–20 μm. After repeated
relaxation of the sample, the strain is less uniform than for the originally
relaxed sample. After further reloading to 0.6% applied strain, the strain dis-
tribution is very similar to that obtained for 0.8% applied strain, but it is
different than that obtained for the initially loaded specimen in which the
distribution of strain was relatively uniform (see Figure 14.3). It probably indi-
cates that the specimen was damaged by loading up to 0.8% strain and the
damage was retained on reloading to the lower strain [36]. The results presented
by Young et al. indicated that Raman mapping can be used for the analysis of
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Figure 14.5: Raman maps of strain over the coated graphene monolayer in the relaxed states and
reloaded to 0.8% and 0.6% strain. Adapted with permission from ACS NANO 5 (2011) 3079-3084.
Copyright (2011) American Chemical Society [36].
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strain distribution in specimens containing graphene and allows following the
levels of reinforcement in such systems with high precision.

14.1.3 Polymer composites with carbon nanotubes

Owing to the application potential of CNTs in the production of molecular wires, the
next generation of electronic devices, fibers with exceptionally high tensile length,
novel thermoelectric materials, etc., new high-performance composite materials
have been recently reported by many authors.

Yao et al. [20] have studied hybrid nanocomposites containing SWCNTs and PANI
prepared in a simple one step by in situ polymerization reaction. Because of excellent
electrical properties of SWCNTs much better than those of MWCNTs, resulting from
fewer structure defects in the SWCNTs, both electrical conductivity and Seebeck
coefficient of highly ordered chain structure of SWCNT/PANI nanocomposite are
much enhancedwith increasing SWCNT content. In this in situ polymerization process,
the PANI could be considered to grow along the surface of SWCNTs because of the
strongπ–π interactions between the two components. Meanwhile, the chain packing of
PANIs is also ordered due to the template effect of 1D nanostructured CNTs.
Transmission electron Microscopy (TEM) and SEM images of SWCNT/PANI powder
containing 25 wt % SWCNT are shown in Figure 14.6. The composites show nanocable
structure in which a bundle of SWCNTs were coated and bounded by PANI.

Moreover, both X-ray diffraction and Raman spectra analyses confirmed the
ordered chain packing of PANIs. Raman spectra analysis gives evidence for the
ordering of PANI along SWCNT. As follows from Figure 14.7, the Raman spectrum

a

100nm0.5 μm0.5 μm 100 nm100 nm

b

Figure 14.6: TEM images for SWCNT/PANI composites with 25 wt % SWCNT. Inset of (a) is the SEM top
view of the nanocable. Adapted with permission from ACS NANO 4 (2010) 2445-2451. Copyright
(2010) American Chemical Society [20].
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of pure CNTs shows a strong peak at 1,588 cm–1 assigned to the G band (in-plane
stretching E2g mode). For the pure PANI, C–H bending of the quinoid/benzenoid ring
at 1,162 cm–1, weak C–N stretching at 1,218 cm–1, C=N stretching of the quinoid ring at
1,483 cm–1, and C–C stretching of the benzenoid rings at 1,590 cm–1 are observed. It is
worth noting that the intensity of modes at 1,483 cm–1 and 1,164 cm–1 decreases with
increasing SWCNT content with a simultaneous increase in the intensity of the mode
at 1,590 cm–1. The decrease in the intensity of modes at 1,164 cm–1 and 1,483 cm–1 with
increasing SWCNT content is attributed to the site-selective interactions between the
quinoid rings and CNTs, which induce the chemical transformation of quinoid rings
to benzenoid rings and cause the conformational changes of PANI from a coil-like
structure to an extended one.

Increasing intensity of mode at 1,590 cm–1 suggests a decrease in the quinoid unit
concentration and an increase in the benzenoid unit concentration. Moreover, it has
been also found that all modes at 1,218, 1,483, and 1,590 cm–1 shift to the lower
wavenumbers after addition of SWCNTs, which may result from the additional π–π
conjugated interactions between the PANI and SWCNTs that induce the red shift of
Raman modes. The ordered structures result in the increase in carrier mobility. In
consequence, both electrical conductivity and Seebeck coefficient of the PANI-based
polymer composites are dramatically improved as comparedwith those of pure PANI.
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Figure 14.7: Raman spectra of SWCNT/PANI composites with different SWCNT content excited with
632.8 nm laser wavelength. Adapted with permission from ACS NANO 4 (2010) 2445-2451. Copyright
(2010) American Chemical Society [20].
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However, the thermal conductivities of the composites, even with high SWCTN
content, do not change much and still keep very low values, which is attributed to
the phonon scattering effect of nanointerfaces produced by the SWCNT/PANI nanoc-
able structure [20, 38].

Successful applications of composites reinforced by addition of SWCNTs require
well-dispersed nanotubes with good adhesion to the host matrix, which, unfortu-
nately, is not easily realized. The reason for this is related to poor solubility of
SWCNTs and weak nanotube–polymer interactions, and the poor adhesion causes
nanotube aggregation within thematrix. One approach to in situ composite synthesis
is the attachment of PS chains to full-length pristine SWCNTs without disrupting the
original structure. Anionic polymerization process requires no nanotube pretreat-
ment and works well with as-produced SWCNTs. In such a process, well-defined
composites with a homogeneous dispersion of nanotubes were obtained. Carbanions
are introduced on the SWCNT surface by treatment with the anionic initiators that
serve to exfoliate the bundles and provide initiating sites for the polymerization of
styrene (see Figure 14.8). When styrene is added, both free sec-butyllithium and the
nanotube carbanions initiate polymerization, resulting in an intimately mixed com-
posite system. The polymerization was terminated using degassed n-butanol, and the
composite was recovered by precipitation with methanol [9].

Evidence for formation of carbanions and subsequent attachment of PS chains
was obtained using Raman spectroscopy. The Raman spectra of pristine SWCNTs,
butylated SWCNTs, and PS-grafted SWCNTs are presented in Figure 14.9.

