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Kurzfassung

Obwohl die aktuellen Technologien zur Wasserentsalzung hinreichend entwickelt
und fortgeschritten sind, wird der Süßwassermangel immer noch als eines der
nachdrücklichsten globalen Probleme angesehen. Daher besteht ein starker Anlass,
neue potenzielle Methoden mit geringem Energieverbrauch zu erforschen und zu
untersuchen. Dazu gehören polymere Hydrogele, die bekanntlich Wasser durch Quellung
reversibel aufnehmen können. Im Falle von Polyelektrolythydrogelen können die an
den Polymerketten lokalisierten Ladungen, die hauptsächlich den Quelldruck innerhalb
des Hydrogels steuern, auch hinzugefügtes Salz durch ladungsbasierte Selektivität
trennen (Donnan-Ausschluss). Durch die Kombination eines Polyelektrolythydrogels
mit einem Polymer, dessen Quellung temperaturempfindlich eingestellt werden kann,
lässt sich der Desorptionsprozess durch Solarenergie erzeugte Wärme hervorrufen.
Dieser wird durch eine Konformationsänderung der Polymerketten verursacht. Dadurch
besteht die Möglichkeit, den Salzgehalt von Wasser, wie z.B. Seewasser, mittels eines
reversiblen thermisch-induzierten Absorptions- und Desorptions-Entsalzungsverfahrens
zu reduzieren. Zusätzlich kann der Desorptionsprozess auch unter Verwendung eines
Systems nur aus Polyelektrolyt-Hydrogel erreicht werden, indem die Ionisierung von
Ladungen innerhalb des Hydrogels über die Änderungen des pH-Wertes beeinflusst wird.

In der vorliegenden Arbeit wurde ein hydrogelbasierter Wasserentsalzungsprozess
entwickelt, wobei Acrylsäure (AAc)/Natriumacrylat (SA) als Polyelektrolyt zur
ladungsbasierten Trennung diente. Dieses Material wurde sowohl einzeln als auch
in einer Kombination mit N-Isopropylacrylamid (NIPAAm) als thermoresponsivem
Comonomer verwendet. Im letzteren Fall wurde eine Reihe von chemisch vernetzten,
polymeren Hydrogelen synthetisiert, wobei unterschiedliche makromolekulare
Architekturen realisiert wurden. Die Synthesen wurden entweder mittels der radikalisch
initiierten Copolymerisation oder der sogenannten RAFT-Polymerisation (reversible
addition-fragmentation chain transfer) durchgeführt. Entsprechend der Natur der
Hydrogele wurde die reversible Absorption/Desorption entweder durch einen chemischen
Stimulus (pH) oder im Falle des wärmesensitiven Polymers durch einen physikalischen
Stimulus (Wärme) ausgelöst.

Im Detail wurde der Einfluss der synthetisierten Hydrogele unterschiedlicher Zusam-
mensetzung sowie der Einfluss der makromolekularen Architektur auf das Quell- und
Entquellverhalten untersucht. Ihre Eigenschaften einschließlich ihrer Reaktion auf äußere
Reize und ihre Fähigkeit, Seewasser zu entsalzen, sowie die Effizienz eines solchen
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Entsalzungsverfahrens konnten auf Basis der erzielten Ergebnisse bewertet werden. Im
Allgemeinen zeigten die Ergebnisse eine Korrelation zwischen der makromolekularen
Architektur der Netzwerkstruktur und ihrer Leistung bezüglich der vorgeschlagenen
Entsalzungsverfahren, wie Salzabstoßungs- und Entsalzungskapazität. Darüber hinaus
wurde im Hinblick auf mögliche Anwendungen das Potenzial des Materials diskutiert,
welches sich als leistungsfähigstes herausstellte.
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Abstract

Although current water desalination technologies are mature enough and advanced,
the shortage of freshwater is still considered as one of the most pressing global issues.
Therefore, there is a strong incentive to explore and investigate new potential methods
with low energy consumption. It is well-known that polymer hydrogel network has
the ability to absorb water via swelling. In the case of polyelectrolyte hydrogels, the
charges localized on the polymer chains, which mainly drive the swelling pressure
inside the hydrogel, can also separate added salt via charge-based selectivity (Donnan
exclusion). When combining this material with a temperature-sensitive polymer, the heat
generated by solar energy can trigger the desorption process via conformational change
of polymer chains. Hence, hydrogels designed from both materials, polyelectrolyte and
thermo-responsive polymer can reduce the salinity of water, such as brackish water by
means of reversible thermally-induced absorption and desorption desalination processes.
In addition, the desorption process can also be achieved based solely on a polyelectrolyte
hydrogel system by altering the ionization of charges within the hydrogel via pH.

In this thesis, hydrogel-based water desalination process were developed using
acrylic acid (AAc)/sodium acrylate (SA)-based polyelectrolytes as the charge-based
separation function, alone or with a combination of N-isopropylacrylamide (NIPAAm)
as thermo-responsive comonomer. In the latter case, a series of chemically cross-linked
polymeric hydrogels were synthesized via either free radical-initiated copolymerization
or reversible addition-fragmentation chain transfer (RAFT) polymerization, thus
realizing different macromolecular architecture. According to the nature of hydrogels,
the reversible sorption/desorption state were triggered by either chemical stimulus
(pH), or physical stimulus (heat) as the thermo-responsive polymer introduced into the
hydrogels.

In detail, the effect of hydrogel composition as well as the influence of the macromolec-
ular architecture on the swelling/deswelling behavior for the synthesized hydrogels were
studied. For this, their properties including their responses to external stimuli were
investigated, and their ability to desalinate brackish water as well as the efficiency of
such desalination process were evaluated. Generally, the results demonstrated correlations
between macromolecular architecture of the network structure and their performance
in the proposed desalination process, such as salt rejection and desalination capacity.
Moreover, the potential of the best performance materials for applications was also
discussed.
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Chapter 1

Introduction to Hydrogel-Based
Desalination Process

Hydrogels are cross-linked, three-dimensional hydrophilic polymer networks, which
exhibit rubber elastic behavior and thus swell but do not dissolve when brought into
contact with water [1]. On a molecular level, the swelling of the hydrogel networks
in water results from the presence of hydrophilic chemical moieties. In particular,
carboxylic (−COOH) groups attached to the polymer backbone or to the side-chains
enable the hydrogel to entrap a large amount of water due to the large swelling pressure
caused primarily by the charges of the dissociated carboxylate groups.
Much attention in the field of hydrogel science was paid to hydrogels composed of
stimuli-responsive polymers, which undergo abrupt reversible changes in volume
or shape upon application of an external stimulus [2]. Among them, pH- and
temperature-responsive hydrogels were most commonly used due to the facile tuning of
their properties.

Polymer-based hydrogels have been used in a wide range of application including
solute extraction and separation, controlled drug delivery, actuators, sensors,
gel-electrophoresis, soft contact lenses, ion exchange resins, and enzyme immobilization
[3, 4].
In the present work, hydrogel materials are intended to be used for water purification
with desalination of nonpotable salt water by reversible stimulus-induced swelling and
deswelling process.

It has been widely recognized that the depletion of fresh, potable water poses one of the
major challenges for our society. Currently, the water use is growing twice as rapidly
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as population, and over the next 25 years, the number of people worldwide affected by
severe water shortages is expected to increase 4-fold if current consumption continues
[5, 6]. In addition, even modern economies cannot develop and thrive without sufficient
access to water and without sustainable global energy supply. In contrast, brackish
water and seawater could easily satisfy human water needs with appropriate desalination
[7]. Although the current desalination technologies [8], which are mostly dominated by
membrane and thermal approaches, are mature enough and advanced, admittedly, the
actual approaches are energy-intensive processes due to high osmotic pressure of the feed
solutions (see Table 1.1) and limited energy efficiency of conventional thermal separation
[9]. Moreover, pre- and post-treatment are demanded for membrane based desalination to
avoid and repair membrane damages such as clogging and fouling.

Table 1.1: Osmotic pressure for typical feed solutions at 25 °C [8].

Feed solution TDSa Concentration Osmotic pressure

[ppm] [mmol · L−1] [bar]

Brackish water 2000–5000 – 1.0–2.7

Seawater 32000 – 23.4

NaCl 2000 34.2 1.7

NaCl 35000 598.9 27.4

a Total Dissolved Solids.

Therefore, there is a strong incentive to explore and investigate new potential methods
with low energy consumption for meeting the current and future needs of water.

Desalination of brackish water and seawater requires a removal or rejection of the
contained salt by more than 98 % in order to produce a potable water (the salinity level of
freshwater should be less than 0.07 %). Seawater typically contains about 3.5 wt % (525
mmol · L−1) dissolved solids by NaCl being the most salt content (∼87 wt % of TDS).
Generally speaking, these dissolved ions form solvation shell with water molecules via

ion-dipole interaction and hydrogen bonding (second hydration shell). According to the
number of water molecules in the solvation shell [10–15], the total dissolved ions require
between 13 and 15 % of the water to form ion-solvent molecules pair. Hence, more than
85 % of seawater can be consider as free water.
With this picture, the fundamental question of water desalination is addressed: How can
the unbound water in brackish or seawater be separated using hydrogel materials?
Polyelectrolyte hydrogel based on cross-linked poly(acrylic acid)/poly(sodium acrylate)
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copolymer with polymer volume fractions between 0.03 and 0.3 exhibit swelling
pressures in the range of 2–42.3 bar, because of the osmotic pressure difference between
the interior of the hydrogel and the surrounding solution [16]. Such hydrogels with
higher polymer fraction in contact with seawater will take up preferably salt depleted
water since the osmotic pressure of seawater is 23.4 bar at 25 °C (see Table 1.1).
Thermodynamically, the swelling of hydrogels is an osmotic process, where the water is
transported from a region of higher water chemical potential to a region of lower one.
Osmotic pressure is the driving force for many applications such as forward osmosis
desalination (FO) in which a selectively permeable membrane allows passage of water,
but rejects the solute molecules or ions despite a difference in solute concentration across
the membrane. In a similar manner, hydrogels built from polyelectrolytes in contact with
brine will take up water with low salinity until the total changes in free energy reaches
a minimum, i.e. equilibrium between the two phases (inside and outside the gel) is
reached (Figure 1.1). In other words, the hydrogels will behave as both membrane and
drawing agent at the same time. Thus, the problem associated with a water flux has been
circumvented because the interface is the hydrogel surface itself.

Figure 1.1: Schematic illustration of the hydrogel-based separation mechanism for water
desalination. Polyelectrolytes (charged polymer network) in contact with brine will take up water
with less salinity due to the high charge density inside the hydrogel until equilibrium between the
inside and the outside is reached.
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The suggested hydrogel-based desalination process follows four steps as depicted in
Figure 1.2. After swelling of the dry hydrogel in an excess of brine solution with
concentration of Cs = C0, the excess solution is removed and the hydrogels are subjected
to external stimuli to release the stored water. At the end, the salt concentration in
the obtained water should be diminished (Cs < C0). Such a method can be expected
to be more affectable because only inexpensive equipment is needed. Moreover, the
three-dimensional network of hydrogels with a tunable mesh enables them to act as a
porous structure, which can be tailored for application in separation, segregation, and
even filtration. Hence, such hydrogels can be expected to keep off contaminants via
size selective exclusion or by charge-based selectivity (Donnan exclusion) even more
easily [17–21]. At least their release from the gel, if there is any absorption in the gel by
accident, could be retarded. On the other hand, higher charged ions often are subject to
bridging forces [22] and therefore, some incorporation if such ions within the gel appears
to be possible. This would offer the possibility to trigger controlled release of valuable
ions as Ca2+ into the drinking water during consecutive swelling/deswelling cycles.

Figure 1.2: Scheme of the envisioned four steps of the proposed desalination process, where (1)
is swelling of the hydrogel in an excess of brine solution with concentration Cs = C0 by which the
mobile ions of the brine solution are partly rejected from the hydrogel, (2) removal of the excess
brine solution, (3) dewatering of the hydrogel by means of external stimuli (thermal or pH), the
water is released from the hydrogel due to the volume phase separation of hydrogels, (4) collection
of salt depleted water with brine concentration less than initial one (Cs < C0).

In this study, materials with two different external physicochemical stimuli (thermal and
pH) will be used in the dewatering step (Figure1.3), with focus on the thermal stimulus.
The later can be achieved by a copolymerization of a temperature-sensitive polymer with
the polyelectrolyte. Particularly, poly(N-isopropylacrylamide) (PNIPAAm) is a typical
thermosensitive polymeric material that shows a transition temperature, i.e. a lower
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critical solution temperature (LCST) at around 32 °C in aqueous solution. Thus, hydrogels
composed of PNIPAAm undergo reversible phase separation as the external temperature
cycles around the LCST. In contrast, anionic hydrogels that contain carboxylic groups
undergo reversible volume phase transition as the pH of the solvent cycles around the
degree of ionization according to the pKa. By using pH stimulus, an extra step is required
for the desalination process to extract fresh water, i. e. the neutralization of the acidic
solution.

Figure 1.3: Temperature-/pH-dependent water content of a hydrogel that undergoes reversible
volume phase transition upon application of an external stimuli. The hydrogel can only shrink at
temperatures higher than the LCST of a thermo-responsive polymer (NIPAAm) or at pH higher
than the pKa of a polyelectrolyte.