–

–

–

+L1

+L1+L1

(a) (b)

Figure 14.8: Schematic (not to scale) process of carbanions formation and subsequent initiation of
polymerization: (a) section of SWCNT sidewall showing sec-butyllithium addition to a double bond
(green arrow indicates the bond to which it adds) and formation of anion via transfer of charge; (b) the
carbanions attacks the double bond in styrene and transfer the negative charge to the monomer.
Successive addition of styrene results and a living polymer chain is formed. Adapted with permission
from J. Am. Chem. Soc. 125 (2003) 9258-9259. Copyright (2003) American Chemical Society [9].
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Apart from two characteristic Raman-active modes recorded for SWCNTs (E2g and
RBM), the third mode marked as D band, indicative of disorder or sp3 character within
the nanotube framework, is detected at about 1,320 cm–1. As shown in Figure 14.9, the
intensity of D band with respect to E2g mode at about 1,580cm–1 is indicative of the
extent of covalent modification of the nanotube surface. In the Raman spectra of
butylated and PS-grafted SWCNTs, the relative intensity of the D band increases when
compared to that recorded for pristine SWCNTs. Analysis of the RBMwavenumbers was
inconclusive because of the presence of characteristic C–X bending modes of PS in the
same region, and no useful information could be obtained. Excessive chemical mod-
ification of the nanotube surface can lead to degradation of the nanotube mechanical
strength and also result in the loss of electronic structure. It has been reported that
nanotube electronic structure can be retained at low levels of functionalization [9, 39].

Li et al. [40] have reported the application of the Huisgen cycloaddition to
functionalization of SWCNTs with PS. To achieve a high degree of functionalization,
they chose to introduce alkyne groups on the nanotube surface using the Pschorr-
type arylation, which was shown to modify a significant proportion of carbons within
the nanotube sidewall. Subsequent introduction of PSwas achieved by first installing
an azide functionality at the polymer chain end. The Cu(I)-catalyzed formation of
1,2,3-triazoles by coupling azide-terminated polymer and alkyne-functionalized
SWCNTs was found to occur in an efficient manner under a variety of favorable
conditions. It resulted in relatively high nanotube graft densities, full control over
polymer molecular weight, and good solubility in organic solvents [40].

Raman spectroscopy was not only used to verify the structural integrity of the
modified SWCNTmaterials, but also to get the information on the degree of nanotube
functionalization. Figure 14.10 presents the Raman spectra of pristine SWCNTs (A),
alkyne-functionalized SWCNTs (B), and PS-functionalized SWCNTs (C). Spectrum A
exhibits the characteristic RBM at about 250 cm–1 and tangential G mode at about
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Figure 14.9: Raman spectra of (1) pristine SWCNTs, (2) butylated SWCNTs, and (3) PS-grafted SWCNTs
recorded with 514.5 nm excitation laser wavelength. Adapted with permission from J. Am. Chem. Soc.
125 (2003) 9258-9259. Copyright (2003) American Chemical Society [9].
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1,590 cm–1. In addition, weak disorder band at about 1,290 cm–1 can be observed,
indicating the presence of a small number of sp3 hybridized carbons within the
nanotube framework. Intensity of disorder band D increases dramatically relative
to both the radial breathing and tangential modes, indicating that a large number of
sp2 hybridized carbons have been converted to sp3 hybridization. The intensity of
tangential mode also increased with respect to that of the RBM. Upon reaction with
azide-functionalized PS, the intensity of the disorder band relative to the RBM and G
modes remained unchanged, as expected, because the click reaction does not alter
the hybridization of carbon atoms within the nanotube framework [40].

IR spectroscopy provided the information about the structures appended to the
surface of the SWCNTs, which is not available from Raman data. Figure 14.11 presents
the IR spectra of unmodified SWCNTs (spectrum A), the alkyne-functionalized
SWCNTs (spectrum B), and the polymer-functionalized SWCNTs (spectrum C).

In spectrum A of unmodified SWCNTs, only one band around 3,500 cm–1 is
recorded and assigned to trace the amount of water present in KBr used for preparation
of pellet. However, spectrumB shows small, but clearly noticeable, signals at 2,120 and
3,280 cm–1, corresponding to the C–C and C–H stretching vibrations of appended
terminal alkyne functionalities, respectively. Additionally, the signals corresponding
to the C–C and C–H stretches of the aromatic ring that serves as a linker between the
nanotubes and the alkyne functionality can be seen at 1,660 and 2,920 cm–1, respec-
tively. Upon cycloaddition, the IR spectrum of the product (see Figure 14.11, spectrum
C) bears the bands characteristic of PS, indicating that the polymer was grafted.
Although the alkyne band at 2,120 cm–1 is weak, magnification of the three spectra in
the spectral range 2,000–2,250 cm–1 indicates that it was not present prior to the
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Figure 14.10: Raman spectra of (A) pristine SWCNTs, (B) alkyne-functionalized SWCNTs, and (C)
polystyrene-functionalized SWCNTs. Adapted with permission from J. Am. Chem. Soc. 127 (2005)
14518-14524. Copyright (2005) American Chemical Society [40].
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reaction with p-aminophenyl propargyl ether or after the Huisgen cycloaddition. The
disappearance of the alkyne stretching after the click coupling indicates that most of
the alkynes must have been consumed during this reaction, although the low intensity
of this IR absorption makes the quantitation of conversion difficult [40].

Yao et al. [13] have investigated the use of atom transfer radical polymerization
(ATRP), which has been shown to be a highly versatile technique for the controlled
radical polymerization of acrylate-basedmonomers from the surface of the CNTs. The
nanotubes functionalized with poly(methyl methacryalte) were found to be insolu-
ble, while those functionalized with poly(tert-butyl acrylate) were soluble in a variety
of organic solvents. The resulting polymerized nanotubes were analyzed among
others by IR and Raman spectroscopy.

Figure 14.12(A) presents the IR spectrum of a SWCNT specimen after 48 h of
polymerization with MMA, clearly indicating the expected carbonyl stretching vibra-
tional modes at about 1,730 cm–1 and C–H stretching at about 2,950 cm–1 attributed to
nanotube-attached PMMA. The presence of CNTs in this residue was confirmed by
Raman spectroscopy (Figure 14.12(B)), which revealed a tangential G band character-
istic of them at about 1,590 cm–1 and RBMs at 184 and 205 cm–1, corresponding to 1.2
and 1.1 nm diameter tubes, respectively. The peak at 1,338 cm–1 corresponds to the
presence of relatively small amount of sp3-hybridized carbon atoms, formed as a
result of sidewall functionalization.

This combination of IR and Raman data indicates that both components are
present in the sample and cannot be separated by washing with good polymer
solvents. It should be noted that in control experiment, in which nanotubes were
mixed with preformed PMMA, filtration and washing resulted in complete removal of
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Figure 14.11: IR spectra of (A) pristine SWCNTs, (B) alkyne-functionalized SWCNTs, and (C) polystyr-
ene-functionalized SWCNTs. Adapted with permission from J. Am. Chem. Soc. 127 (2005) 14518-
14524. Copyright (2005) American Chemical Society [40].
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the free polymer from nanotube residue, as indicated by the absence of IR stretches at
about 1,730 and 2,900 cm–1 [13].

The IR and Raman spectra of poly(tert-butyl acrylate)-functionalized SWCNTs
are presented in Figure 14.13(A) and (B). Characteristic bands at about 1,730 and
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Figure 14.12: IR spectrum (A), Raman spectrum (B) of SWCNT-PMMA polymerized product. Adapted
with permission from J. Am. Chem. Soc. 125 (2003) 16015-16024. Copyright (2003) American
Chemical Society [13].
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2,950 cm–1 attributed to stretching vibrations in the IR absorption spectrum indicate
the presence of polymer, while the Raman bands detected at about 185 and 1,590 cm–1

correspond to the RBMs and tangential modes of SWCNT. It is not entirely clear why
the RBM in this sample corresponds solely to nanotubes having a diameter of 1.2 nm,
but this is likely due to heterogeneity of different batches of starting material. In
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Figure 14.13: IR spectrum (A), Raman spectrum (B) of poly(tert-butyl acrylate)-functionalized SWCNTs
nanocomposite. Adapted with permission from J. Am. Chem. Soc. 125 (2003) 16015-16024. Copyright
(2003) American Chemical Society [13].
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addition, there is the band at 1,338 cm–1 corresponding to the presence of sp3-
hybridized carbon atoms within the nanotubes formed as a result of the functiona-
lization process. This disorder peak is proportional to the extent of nanotube
functionalization.

14.1.4 Polymer composites with GNRs

Polymer-functionalized graphene nanoribbons (PF-GNRs) can be promising low-cost
materials that could be useful for transparent electrodes and heat circuits, electro-
active polymer/graphene supercapacitors, and conductive nanocomposites. The
synthetic strategy for the one-pot synthesis of PF-GNRs is shown in Figure 14.14.
MWCNTs were converted into edge-negatively charged polymerization macroinitia-
tors via intercalation and splitting. On the basis of the proposed mechanism, it is
assumed that the edges of the split tubes are lined by aryl anions and associated to
them metal cations. Moreover, anionic polymerization of vinyl monomers starting at
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Figure 14.14: Reaction scheme for the one-pot synthesis of functionalized GNRs. (a) The NWCNTs are
intercalated with potassium naphthalenide (blue dots). (b) A longitudinal fissure is formed in the
walls of the MWCNTs due to expansion caused by intercalation of THF-stabilized potassium ions into
the MWCNT host. The edge radicals would be immediately reduced to the corresponding anions
under the reducing conditions. (c) Polymerization of styrene (for instance) assists in exfoliation of
MWCNTs. (d) PF-GNRs are formed upon quenching. Adapted with permission from ACS NANO 7 (2013)
2669-2675. Copyright (2013) American Chemical Society [1].
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the negatively charged GNR edges results in PF-GNRs. The potassium naphthalenide
liquid-phase intercalation is described below along with the relevant methodology.
Briefly, MWCNTs, potassium metal, naphthalene, and THF (tetrahydrofuran) are
placed in a Schlenk flask and subjected to three freeze–pump–thaw cycles to remove
oxygen. The intercalation of solvent-stabilized potassium cations into MWCNTs may
lead to expansion of the d-space between MWCNT layers, causing the MWCNTs to
partially or fully split. The fissures in the sidewalls of the MWCNTs serve as the
starting points for vinyl or epoxide monomers to anionically polymerize from the
GNR edges. Because of polymerization probably proceeding between the GNR layers,
only a small amount of olefin is needed to effect the exfoliation of the MWCNTs. The
nonattached polymer was removed by extracting the raw product with boiling chloro-
form in a Soxhlet extractor [1].

Raman spectroscopy was used to characterize the graphitic structure of the PF-
GNRs. An increase in the intensity of the D band over the G band from 0.15 for
MWCNTs to 0.35 PF-GNRs was observed in Figure 14.15.

Upon splitting of MWCNTs, a prominent D band is an indication of disorder in the
graphene structure due to the high edge content. The disordered structure also
results in slight broadening of the G band and the 2D band, as well as a combination
of D + G bands at 2,700 cm–1 in PF-GNRs. However, a splitting of the G band,
corresponding to an intercalated graphitic structure, is not observed in the Raman
spectrum, implying that little residual intercalants, if any, or solvents are left
between the PF-GNRs [1].

To explore the flexibility of the proposed protocol, two other sources of
MWCNTs, NanoTechLabs MWCNTs (NTL MWCNTs) and Bayer MWCNTs
(Baytubes), were subjected to the reaction to compare the results to those obtained
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Figure 14.15: Raman spectra of PF-GNRs and starting MWCNTs. Adapted with permission from ACS
NANO 7 (2013) 2669-2675. Copyright (2013) American Chemical Society [1].
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when the Mitsui MWCNTs were used in the former two experiments. Upon liquid-
phase intercalation followed by polymerization, NTL MWCNTs were split but not
further flattened to form GNRs (Figure 14.16(a)). With the Baytubes MWCNTs,
although some partially flattened GNRs could be identified, most of the MWCNTs
remained intact (Figure 14.16(b)).

Raman spectroscopy was used to differentiate the degree of disorder in the
structure of the host materials by calculating the intensity ratio of D to G band. The
ratio of intensities of disorder-induced D band to that of crystalline G band, ID/IG is
0.15 for Mitsui MWCNTs, 0.27 for NTL MWCNTs, and 0.92 for Baytubes, as shown in
Figure 14.17.