In addition to the free chemical process with lower environmental impact, the thermal
stimulus has many other advantages over the pH one. It reduces the energy demands
since the thermal heating can be supported with heat sources already in use for other
industrial processes or from sustainable sources (sunlight), especially in countries with
long daily sun exposition. Nevertheless, in order to achieve a high efficiency for such
desalination process, hydrogels should be designed to meet the following requirements:
(i) high salt expelling ability (high osmotic pressure), (ii) excellent water uptake, (iii)
fast response to external stimuli for the absorption-desorption process within the gel, (iv)
the ability of hydrogel recycling at low energy cost, (v) and stability against multiple
swelling/deswelling cycles. However, the challenge to combine an improved salt
rejection with an efficient dewatering needs to be addressed.

This work evaluates the synthesis of polymeric hydrogels with different architectures and
explores their viability to desalinate brackish water by means of reversible thermally- or
pH-induced absorption and desorption. For the latter cross-linked hydrogels synthesized
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with poly(sodium acrylate) and tetra-functional cross-linker (MBAm) will be used as
well as a commercial applicable sample. In contrast, for the process based on the
thermal stimulus, the hydrogels were synthesized by combination of PNIPAAm as
a temperature-sensitive polymer and a polyelectrolyte in the presence of a MBAm
cross-linker as well. Thus, the influence of the macromolecular architecture on the
swelling/deswelling behavior for such hydrogels was investigated by tailor-made network
structures. To this end, a series of chemically cross-linked polymeric hydrogels were
synthesized via free radical-initiated copolymerization of sodium acrylate (SA) or acrylic
acid (AAc) with the thermoresponsive comonomer N-isopropylacrylamide (NIPAAm) by
realizing different structural types as shown in Figure 1.4.
In addition to the hydrogel characterization, the desalination performance was evaluated
in terms of three standard parameters. The swelling and the desalination capacities,
respectively, dewatering behavior, and the salt rejection.

Figure 1.4: Schematic illustration of the different polymeric network architectures synthesized
with a combination of polyelectrolyte (AAc) and thermoresponsive comonomer (NIPAAm) in the
presence of a cross-linker (MBAm) for the thermally-induced swelling/dewatering desalination
process.
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Chapter 2

Theory & Description of Polymer-Based
Hydrogel

Loosely cross-linked hydrophilic polymers that swell in the presence of water are often
used to form jelly-like materials known as hydrogels [23–26]. Their foundations were
first established more than one hundred years ago [27]. Thomas Graham was the first to
introduce the concept of gel and was able to distinguish between sols and gels [28]. The
network structure and the hydrophilic nature for this class of materials have generated
intense interest over a wide range of potential application. Artificial hydrogels have been
utilized since the 1940s for ion-exchange and in disposable diapers [29–31]. They are
also used in agriculture to enhance the water retention capacity of dry soils as well as
to separate the water from the water-oil slurries [32, 33]. Hydrogels have been also
integrated into various biomedical fields not only because their ability to swell under
biological conditions, but also due to the fact that they posses good biocompatibility
including soft and tissue-like consistency in addition to low interfacial tension [34–36].
Commercially successful examples include contact lenses [23, 37], tissue engineering
[38, 39], and wound dressing [40]. Particularly, hydrogels are now at the forefront of the
research on drug delivery systems where the polymeric networks can provide both the
protection of drug from the hostile environment and the controlled drug release by abrupt
changes in the gel structure in response to environmental stimuli [41–43]. Thus, hydrogels
composed of such materials undergo reversible volume phase transitions upon application
of external stimuli [44–46] (Figure 2.1). It is this feature, which has contributed to
what is being called “smart” or “intelligent” hydrogels. Due to these unique properties,
stimuli-responsive hydrogels can also be used as actuators in artificial muscles and in
fluidic system [4, 47].
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Figure 2.1: Schematic illustration of a smart hydrogel that has the ability to undergo reversible
volume phase transitions upon application of an external stimuli.

2.1. Classification of Hydrogel

Hydrogels can be classified based on several criteria, including their sources, chemical
origin, configuration, preparation methods, cross-linking nature, physical properties, and
the electrical charge of polymer chains (Figure 2.2) [48, 49]. Owing to their chemical
origins, hydrogels can be separated into three groups namely natural, synthetic, or
hybrid. Hydrogel-forming artificial polymers are conventionally prepared using different
methods based on chemical polymerization, biosynthetic, or even genetic engineering.
The hydrogels made from natural polymers include proteins and polysaccharides, such
as collagen, gelatin, alginate, chitosan, and agarose [38, 50]. Albeit those hydrogels
have many additional features, including good biocompatibility, biodegradability, and
low toxicity, there are still limitations in terms of application resulting mainly from
poor mechanical properties. Modifications by mixing synthetic polymer and natural
ones could be a suitable way to overcome this lack and create unique hydrogels that
incorporate advantages from both types of hydrogels [51].

Depending on the chemical nature of the groups attached to the backbones in the polymer

10



2.1. Classification of Hydrogel

networks, hydrogels can be divided into four different categories: (1) nonionic or neutral,
(2) ionic (anionic and cationic), (3) amphoteric electrolyte or ampholytic that contain
both acidic and basic groups in the polymer chain, and (4) zwitterionic hydrogels with
both anionic and cationic groups in one monomer unit. Physically, the swelling behavior
of hydrogels is significantly dictated via its ionic character [52–54]. Ionic hydrogels that
have pendant ionic side groups such as carboxylic ( – COOH) and sulfonic ( – SO3H)
ones are referred to as anionic hydrogels, where deprotonation occurs as an increased
pH of the absorbed solvent is raising the degree of ionization according to the pKa. In
contrast, cationic gels contain protonating groups such as amine groups ( – NH2), where
the ionization occurs at higher pH according to the pKb (of the protonated amines)
[55–58].

Smart hydrogels

Conventional hydrogels

Biodegradable

Non-Biodegradable

Homopolymers

Interpenetrating network

Copolymers

Chemically responsive
Biochemically responsive

Physically responsive

Nonionic (neutral)
Ionic (anionic & cationic)
Amphoteric electrolyte 

Zwitterionic

Matrix

Film

Microsphere

Chemically or 

Physically crosslinked

Natural

Synthetic

Hybird

Figure 2.2: Classification of hydrogel products based on different physicochemical properties,
preparation and source.

One of the most important classifications of hydrogels is based on the nature of their
network, whether physically or chemically cross-linked [46, 59]. Physically cross-linked
hydrogels are formed by non-covalent interactions that can undergo reversible conforma-
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tional changes. Various methods have been exploited to create such gels including ionic
interactions [60, 61], hydrophobic interactions [62], hydrogen bonding [63, 64], polymer
chains entanglements [65], and van der Waals forces [66] (Figure 2.3).
Physically cross-linked hydrogels are usually biodegradable and have advantages for
pharmaceutical and biomedical applications, as they do not require cross-linking entities.
In contrast, irreversible permanent covalent bonds are utilized to obtain chemically cross-
linked hydrogels. Those Hydrogels are commonly prepared via radical polymerization
of vinyl monomers in the presence of cross-linking agent with two or more functional
groups, or condensation polymerization of multifunctional monomers (Figure 2.4 a, b,
respectively) [67].