Defect sites on graphite do not favor the formation of well-defined intercalation
structure and thus, the complete exfoliation of highly defective Baytubes by
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Figure 14.16: (a) SEM image of NTL MWCNTs treated with potassium naphthalenide in THF followed by
addition of styrene. (b) SEM image of Baytubes treated with potassium naphthalenide in THF followed
by the addition of styrene. Adapted with permission from ACS NANO 7 (2013) 2669-2675. Copyright
(2013) American Chemical Society [1].
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intercalation is likely to be more difficult. This is corroborated by recent work on
reductive alkylation of MWCNTs with potassium naphthalenide, in which the outer
surface of highly defective MWCNTs (ID/IG > 1) was functionalized with decanoic acid
and ribbon-like structure was observed in the SEM images. Although NTL MWCNTs
have fewer defects, flattening of ultra-long split tubes may require further treatment.
Most NTL MWCNTs remained split and stacked rather than completely flattened. It is
difficult to precisely establish the structural threshold (i. e. the critical value for ID/IG)
that should be used to predict if the MWCNTs can be split and exfoliated; however, it
is noteworthy that the higher the degree of graphitization of the carbon host or the
less defective the carbon host, the easier the exfoliation of the MWCNTs via inter-
calation. The PF-GNRs or split tubes could be used for reinforcing polymers, since the
sword-in-sheath type failure of MWCNTs due to interlayer slip could be retarded
owing to the entangled polymer chains anchored at the edges. Through the compa-
tibilizing appended polymer chains, the load might be effectively transferred from
the polymer matrix to the rigid PF-GNRs, thus making stronger composites [1].

14.1.5 Examples of other polymer composites

Hybrid materials, the composites that combine attractive qualities of dissimilar
materials, have received great interest because of a wide range of mechanical,
electronic, biological, and optical application. Boettcher et al. [24] have reported
the synthesis and characterization of highly ordered, stable, titania-based hybrid
optical materials, fabricated from self-assembling block copolymers (P123 or F127)
and trifluoroacetic acid (TFAA)-modified titania precursors, from molecular to
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Figure 14.17: Raman spectra of Mitsui MWCNTs, NTLMWCNTs and Baytubes. Adapted with permission
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macroscopic length scale. To achieve a deep understanding of a hybrid material’s
structure, it is necessary to investigate a hierarchy of size scales with a diverse array
of analysis techniques. Analysis on molecular level considering bonding interactions
can be carried out using IR and Raman spectroscopy. In the intermediate mesoscale
size regime, SAXS (small-angle X-ray scattering) and TEM are used to understand the
assembly and structure of ordered hexagonal and cubic mesostructures. The chemi-
cal bonding mode between the carboxylic acid groups and the titanium centers was
investigated by IR and Raman spectroscopy, among the most well-developed analy-
tical techniques for the characterization of organometallic complexes. The IR vibra-
tions of the hybrid sample were assigned by comparison with the IR spectra of the
individual components as well as literature sources [41]. The observed IR/Raman
spectra show TFA–Ti asymmetric (νas = 1,653 cm–1) and symmetric (νsym = 1,464 cm–1)
carboxylate stretching vibrational modes (see Figure 14.18).

Low-intensity stretching vibrations of free TFAA at 1,781 cm–1 are apparent
in the freshly dipped films but completely disappear within 20 min of drying at
room temperature. Identical vibrational transitions are observed in the ethanolic
precursor solution. The difference between carboxylate stretching modes wave-
numbers Δ = νas – νsym is useful in identifying the bonding mode of the
carboxylate ligand (see Figure 14.19).

Generally, monodentate complexes (Figure 14.19(A)) exhibit Δ values much
higher than those of the corresponding ionic structure (i. e. sodium trifluoroacetate).
Bidentate chelating complexes (Figure 14.19(B)) exhibit Δ values significantly
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Figure 14.18: IR/Raman spectra of the hybrid material. TFA carboxylic acid stretches are indicative of
bidentate bridging/chelation of the titanium center, and Ti–O stretches suggest rutile-like coordi-
nation in the amorphous inorganic. Adapted with permission from J. Am. Chem. Soc. 127 (2005) 9721-
9730. Copyright (2005) American Chemical Society [24].
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smaller than the ionic values, and bridging complexes (Figure 14.19(C)) have the
delta values less than, but close to, the ionic value. The observed Δ value for the
hybrid material is 189 cm–1, much smaller than that for isolated hydrogen bonded
dimers (345 cm–1) or the sodium salt (252 cm–1). This establishes that TFA binds to
the titanium center in a bidentate bridging or chelating fashion (Figure 14.19(C) or
(B)), both in solution and in the final hybrid. Because chelation (Figure 14.19(B))
strains the ~120° free carboxylate OCO bond angle, it is supposed that the TFA
ligands bridge adjacent oxo/hydroxybridged titanium atoms (Figure 14.19(C)) within
the amorphous hybrid material. The three broad, full-width-at-half-maximum
(fwhm) 50–100 cm–1, Raman modes positioned at about 600, 475, and 280 cm–1

(see Figure 14.18) can be attributed to the Ti–O– network [42] and correspond
approximately to the three vibrational transitions of the rutile phase of TiO2 (612,
447, 232 cm–1) [43]. The shoulder peaks in this region were identified as correspond-
ing to structural deformations of the TFA ligand. The Raman data suggest that the
nearest neighbor environment around the central Ti ions consists of an octahedral
“rutile-like” oxygen coordination, consistent with previous studies on acetic acid-
modified titanium alkoxides. The lack of long-range order between complexed
titania species leads to an overall amorphous network [24].