Figure 2.3: Schematic representation of some methods for the formation of physically cross-
linked hydrogels.

The formation of covalent linkages can also be established between polymeric chains
through radical polymerization of polymerizable pendant groups (Figure 2.4 c) [68],
chemical reactions of reactive sites in pendant functional groups (Figure 2.4 d) [69], and
electromagnetic irradiation such as ultraviolet (UV) and gamma (γ) radiation (Figure
2.4 e, f, respectively) [70–74]. Chemically cross-linked hydrogels have relatively high
mechanical properties and a long degradation times compared to those of the physically
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cross-linked. However, chemical hydrogels should be purified from any toxic residual
reactants that trapped in the hydrogel network before application. A novel hydrogel based
on a dual-network obtained from a combination of physical and chemical cross-linked
hydrogels has also been reported with superior mechanical properties [75].

Figure 2.4: Schematic illustration of some methods for the formation of chemically cross-linked
hydrogels by radical polymerization of vinyl monomers and cross-linker (a), condensation
polymerization (b), radical polymerization of macromonomers with polymerizable pendant groups
(c), chemical reaction of pendant functional groups (d), and photo-crosslinking with UV (e) and
gamma irradiation (γ) (f).

Hydrogels can also be classified based on polymeric composition as (1) homopolymer, (2)
copolymer or multipolymer, and (3) interpenetrating polymer networks (IPNs). Figure 2.5
shows these different structural of hydrogels.
In homopolymer hydrogels, single monomer or repeating unit forms the network
backbone, while copolymer hydrogels are comprised of multiple monomer species that
may exist as entirely separate chains (such as graft chains) [76] or arrange along
individual polymeric chains as a random, block, or alternating configuration [77–79].
Interpenetrating polymer networks are derived from two independent polymer networks
that both individually cross-linked unlike the case of semi-IPNs hydrogel, where only
one polymeric network is cross-linked [80, 81]. Also, networks in IPNs hydrogels
may be synthesized from synthetic and/or natural polymer component, which could be
polymerized simultaneously or sequentially.
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Figure 2.5: Schematic illustration of three main types of hydrogels based on polymeric
composition. Homopolymer (a), copolymer (b) and (c), and interpenetrating polymer network
(IPNs) (d).

2.1.1. Stimuli-Responsive Hydrogels

According to the physical properties, especially swelling, hydrogels can be classified
as conventional or stimuli-responsive. As mentioned above, swelling of the hydrogels,
on a molecular level, results from a presence of hydrophilic chemical residues. On the
other hand, swelling of hydrogels is an elastic behavior than viscous one, i.e. swelling
is limited. Despite the ability of conventional hydrogels to entrap a large amount of
water, their utility in versatile applications does not reflect the breadth of their purpose
due to the limitation in manipulating their swelling/deswelling dynamic. Therefore,
designing hydrogels with controllable response is of vital importance mimicking the
high fidelity found in Nature, which is often related to a specific biological function such
as the action of muscles and the sensing of ambient levels of different analytes [82].
Stimuli-responsive hydrogels-based materials often exhibit significant reversible changes
in their volume, which is also referred to as swelling-shrinking transition, upon exposure
to external stimuli. In spite of the fact that most of feedback-responses of hydrogels are
related to their swelling, other properties can also be triggered by specific input stimulus.
Such properties include permeability, surface activity or selectivity, swelling behavior,
and optical properties [83–93]. However, all properties of stimuli-responsive hydrogels
are generally achieved by incorporating either specific chemical groups or molecules in
the polymer chain, or an additive in polymer network.

The volume phase transition in hydrogels have been induced using various physical,
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Figure 2.6: ‘Galaxy’ of stimuli that trigger a response of reversible volume phase transitions
of smart hydrogels. These stimuli could be physical (temperature, light, sound waves, pressure,
magnetic and electric fields), chemical (pH, ionic strength, reduction/oxidation reactions, molec-
ular species or specific analytes, solvent composition, specific ion interaction), or biochemical
(enzyme, protein, DNA, sugar, antigen). The idea of Galaxy is adapted from reference [86].

chemical, and biochemical stimuli (Figure 2.6). The physical stimuli comprise of
temperature [94–102], light [103–106], sound waves [107, 108], magnetic or electric
fields [109–117], and imposed force (by direct forces such as compression and tensile, or
indirect forces such as hydrostatic pressure and fluid flow) [118–121]. While the chemical
stimuli involve pH [122–125], ionic strength [126–129], reversible reduction/oxidation
reactions [130, 131], molecular species or specific analytes, solvent composition, and
specific metal or ion interactions [42, 132–135]. In contrast, the biochemical stimuli
include the response to biochemical agents such as antigen, peptide, enzyme, protein,
DNA, and glucose [136–140]. The volume response of hydrogels is generally resulting
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from alterations in the interactions between the polymer chains and water or between
polymer chains. Recently, many systems have been developed combining two stimuli-
responsive mechanisms into one polymer network (dual-responsive system) or even multi
stimuli-responsive hydrogels [141–143].
Nevertheless, fast dynamics of swelling/shrinking of stimuli-responsive hydrogels is
prerequisite from an application point of view. Therefore, several strategies have been
explored to increase the response of hydrogel kinetics, which is discussed later (c.f. Table
2.1; in 2.2). One of the most frequently used and studied stimuli-responsive hydrogels
is that based on temperature stimulus, which will be addressed in more details in the
following subsection.

2.1.2. Temperature-Responsive Hydrogels

Among several stimuli-responsive hydrogels fulfilling the requirements of volume phase
transition, temperature-responsive hydrogels are most commonly used due to the facial
tuning of their properties. Two main types of thermoresponsive polymers can be utilized
to create thermosensitive hydrogel systems. One undergoes a lower critical solution
temperature (LCST) while the other present an upper critical solution temperature
(UCST) as shown in Figure 2.7 [144, 145]. Thus, hydrogels composed of polymers with
UCST abruptly collapse when cooled below a critical temperature, whereas hydrogels
with LCST-type polymers collapse upon heating above a critical temperature.