Conducting polymers can be expected to serve as molecular wires connecting
organic molecules and electrodes; therefore, many attempts have been made to
elucidate the properties of single conducting polymer chains [44, 45]. Confinement
of polymer chains in porous materials is a feasible method to isolate single polymer
chains, permitting the study of their properties, such as conductivity and fluores-
cence of macromolecules in nanochannels of zeolites, nanoporous silicas, and
organic crystalline hosts [46–49]. Kitao et al. [50] have reported the incorporation
of polysilane into the nanochannels of porous coordination polymers (PCPs) as
individual chains. Polysilanes exhibit unique optical and electrical properties, such
as backbone electronic transition with UV-vis absorption, high quantum yield of
fluorescence, and high mobility of charge carriers [51, 52], which are attributed to
delocalization of σ-electrons along the main chains. The conformation of polymer
chain, which is sensitive to temperature and to solvent, strongly influences the
σ-conjugation system. However, the σ-conjugation of polysilane becomes inefficient
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Figure 14.19: Carboxylate coordination modes. Adapted with permission from J. Am. Chem. Soc. 127
(2005) 9721-9730. Copyright (2005) American Chemical Society [24].
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under UV exposure because of photodegradation. Therefore, improvement in photo-
stability is highly desirable for light-emitting devices and solar cells [53].

Host–guest composites of 1⊃PMPrS were fabricated by inclusion of polymethyl-
propysilane (PMPrS) in the nanochannels of two PCPs with distinct channel size
(Figure 14.20). The used PCPs can be described by the following chemical formula
[Al(OH)(L)]n in which the ligand (L) corresponds to 2,6-naphthalenedicarboxylate
(DUT-4, marked as 1a) and 4,4’-biphenyldicarboxylene (DUT-5, marked as 1b), see
Figure 14.20.

The molecular conformation of PMPrS encapsulated in PCP was investigated
using Raman spectroscopy. Figure 14.21 presents the room temperature Raman
spectra of 1a, 1b, 1a⊃PMPrS, 1b⊃PMPrS and bulk PMPrS and Raman spectra of bulk
PMPrS and 1a⊃PMPrS recorded at 80 °C. The intensity of the peak corresponding to
the symmetric stretching vibrations ν(Si–C) at about 670 cm–1 strongly depends on
the main chain conformation. The relative intensity of this peak increases with
increasing amount of s-trans conformation. The intensity of the ν(Si–C) peak of
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Figure 14.20: (a) Schematic image of nanochannel structures of PCP hosts. [Al(OH)L]n (Al, pink; O,
red; C, gray; 1a, L = 2,6-naphthalenadicarboxylate; 1b, L = 4,4'-biphenyldicarboxylate). (b) X-ray
structures of 1a (Al, pink; O, red; C, gray). Hydrogen atoms are omitted for clarity. (c) Molecular
structure of polymethylpropylsilane. Adapted with permission from J. Am. Chem. Soc. 137 (2015)
5231-5238. Copyright (2015) American Chemical Society [50].

14.1 Introduction 451



1a⊃PMPrS was higher than that of 1b⊃PMPrS, indicating that PMPrS chains preferred
to form a linear structure with increasing s-trans conformation in the smaller chan-
nels of 1a. At room temperature, the intensity of the ν(Si–C) peak of bulk PMPrS is
similar to that of 1a⊃PMPrS. This is because bulk PMPrS includes chains of s-trans
conformation. On heating the bulk PMPrS from room temperature to 80 °C, the
intensity of the peak underwent a large change, which showed the transformation
from solid to liquid states accompanied by a large conformational change in the
PMPrS chains. However, it was striking that the intensity of PMPrS in 1a was almost
unchanged at the same temperature of 80 °C (Figure 14.21). A stretched conformation
of PMPrS resulted from the confinement effect of 1a, in which the PMPrS chains were
forced to form an extended linear structure in the narrow 1D channels [50].

14.2 Summary

Vibrational spectroscopy can be a very useful tool for characterization of different
types of materials. Although infrared absorption spectroscopy is a method comple-
mentary to Raman spectroscopy, however, it is not as versatile, useful, and informa-
tive as Raman spectroscopy. For many composite materials, especially those
containing carbon allotropes, Raman spectroscopy can be a basic and widely used
characterization technique. Moreover, polymers and other compounds used in com-
posite materials possess their own vibrational fingerprints, so the vibrational
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spectroscopymethods can appear as essential characterization techniques. However,
it is obvious that in the case of some complex hybrid materials, vibrational spectro-
scopy methods are not the only characterization methods but they are often useful,
informative, and quite easy to apply.
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Magda Constantí

15 Combining catalytical and biological processes
to transform cellulose into high value-added
products

Abstract: Cellulose, the most abundant polymer of biomass, has an enormous poten-
tial as a source of chemicals and energy. However, its nature does not facilitate its
exploitation in industry. As an entry point, here, two different strategies to hydrolyse
cellulose are proposed. A solid and a liquid acid catalysts are tested. As a solid acid
catalyst, zirconia and different zirconia-doped materials are proved, meanwhile
liquid acid catalyst is carried out by sulfuric acid. Sulfuric acid proved to hydrolyse
78% of cellulose, while zirconia doped with sulfur converted 22% of cellulose. Both
hydrolysates were used for fermentation with different microbial strains depending
on the desired product: Citrobacter freundii H3 and Lactobacillus delbrueckii, for H2

or lactic acid production respectively. A measure of 2 mol H2/mol of glucose was
obtained from the hydrolysate using zirconia with Citrobacter freundii; and
Lactobacillus delbrueckii transformed all glucose into optically pure D-lactic acid.

Keywords: cellulose, fermentation, hydrolysis

15.1 Introduction

Currently, the source of about 85% of all the energy used on the planet is fossil fuel
[1]. As a result, pollution is a concerning problem all over the world; in addition
petroleum reserves are depleting so rapidly that soon its demand will surpass its
production. The development of clean and sustainable alternative sources of energy
is, therefore, a global priority.

Biomass is an organic material that stores sunlight in the form of chemical
energy. The rate of energy capture by photosynthesis around the globe is approxi-
mately 100 TW per day [2], about six times the world’s energy consumption. This
makes organic biomass a clear source of renewable energy.

Lignocellulosic biomass is a particular low-impact source of carbohydrates that
can be used to produce fuels, chemicals, power and heat, since, unlike other sources
such as corn, it does not interfere with the food industry [3]. Lignocellulose is
composed of cellulose, hemicellulose and lignin. Cellulose is a linear polymer formed
by units of glucose linked to each other through β-(1,4)-glycosidic bonds. These
polymers are packed together forming microfibrils; among them intramolecular
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and intermolecular hydrogen bonds strengthen its structure [4]. Consequently, cel-
lulose is a robust polymer difficult to hydrolyse. The supramolecular structure of
cellulose is divided into areas of high order (crystalline) and low order (amorphous)
[5]. The presence of one or another is claimed to deeply have an impact on cellulose
robustness [6]. While amorphous cellulose is more accessible and simpler to hydro-
lyse, taking profit of crystalline cellulose is more challenging.

Diverse approaches have been proposed for cellulose hydrolysis [7], the most
popular one among them being the enzymatic treatment [8]. However, high enzyme
cost and strict control of temperature and pH are a burden when scaling-up these
processes [9].

As an alternative, this review presents two different catalytic approaches for
cellulose hydrolysis, liquid acid hydrolysis and solid acid hydrolysis. As solid acid
catalyst, zirconia and different zirconia-dopedmaterials are tested; meanwhile liquid
acid catalyst is carried out by sulfuric acid. Afterwards, the suitability of these
methods to produce fermentable sugars is confirmed by two different bacterial
strains, Citrobacter freundii H3 and Lactobacillus delbrueckii, for H2 or lactic acid
production respectively (Figure 15.1).

H2 is a biofuel that is believed to have considerable potential for usingwith future
technologies. Biological H2 can be produced from a wide spectrum of carbohydrates.
Of all known gaseous fuels, molecular hydrogen has the highest calorific value per
unit mass (143 GJ/ton) [10]. The maximum H2 yields obtained from these pure
carbohydrates vary from 2.40 mol H2/mol hexose for cellulose [11] to 3.33 mol H2/
mol hexose for starch [12] and glucose [11], indicating that these carbohydrates are
indeed suitable as feedstocks for dark fermentation [13].

Lactic acid is a natural carboxylic acid with extended usages in industry.
Recently, lactic acid has gained more importance in industry because of its usage
as a precursor for polylactic acid (PLA) production. PLA, a thermoplastic aliphatic
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polyester, is becoming a highly consumed bioplastic. European demand for PLA in
2008 was 25,000 tons per year and could potentially reach 650,000 tons per year in
2025 [14]. Lactic acid is produced either by chemical synthesis or by fermentative
processes. Chemical-based synthesis involves the use of petrochemical resources,
requires the use of aggressive chemical compounds and leads to a racemic mixture of
lactic acid. However, high isomeric purity of the obtained lactic acid is required in
order to obtain good physical properties of the further PLA [15]. Rather, using
fermentative processes, glucose can be transformed into almost isomerically pure
lactic acid [16, 17]. Furthermore, the energy consumption in fermentative process is
lower than that in the chemical synthesis process.

15.2 Materials and methods

15.2.1 Preparation of the supports and catalysts

Zirconium dioxide (ZrO2) (commercial sample from Degussa) was prepared for using
as a catalyst for cellulose hydrolysis with three different promoters: sulphate, phos-
phate and fluoride. Calcined ZrO2 at 673 K was impregnated with 5% (w/w) of
aqueous solutions of H2SO4, H3PO4 and HF, respectively. The resulting solids were
dried at 373 K for 12 h and calcined at 673 K for 4 h in a muffle. The catalysts obtained
were then labelled ZrO2-S, ZrO2-P and ZrO2-F.

15.2.2 X-ray diffraction (XRD)

XRD was recorded using a Siemens D5000 diffractometer (Bragg Brentano focus-
ing geometry and vertical θ–θ goniometer) with an angular 2θ – diffraction
range from 9.5 to 70°. The samples were placed in a Si (510) support with a
cavity that was 0.1mm deep. The cavity was filled with the same amount of
sample to ensure the sample packaging and the same baseline for all analyses.
The diffraction data were collected with an angular step of 0.03° at 5 s per step
and sample rotation. Cu Kα radiation (λ = 1.54056 Å) was obtained from a Cu
X-ray tube operating at 40 kV and 30 mA. The crystalline phases were identified
using the ICDD files (International Centre for Diffraction Data, release 2007). The
crystallinity index (CrI) of cellulose was calculated using a modified Segal’s
method (Eq. 15.1)):

CrI = Icel − Iamð Þ½ �=Icel ð1Þ

where Icel is the sum of intensities of peaks from cellulose that appear in the
range 10–27° 2θ and Iam is the intensity of the amorphous peak (18° 2θ). It should
be noted that this CrI refers only to a ratio between diffracted intensities not to a
mass ratio.
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The background was considered to be a straight line with constant slope. The
amorphous part of the sample was assigned to a pseudo-Voigt peak at 2θ = 18° with
refinable peak width.

15.2.3 Cellulose characterization

Before and after the catalytic treatment, the surface morphology of the cellulose was
imaged with scanning electron microscopy (SEM-JEOL JSM-35C), operating at 15 kV.
The sample was gold-coated to facilitate SEM analysis.

15.2.4 Cellulose hydrolysis

15.2.4.1 ZrO2-catalysed cellulose hydrolysis
The bulk cellulose hydrolysis (molecular biology, ≥99%) was performed in an auto-
clave reactor (Parker Autoclave Engineers, UK, 100 mL), using 0.2 g of catalyst at 453 K
and 30 bar for 15 h. The solution was continuously stirred at 400 rpm while the
reactions were carried out. Prior to the reactions, the autoclave reactor was fed with
50 mL of water, 0.8 g of cellulose and 0.2 g of catalyst and then purged with Argon gas
(Ar). The reactor was then heated to 453 K and pressurized to 30 bar with Ar.

15.2.4.2 H2SO4-catalysed cellulose hydrolysis
Cellulose was impregnated with 3% w/w sulfuric acid and dried overnight at 373 K.
The hydrolysis experiments were carried out in a PFTE (polytetrafluoroethylene)
reactor loading 1 g of impregnated cellulose and 20 mL of deionized water. The
samples were irradiated with a microwave system (Milestone ethos-touch control)
at 393 K for 2 h.

15.2.5 Fermentation

15.2.5.1 Fermentable substrates
Pure cellulose (molecular biology, ≥99%) and glucose (D-glucose, anhydrous) were
obtained from Sigma Chemical Co. (Madrid, Spain). The water-soluble fractions
(WSFs) derived from the hydrolysis reactions were used for fermentation without
filtration or any further treatment.