From a thermodynamic perspective, unlike the UCST, which is an enthalpically
driven effect, LCST transition is principally the result of an entropy driven process
[25, 146–149]. In order to get an insight into the fundamental picture behind this
thermal response, let us reconsider the free energy of mixing using the Gibbs equation;
∆G = ∆H −T∆S . In UCST system, as the temperature is increased, the entropy (∆S ) of
mixing between the gel and the solvent overwhelm the gains in enthalpy (∆H) caused
by the loss of internal interactions between the polymer chains and hence the swelling
of gel is favorable. In other word, at the UCST ∆S and ∆H are both negative indicating
that entropy stabilizes the mixture and the phase transition is enthalpically driven. This
is in contrast to the LCST where ∆S is positive because the mixing entropy between
the polymer chains is greater than that between the gel and the solvent. Therefore,
raising the temperature above the LCST leads the entropy contribution to overwhelm
the enthalpic gains caused by the solution-solution and polymer-polymer interactions.
This phenomenon is also called “hydrophobic effect” in which the entropy destabilizes
the mixture resulting in favorable polymer chains association. It is noteworthy that the
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Figure 2.7: A depiction of the phase diagrams of the upper (UCST) and lower critical solution
temperature (LCST) in response to temperature transitions.

volume change of hydrogels at the critical solution temperature is generally contributed to
the dependence of several types of intermolecular interactions such as ionic, hydrophobic,
and hydrogen bonding [150, 151].

Over the last decades, poly(N-isopropylacrylamide) (PNIPAAm) has become the most
remarkable studied thermosensitive polymer as single chains, microgels, and surface
layers in many fields [152]. This interest is actually motivated by its sharp phase transition
behavior at LCST around 32 ◦C in aqueous solution (Figure 2.8) [153, 154], which is
close to the physiological temperature. Moreover, the LCST of PNIPAAm can also be
controlled altering the probable applications by copolymerization with more hydrophilic
or hydrophobic monomers [155]. Many techniques have been employed to investigate
the LCST behavior of PNIPAAm since the first description reported by Scarpa et al.
in 1967 [156] and the most cited papers by researchers Heskins and Guillet in 1968
[157]. The simple method is known as the cloud point and refers to a change in turbidity
[158, 159]. Researchers have distinguished between two types of change in turbidity,
which both are temperature dependent, phase transition from liquid to solid and phase
separation that is attributing to liquid-liquid separation [160]. Therefore, the increase in
turbidity does not necessarily due to pure phase transition. However, in term of hydrogels
containing PNIPAAm, the change in turbidity does not reflect that there is a volume phase
transition. Heskkins and Guillet [157] were the first report that LCST can be investigated
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2. Theory and Description of Polymer-Based Hydrogel

as endothermic transition using differential scanning calorimetry (DSC) (see Figure 2.8)
[161].

Figure 2.8: The endothermic curve of lower critical solution temperature (LCST) of PNIPAAm
obtained using differential scanning calorimetry (DSC). The onset point of LCST usually
determined by the intersecting point of two tangent lines; the baseline and the upward of the
peak.

The phase separation phenomenon of PNIPAAm was also investigated by other assorted
techniques such as small-angle neutron scattering [162], laser light scattering [163],
contact angles [164], and atomic force microscopy [165].

Many theories have been reported to explain the possible mechanism of the temperature
response of PNIPAAm [96, 98, 101, 102, 166]. All of them based on the same concept
that the temperature dependent interactions between the solutes and PNIPAAm attributed
to the changes in the local environment around the hydrophobic isopropyl domains as
visualized from Figure 2.9. Below the LCST these groups are surrounded by water,
whereas above the LCST the isopropyl groups are in contact with both water and polymer
segments.
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2.2. Polymeric Network Formation

Figure 2.9: Schematic illustration of the phase separation mechanism of PNIPAAm below and
above its lower critical solution temperature (LCST).

The following subsection focuses on the synthesis, characterization, and applications of
chemically cross-linked hydrogels that include PNIPAAm in their networks.

2.2. Polymeric Network Formation

Gelation is the crucial step of the formation of polymer networks. The synthesis of
PNIPAAm gels is accomplished by a variety of established techniques. One of the most
widely used method is a redox free radical polymerization using ammonium persulfate
(APS) as an initiator and N, N, N′, N′-tetramethylethylenediamine (TEMED) as a
catalyst in the presence of cross-linking agent as illustrated in Scheme 2.1 a [166–168].
The dissociation of peroxydisulfate itself into free radicals usually take place at high
temperature (above 70 ◦C) or needs long time at ambient conditions. Therefore, tertiary
amine such as TEMED promotes the formation rate of persulfate free radicals when they
mixed together. The activation energy (Ea) of the polymerization can be reduced from 62
to 22 k J mol−1, making the reaction possible even at low temperature [169, 170].
The initiation mechanism of redox free radical polymerization proposed by Feng et al.
assumed to proceed through oxygen-contact charge-transfer (CCT) complex followed
by a cyclic transient state (CTS) as shown in Scheme 2.1 b [171, 172]. In addition
to the two main types of primary initiating radicals (α-carbon and sulfate radicals),
hydroxyl radicals formed via hydrolysis of the sulfate radicals may also consider as
an initiator for such polymerization technique. Subsequently, the free radical initiators
can immediately react with monomers to start the chain-growth polymerization. The
elongation polymer chains are chemically cross-linked by random incorporation of
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2. Theory and Description of Polymer-Based Hydrogel

Scheme 2.1: Schematic illustration of the synthesis of PNIPAAm hydrogel by redox free radical
polymerization (a) and the mechanism of the radical formation by APS and TEMED (b).

cross-linker such as methylenbisacrylamide (MBAm) resulting in a gel formation. The
characteristic formulation of the resulting gel strongly depends on the polymerization
conditions and medium as well as the ratio of the cross-linker to monomer.
UV-induced free radical polymerization has been also used for the synthesis of PNIPAAm
hydrogels. This synthetic technique has many advantages over the previous one including
the possibility of fabrication of patterned structures as well as reducing the undesired
side-reaction that can occur [173–175].
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PNIPAAm hydrogels were also prepared using controlled radical polymerization
techniques such as reversible addition fragmentation chain transfer (RAFT)
polymerization [176–180]. The controlled character of RAFT polymerization is
usually achieved using a chain transfer agent (RAFT-agent) that takes the form of a
thiocarbonylthio compound. Once the polymerization is initiated using a standard radical
initiator such as azobisisobutyronitrile (AIBN), the growing radical chains interact with
the RAFT-agent to form dormant species (Scheme 2.2) [181]. These dormant species
are in equilibrium with the active species of the growing chain, with the equilibrium
shifted toward dormant species, as it is thermodynamically favorable. As a result, the
rate of chain propagation is very slow and the bi-radical termination reaction is nearly
suppressed due to the low concentration of the radicals of the growing chains. One has
to keep in mind that the activity of the RAFT-agent should be adjusted to be compatible
with the used monomers by tuning the side groups in the RAFT agent. In addition to the
polymerization conditions, the initial monomer and initiator concentrations as well as
the ratio of the RAFT-agent to the cross-linker play important roles in hydrogel formation.

Scheme 2.2: Schematic representation of the principle of RAFT polymerization.