15.2.5.2 Hydrogen production
Citrobacter freundii H3 was tested for their ability to produce H2 from the liquid
product derived from cellulose hydrolysis. Citrobacter freundii H3 was aerobically
pre-cultured in a synthetic medium at 310 K in an incubator-shaker overnight at 200
rpm. Per liter, the synthetic medium used contained 7.0 g of K2HPO4, 5.5 g of KH2PO4,
1.0 g of (NH4)2SO4, 0.25 g of MgSO4⋅7H2O, 0.021 g of CaCl2⋅2H2O, 0.12 g of
Na2MoO4⋅2H2O, 2.0mg of nicotinic acid, 0.172mg of Na2SeO3, 0.02mg of NiCl2 and
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10 mL of trace element solution containing, per liter, 0.5 g of MnCl2⋅4H2O, 0.1 g of
H3BO4, 0.01 g of AlK(SO4)2⋅H2O, 0.001 g of CuCl2⋅2H2O and 0.5 g of Na2EDTA. A
complex medium was prepared by adding 0.5 g/L of yeast extract to the synthetic
medium. To study the batch dark fermentation, the reactionmediumwas prepared by
adding different carbon sources, at around 5 g/L. The pH of the syntheticmediumwas
adjusted to 6.8 before autoclaving. Inoculation was performed under strictly anae-
robic conditions, using Ar to purge. The cells were harvested at the end of the
exponential growth phase and 10% (v/v) were used as the inoculum for the main
batch experiments.

H2 production by dark fermentation was investigated in a batch system during
120 h, using 100 mL bioreactors sealed with rubber butyl stoppers and aluminium
caps with a working volume of 50 mL. They were continuously agitated in a shaker at
200 rpm and a constant temperature of 310 K. Initially, an anaerobic atmosphere was
created in each bottle by purging with 30 mL/min of Ar (99.99%) for 15 min. Before
inoculation, all reactors were autoclaved (for 20 min, 393 K and 1.5 Kg/cm2 of
pressure). Each experiment was performed in duplicate. The carbon source used in
the experiments was WSF generated from the catalytic hydrolysis of the cellulose.

15.2.5.3 Lactic acid production
Lactobacillus delbrueckii delbrueckii, CECT 286, was grown on an impoverished MRS
broth (5.0 g/L peptone, 5.0 g/L beef extract, 2.5 g/L yeast extract, 2.0 g/L ammonium
citrate, 5.0 g/L sodium acetate, 0.2 g/L MgSO4·7H2O, 0.05 g/L MnSO4·H2O, 2.0 g/L
K2HPO4, 1.0 g/L cysteine hydrochloride, 11 g/L HEPES and 10mg/L resazurin). This
mediumwas selected after different optimization tests and used instead of MRS broth
in order to decrease the nutrients, hence reducing media cost. After the pH adjust-
ment at 6.2, the WSF obtained in the hydrolysis experiments was used as a source of
carbohydrates for fermentation experiments without any purification step. The fer-
mentative processes were carried out in batch reactors of 50 mL with 25 mL of
aqueous media, sealed with rubber cap and aluminum seal and afterwards deoxyge-
nated with 30 mL/min argon flow. Resazurin was used as indicator of oxygen
presence. The inoculum consisted of 2.5 mL of previously grown L. delbrueckii.

15.2.6 Analytical methods

The WSFs remaining in the autoclave reactor were filtered and analysed by total
organic carbon analyzer (TOC). TOC determined the total concentration of soluble
carbon directly related to cellulose solubilization from the hydrolysis. The composi-
tion of glucose and other by-products of the liquid phase after the hydrolysis and
dark fermentation steps was analysed with a high-performance liquid chromato-
graph (HPLC) (Agilent Technologies, Spain 1100 series), equipped with an ICSep
ICE-COREGEL 87H3 Column, serial no. 12525124, a diode-array detector (DAD) and
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refractive index detectors (RIDs). A mobile phase of H2SO4 (2.2%) was used at a
constant flow of 0.6 mL/min, the temperature of the column was maintained at 323 K
and each sample was analysed for 40 min. The total soluble carbon after the hydro-
lysis of cellulose was then compared to the initial carbon present in the cellulose to
determine the extent to which it had dissolved or converted into a soluble chemical.
With this information, the cellulose conversion capacity of each catalyst was calcu-
lated. Calculations were made analytically from TOC results as follows:

Reactedcellulose = 100 ×
mgCliquid phase

mgCinitial cellulose
ð2Þ

Glucose selectivity =
Carbon moles in glucose

Reacted carbon moles from cellulose
ð3Þ

This formula describes the carbon moles of cellulose transformed into carbon
moles of glucose.

The composition of the gas was measured using a GC-14B gas chromatograph
equipped with a thermal conductivity detector (TCD) and a 80/100 Porapak-Q col-
umn. Argonwas used as the carrier gas at a flow of 30mL/min. The hydrogen from the
fermentation was calculated by comparison with standard pure gas. Hydrogen was
measured using a gas chromatograph GC-14B. The operational temperatures of the
GC for the injection port, oven and detector were 423 K, 353 K and 473 K, respectively.
The chromatogram was developed and analysed using the Turbochrome Navigator
(version 4.1) software from Perkin Elmer, Spain.

A modified Gompertz equation Eq. 15.4 was used to estimate the maximum H2

production rates.

H2ðtÞ=Hmax,H2.exp − exp
Rmax,H2 .e
Hmax,H2

λH2 − tð Þ+ 1
� �� �

ð4Þ

where H2(t) is the cumulative H2 production (mmol/L), λ the lag-phase time (h),
Hmax,H2 the maximum H2 production (mmol/L), Rmax,H2 the maximum H2 rate
(mmol/L h) and t the incubation time (h). This equation was found to be suitable
for modelling the experimental data on H2 production [18].

15.3 Results and discussion

15.3.1 Cellulose hydrolysis

Structural characterization of cellulose surface was performed by SEM; pure cellulose
(Figure 15.2a) shows a smooth surface. Figure 15.2(b)–(e) shows the images of
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cellulose after catalytic hydrolysis with ZrO2 materials, while Figure 15.2(f) shows the
cellulose surface after hydrolysis with sulfuric acid.