From a kinetic point of view, the slow growth rate in a controlled mechanism allows a
polymer chain to be fully relaxed. Hence, the intermolecular cross-linking will be greatly
increased compared to intramolecular cross-linking and microgel formation, resulting in
branched and hyperbranched structures (Figure 2.10) [176]. Furthermore, owing to the
presence of freely mobile dangling chains in the network structure, which create more
water-diffusing channels, the PNIPAAm hydrogels prepared by RAFT polymerization
exhibit accelerated shrinking dynamics in addition to the improvement of the swelling
capacity compared with the traditional one.
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2. Theory and Description of Polymer-Based Hydrogel

Figure 2.10: Schematic illustration of the gelation via conventional radical polymerization system
(a–c), and RAFT polymerization system (d–f) with different intrinsic structures of hydrogels.
Adapted from reference [176].

Generally speaking, the entire network process or the gelation process can be divided
into two parts (liquid and solid-like matter) separated by the gel points. Thus, the
hydrogel formation can be monitored from the real time evolution of the viscoelasticity
at the gel point. Many results have been reported on the utility of rheological study
of the hydrogels during and after gelation. In this context, Adrus et al. have applied
rheological measurements for the in-situ redox- and photo-polymerization as well as
viscoelastic characterization of PNIPAAm hydrogels [173]. According to Trompette et
al., the rheological behavior of the hydrogels was found to be strongly dependent on the
nature of the monomer [182].

Same polymerization techniques presented above are also used to produce copolymer
hydrogels (graft, random, and block copolymer) based on PNIPAAm and various types
of comonomers. These copolymers broaden the properties and the functional window of
PNIPAAm, which may be critical to degradability, environmental response, physiological
compatibility, chemical stability, mechanical integrity, and drug partitioning. Hydrophilic
polymers that bearing acidic, basic, or both pendant groups are the most widely
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investigated copolymers used with PNIPAAm to make gels [183]. Hydrogels containing
such materials undergo protonation or deprotonation with appropriate pH known as pKa

or pKb. As the degree of ionization changes, the ionic interactions and the osmolarity
within the hydrogel are changed resulting in an abrupt volume phase transition. In
addition to the pH sensitivity, combining PNIPAAm with polyelectrolyte, is generally
employed to improve the sensitivity of stimuli to greater extent.
According to Tanaka-Fillmore theory, the response time of the hydrogels is proportional
to the square of the spatial dimension of the hydrogel. Thus, large bulky gels would be
exhibit slow volume changes [184].

Several strategies have been formulated to adjust the response dynamics of hydrogels,
which is often divided into two categories: physical and chemical strategies. A key
principle implicitly used in almost all dynamic improvement scenarios is to prevent the
formation of the dense skin layer on the surface of PNIPAAm hydrogels induced by the
hydrophobic aggregation on the surface [94, 185–187]. This skin layer inhibits the release
of the absorbed water from the inner portion and thus slowing down the volume change.
The following Table 2.1 gives an overview to typical pioneering work in the synthesis
of fast responsive PNIPAAm-based bulk hydrogels. It is important to point out that the
chemical techniques are more desirable than that of physical methods, as the hydrogels
could lose their toughness, mechanical strength, and the optical transparency. In contrast,
increasing the amount of the ionic moieties in the chemical strategies results in dilution
of the thermosensitivity and even the LCST would be disappeared [188, 189].

The underlying mechanisms of the strategies to prepare fast responsive PNIPAAm hydro-
gels that mentioned above are generally ascribed either to the formation of heterogeneous
microporous or mesoporous structure, or to the existence of water-release channels
throughout the hydrogel network, or both of them [190]. Nevertheless, hydrogels with
desired properties may require combination of several approaches.
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2. Theory and Description of Polymer-Based Hydrogel

Table 2.1: Overview on strategies for improving the response dynamics of PNIPAAm-based bulk
hydrogels.

Method Materials Ref.

Ph
ys

ic
al

Phase-separation techniques by:
i) polymerization at temperature – [186, 191–193]

above the LCST
ii) polymerization in organic or DMSO, THF a [95, 194, 195]

mixed solvents H2O/acetone [196, 197]

H2O/THF [198]

H2O/phenol [199, 200]

NaCl [201]

SiO2 [202–204]

PEG [205–207]

Porosigen or pore-forming techniques Glucose [208]

Micronized sucrose [209, 210]

Hydrophilic or [206, 207, 211]

hydrophobic additive
Freezing technique including:
i) cold treatment – [212, 213]

ii) freezing synthesis – [214–216]

Vacuum-synthesis technique – [217]

Polymerization in surfactant phase – [218]

Starch, [219]

Formation of semi or full interpenetrating Polyamidoamine [220]

polymer network (IPN) dendrimer (G6-NH2),
PNIPAAm-based [221–223]

micro gel or micelle

C
he

m
ic

al

Introducing hydrophilic moieties to the AAc, Methacrylic [183, 224, 225]

backbone of the hydrogel network acid (MAAc),
and their derivatives

Introducing freely mobile grafted PEO [226]

hydrophilic moieties to the network PNIPAAm [76, 227, 228]

Controlled free radical polymerization PNIPAAm [176]

techniques such as RAFT PAAc [177]

polymerization PEO [178, 180]

Introducing nanoparticles or micro Micelles [229]

gels into the hydrogel network via PNIPAAm-based [221, 230]

chemical bonding micro and nano gel
a THF was used in this report as a foaming agent as well as a precipitation agent
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2.3. Hydrogel Characterization

The ability of any theory to predict and explain experimental results is the ultimate
criterion of its validity. In the matter of hydrogels, the characteristics of the polymer
network structures are the key role in the outcome of their properties such as swelling
behavior, absorption capacity, mechanical strength, as well as the uptake or rejection
of ions. However, the real network structures often contain irregularities formulated
during the polymerization in various configurations including multifunctional cross-links,
entanglements, and defects with chain loops or unreacted functionality (Figure 2.11b-e)
[231, 232]. In the literature, the structure of an idealized hydrogel networks are mostly
discussed [25, 233]. An ideal network is assumed to consist of one flexible primary
chain divided into meshes by tetra-functional nodes or junction points (i.e. every mesh is
linked to two junctions). Using the statistical theory, the network structure can be thus
described by the average length of meshes ξ (the mesh size),* which is normally given by
the average of their molecular weight Mc (Figure 2.11a) [83, 232].

Figure 2.11: Schematic illustration of ideal network structure (a) versus network structural defects
with multifunctional junctions (b), entanglements (c), chain loops (d), and unreacted functionality
(e). Mc is the number average molecular weight of the polymer chains between cross-linkes and ξ
is the molecular mesh size.

*In many texts ξ represents the number of closed rings in the network structure and it is called the cycle
rank.
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Depending on the size of meshes or pores, hydrogels can be classified as macroporous,
microporous, and nonporous. The other important elements that define the hydrogel
networks are the polymer volume fraction in the swollen state υ2 as well as the degree
of cross-linking (i.e. the number density of the nodes). All parameters presented above
are extensively studied by the theory of both the Rubber-elasticity and the equilibrium
swelling [25].

2.3.1. Swelling Behavior of Hydrogel

The swelling behavior of hydrogel can be observed as a result of a three-step process: (i)
diffusion of the water molecules through the hydrogel surface into the polymeric network,
(ii) relaxation of the polymer chains in the glassy phase to a rubbery region via hydration,
(iii) expansion of the meshes of the hydrogel network in the rubbery phase, allowing other
water molecules to penetrate within the network. The infinite expansion of hydrogel
network is prevented by the elastic retractive forces of the polymer chains induced by
crosslinks of the network as depicted in Figure 2.12. Therefore, the maximum water
content at equilibrium or the water capacity of hydrogel is defined as the balance between
the swelling pressure and the elastic retractive forces [233–235].

Figure 2.12: Schematic illustration of elastic and swelling forces of hydrated hydrogel network.
Adapted from reference [236].

The swelling behavior of hydrogel is thus described by the swelling factor (Q), which also
equals the reciprocal of the polymer volume fraction in the swollen state υ2. The latter
can be determined by the ratio of the polymer volume in the dry state (Vd) to the volume
of the gel in the swollen state (Vs) and that describes the amount of liquid that can be
imbibed and retained in the hydrogel. These terms are also related to the densities of the
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solvent(ρ1), polymer (ρ2)and the mass swelling ratio (Qm) as in the following equation

υ2 =
Vd

Vs
=

1
Q

=

md
ρ2

md
ρ2

+
ms−md
ρ1

=

1
ρ2

Qm
ρ1

+ 1
ρ2

(2.1)

where ms and md are the mass of both the swollen hydrogel network and the dry polymeric
network, respectively. While the mass swelling ratio expressed as follows

Qm =
ms−md

md
(2.2)

2.3.2. Thermodynamic of Hydrogel Swelling

The state of swelling or deswelling of a gel network is usually related to an interaction
between the gel phase and a surrounding solution phase. The response of this gel
network to such interaction at the molecular level can be thermodynamically expressed
in terms of Gibbs free energy (G). The equilibrium between the two phases will be
then established as the total change in free energy reaches a minimum (i.e. the Gibbs
free energy difference between the two phases is zero). The strategy for solving this
equation of state is to separate the total Gibbs free energy into individual thermodynamic
contributions. According to Flory-Rehner theory, the change of total Gibbs free energy in
hydrogel without ionizable groups is equal to the sum of two major interactions as given
by Equation (2.3) [237].

∆Gtotal = ∆Gel + ∆Gmix (2.3)

This equation can be expressed in terms of chemical potentials (Equation 2.4) by
differentiate it with respect to the number of moles of swelling agent.

∆µ1 = ∆µel + ∆µmix (2.4)

The ∆Gel term represents the elastic-retractive contribution to the free energy change,
which is correlated to deformation of gel network or polymer chains by solvent infusion.
The extensibility of a gel network during swelling can be considered as the behavior of
elastomeric materials where the stretching is counterbalanced by decreasing the entropy.
By neglecting the change in enthalpy during swelling, the change of elastic free energy
can be thus obtained by adopting the phantom network model [234, 237]. Thus,

∆Gel = ∆ Hel−T ∆S el =
1
2

ve kB T
(
1 −

2
φ

) (
λ2

x + λ2
y + λ2

z − 3
)

(2.5)
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Figure 2.13: Schematic illustration of the expansion of a prismatic block during swelling process
from reference volume (V0) to volume at equilibrium (V). The deformation ratio is defined as
λt = Lt/L0,t .

For an isotropic expansion or dilation, the deformation ratios (see Figure 2.13) are given
as:

λx = λy = λz =

(
Vs

V0

)1/3

≡

(
υ2c

υ2

)1/3

(2.6)

Here, υ2 is the actual polymer volume fraction at equilibrium (i.e. maximum degree of
swelling), and υ2c is the volume fraction of polymer at which the cross-linking of the
network occurred (reference state) defined as: υ2c = Vd/V0 , where V0 is the unit volume
of the network in the reference state (reference volume). Substituting Equation (2.6) into
(2.5) leads to

∆Gel =
3
2

ve kB T
(
1 −

2
φ

)
υ2/3

2c

( 1
υ2

)2/3

− 1

 (2.7)

The change of chemical potential due to the elastic-retractive force can be then expressed
by differentiating Equation (2.7) with respect to the number of solvent molecules (n1).

∆µel =

(
∂Gel

∂n1

)
T,P

=
ve kB T V1

V0

(
1 −

2
φ

)
υ2/3

2c υ1/3
2 (2.8)

In this expression, V1 is the molar volume of the solvent. The term ve denotes the number
of elastic meshes (the effective number of polymer chains within the network) defined as:

ve = v − vends (2.9)
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in which v is the total number of meshes in the network, including those of imperfections
or ineffective with loose chain ends vends. For a perfect gel network, all chains is assumed
to be elastic, that is vends = 0. In this case, the number of meshes is twice the number of
junctions µ j with φ functionality.

ve = v =
µ j φ

2
=

V0 NA

v Mc
=

ρV0 NA

Mc
(2.10)

Substituting Equation (2.10) into Equation (2.8) with R = kB.NA, results an Gaussian
expression for modeling the elastic term [234].

∆µGauss
el =

ρRT V1

Mc

(
1 −

2
φ

)
υ2/3

2c υ1/3
2 (2.11)

The average molecular weight of the polymer chains (Mc) between two junctions can be
theoretically calculated from the composition of the synthesized gel assuming a statistical
copolymerization [238, 239].

Mth
c =

n (monomer)
2 n (crosslinker)

× Mr + Mcrosslinker (2.12)

The above equation can be rewritten in the form of degree of cross-linking (DC) as follows

Mth
c =

(100 − DC )
2 DC

× Mr + Mcrosslinker (2.13)

where, Mr, Mcrosslinker are the molecular wight of both monomer repeating unit and cross-
linker, and n is their concentration in mol, while the degree of cross-linking is defined as
the percent of mole fraction of cross-linker in the monomers mixture.

DC [mol%] =
n (crosslinker)

n (monomers) + n (crosslinker)
× 100 (2.14)

The ∆Gmix term represents the free energy of mixing between the solvent and the gel
network, which is correlated to the polymer-solvent interaction parameter X . In addition to
the entropy contribution arising from the possible configuration numbers, the contribution
of enthalpic mixing has to be considered as well [234, 237]. The free energy of mixing is
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given by the following equation

∆Gmix = ∆ Hmix−T ∆S mix = kB T (N1 lnυ1 + N2 lnυ2 + χN1υ) (2.15)

where, Ni and υi denote the number of molecules and the volume fraction of both the
solvent (i = 1) and the polymer (i = 2). The differentiation of (2.15) with respect to
the number of swelling agent molecules in the swelling network results in the chemical
potential difference.