Cracking of cellulosic fibres occurs alongside with hydrolysis as can be seen in
Figure 15.2(b)–(f). As the images show, the fibres of the cellulose surface have become
markedly more exposed. This change in morphology is equally observed indepen-
dently of the acid catalyst, being patent for all the different promoted zirconia as well
as sulfuric acid.

Despite a similar physical aspect, XRD (Table 15.1) proved that sulfuric acid
combined with microwaves is a better method for hydrolysing the crystalline phase
of cellulose (Table 15.1, entry 6). Pure ZrO2 had a slight effect on depolymerization of
crystalline cellulose. Instead, promoted ZrO2 showed better ability to degrade crystal-
line cellulose, yet sulfuric acid had greater potential for depolymerizing the crystal-
line phase.

Figure 15.3 shows the conversion of cellulose after the treatment with different
catalysts and the selectivity towards different products. For all promoted ZrO2

(a) (b) (c)

(d) (e) (f)

3 µm 3 µm 3 µm

3 µm3 µm3 µm

Figure 15.2: Images of cellulose fibers’ wall before (a) and after hydrolysis with ZrO2 (b), ZrO2-P (c),
ZrO2-S (d), ZrO2-F (e) and H2SO4- (f).

Table 15.1: Crystalline index calculated by modified Segal’s equation.

Entry Sample CI (%)

1 Cellulose 74
2 ZrO2 73
3 ZrO2-P 65
4 ZrO2-S 70
5 ZrO2-F 72
6 mw-H2SO4 57
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materials, cellulose conversion was greater than for pure ZrO2. In fact, pure ZrO2

showed the lowest cellulose conversion (only 9.3%). Selectivity to glucose (14.6%)
was highest for the ZrO2-P sample, for which cellulose conversion was 12.8%.
Selectivity to HMF (hydroxymethylfurfural) (26.9%) was also highest for the ZrO2-P
sample, which may stem from glucose dehydration [19]. On the other hand, cellulose
conversion (22.0%) was highest and selective to glucose and HMF lowest for ZrO2-S
(3.2% and 8.9%, respectively). ZrO2 promotion by sulfate species conferred higher
acidity, which may lead to a greater capacity for hydrolyzation and, in turn, other by-
products. Thus, the hydrolysis product to be obtained will determine which pro-
moted catalyst is selected.

However, it is clear that a liquid acid catalyst, sulfuric acid, combined with
microwaves is much more efficient for depolymerizing cellulose. Not just reducing
the treatment times, a liquid acid catalyst can as well increase cellulose conversion
from 22% (ZrO2) to 78% when sulfuric acid was used. It also has to be noted that the
conditions of both hydrolysis are not the same: 453 K, 30 bars of Ar and 15 h of
treatment time for solid acid catalysis as against 393 K and 2 h for liquid acid catalysis.
Even though solid acid catalysts could theoretically be reused, liquid acid catalysis
assisted by microwave proved to be a more cost-effective process. In addition, when
using H2SO4 as catalyst, glucose was the most abundant identified product, hence
presenting a more suitable process for production of fermentable sugars.

15.3.2 Fermentation of the water-soluble fractions (WSFs)

If WSFs are to be used in dark fermentation, monosaccharide yields must be higher,
carbohydrate losses minimized and levels of inhibitory substances lower [20].
Glucose is the compound that is most easily fermented by most microorganisms.
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Figure 15.3: Conversion of cellulose with different catalysts and selectivity towards different
products.
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Such by-products as furfural, HMF, phenols, aromatic substances and some organic
acids can also inhibit bacterial growth [21].

Fermentation of the sugars obtained after hydrolysis catalysed by ZrO2-P and
ZrO2-S by Citrobacter freundii H3 yielded 1.19 and 0.99 mol H2/mol hexose, respec-
tively, as can be seen in Figure 15.4. The maximum theoretical production is 4 mol of
H2 per mol of glucose consumed [22]. However, thermodynamically, this yield cannot
be achieved by mesophilic organisms. The maximum possible yield that can be
achieved without such additional adjustments such as lowering the partial pressure
by purging inert gases is about 2 mol H2/mol of glucose [11].

As shown in Figure 15.5, when fermenting the liquid phase obtained by dilute
acid treatment of cellulose with 3% of sulfuric acid for 2 h by L. delbrueckii, lactic acid
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Figure 15.4: Dark fermentation profile using Citrobacter freundii H3 in the WSF resulting from the
hydrolysis tests with (a) ZrO2–P and (b) ZrO2–S.
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production was directly proportional to the amount of glucose. The rest of
monitored compounds (levulinic acid, formic acid and HMF) remained constant
during the fermentation. Therefore, there was no interference of the rest of
generated compounds during cellulose hydrolysis in the metabolic pathway of
L. delbrueckii. This fact is important because no separation step is needed. Thus,
after the hydrolysis, the microbial fermentation can be performed directly.
Furthermore, highly pure, 99%, D-Lactic acid was formed by L. delbrueckii.
TOC measurements revealed no major loss of organic dissolved carbon, meaning
that no CO2 was produced, consequently and only homolactic fermentation
occurred. Therefore, the maximum yield of lactic acid per glucose molecule
was achieved.

Consequently, by electing the appropriate strain, different compounds can be
targeted. Citrobacter freundii H3 and L. delbrueckii were able to grow with the
different compounds generated by solid or liquid acid catalysis, respectively, as
well as transform glucose in the desired compound.

15.4 Conclusions

In this chapter, two different strategies for cellulose hydrolysis were presented. In
one hand, solid acid catalysis presents the advantage of catalyst reuse and easier
downstream processing. While, microwave-assisted liquid acid catalysis has shorter
reaction times and greater conversions.

Here as well, two different microbial strains were presented for the production of
biohydrogen or optically pure lactic acid. Demonstrating that both strains were
appropriate for fermenting the obtained sugars after hydrothermal depolymerization
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of cellulose. Consequently, a full strategy from biomass to biofuels or green chemi-
cals has proved to be feasible.
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