∆µmix =

(
∂Gmix

∂n1

)
T,P

= RT
[
ln (1− υ2) + υ + χυ2

2

]
(2.16)

The polymer-solvent interaction parameter X (see Table 2.2) can be determined from the
Flory-Huggins theory.

χ =
(δ1 − δ2 )2 V1

RT
+ β (2.17)

where, δ is the Hildebrand solubility parameters for the solvent (1) and polymer (2)
calculated from Hansen solubility parameters (HSP), while β is the empirical correction
constant to the Flory combinatorial entropy, which is important to include it for polymer
and polar systems and has accepted value of 0.34 [240]. Table (2.2) includes HSP values
of water and polymers used in this study [240, 241].*

Table 2.2: The polymer-solvent interaction parameter X for the systems under study, calculated
from Equation (2.17) using Hansen solubility parameters (HSP) [240, 241].

Material
HSP [MPa1/2]

X
δD δP δH δtot

Water 18.1 12.9 15.5 26.2 –
PNIPAAm 19.2 2.0 12.3 22.9 0.42
PAAc 17.7 6.4 14.9 24.0 0.38

At equilibrium conditions, the chemical potential of the swelling agent (µ1) is constant
through the interface, wherefore equation (2.4) must set to zero [25].

∆µ1 = ∆µel + ∆µmix = 0 (2.18)

*The value of solubility parameter in MPa1/2 unit is 2.0455 times larger than in the often used
(cal ·cm– 3)1/2 unit.

30



2.3. Hydrogel Characterization

substituting each contribution of the chemical potential into the above equation results
the expression of Flory-Rehner equilibrium:

∆µ1 =
ρRT V1

Mc

(
1 −

2
φ

)
υ2/3

2c υ1/3
2 + RT

[
ln (1− υ2) + υ2 + χυ2

2

]
= 0 (2.19)

This equation provides a model for the prediction of the maximum water capacity
or the equilibrium degree of swelling for non-ionic hydrogels, such as PNIPAAm,
through the intersection of the mixing and elastic contributions to the chemical potential
(Qeq = 10.5g/g) as shown in Figure 2.14. The experimental value of swelling degree at
equilibrium related to PNIPAAm hydrogel of composition (10wt % monomers solution,
degree of cross-linking DC = 7wt % relative to total monomer concentration) is 9.5g/g

and it is in good agreement with the theoretical value.

However, in the case of polyelctrolyte gels the compute of free energy change is more
complicated as it also depends on the ionic interaction ∆Gion, which must be considered
in the the total Gibbs free energy expression and its differentiation [234, 237, 239, 242].

∆Gtotal = ∆Gel + ∆Gmix + ∆Gion (2.20)

∆µ1 = ∆µel + ∆µmix + ∆µion (2.21)

The ionic term can be represented using the principle of electroneutrality achieved by
the free distribution of the mobile ionic species j between the solvent phase (I) and the
gel phase (II). According to the Donnan-membrane theory [243], the chemical potential
difference of the two phases can be expressed as follows

∆µ ion = −RT V1

∑
j

(
CII

j − CI
j

)
= −RT V1 ∆Ctot (2.22)

Assuming that the polyelectrolyte is anionic (e.g. polyacrylic acid), and the salt in solution
phase is a monovalent molecular with 1:1 electrolyte (e.g. NaCl). For convenience we
may write

CII
Na+ .CII

Cl− = CI
Na+ .CI

Cl− (2.23)

CI
Na+ = CI

Cl− = Cs (2.24)

CII
Cl− = C ′ (2.25)
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Figure 2.14: The absolutes of elastic and mix contributions to the chemical potential of the water
|∆µ1 | for swollen PNIPAAm hydrogel as a function of solvent capacity in the gel (Q) and polymer
volume fraction (υ2). The swelling at equilibrium is given by the intersection of the two functions
(arrow). For calculation of this functions, the following parameters were used: χ = 0.43, υ2c =

0.11, ρ2 = 1.1 g ·ml−1, V1 = 18 ml ·mol−1, φ = 4, Mc = 1120 g ·mol−1 relative to a degree of cross-
linking of 7wt % for 10wt % NIPAAm solution. The experimental value in this study is Qeq =

9.5 g/g.

The concentration of the counterions (i.e. sodium ions) inside the gel is then equal to
the anionic ions (i.e chloride ions) that moved into the gel (C ′) in addition to the amount
needed to neutralize the charges located on the polymer network (Cp,�)

CII
Na+ = C ′ + Cp,� (2.26)

Combining Equations (2.23) – (2.26) yields

( C ′ + Cp,� ) C ′ = C 2
s (2.27)

Solving the above equation with respect to C ′ and divides the resulting equation by CS ,
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one obtains the distribution ratio of the anionic ions between the gel phase and the solution
phase

C ′

Cs
=
− 1

2 Cp,� +

√
C 2

s +
(

1
2 Cp,�

)2

Cs
(2.28)

From Equation (2.28), it can be seen that the concentration of mobile anions in the gel
is lower than outside. The distribution ratio of the mobile anions is also depicted as a
function of the charge concentration in the polyelectrolyte in Figure 2.15. This figure
shows that the concentration difference between the two phases is larger at lower salt
concentration and higher charge amount in the polyelectrolyte.

Figure 2.15: The concentration ratio of mobile anions in the gel phase (C ′) and the solution phase
(Cs) as a function of the charges on the polelectrolyte network (Cp,−). The function was calculated
using Equation (2.28) of Donnan approach for four different concentrations of NaCl solution.

The charges on the polyelectrolyte networks can be represented as a function of the
polymer volume fraction using the following equation.

Cp,� =
ψρυ2

Mr
(2.29)

where, ψ is the fraction of the effective charge density of the polyelectrolyte defined as:
ψ = Mr/M2. Here M2 is the molar mass of the polyelectrolyte per free monovalent
counterion, which is equal to the molar mass of the monomer repeating unit Mr only
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at complete dissociation of the polyelectrolyte [242]. However, M2 is always larger than
the molar mass of the monomer unit due to the condensation of the counterions on the
polyelectrolyte (Manning counterion condensation) [244, 245]. This condensation occurs
when the distance between neighboring charged monomers along the polymer chain (lM)
is smaller than the length scale of the electrostatic interactions defined by the Bjerrum
length (λB) [246]. However, the counterions condensation results in a reduction of the
effective charge density on the polyelectrolyte below a critical threshold value, which can
be estimated using the equation ψ = λB / lM, where, lM = 2.5 Å and λB = 7 Å at 25 °C
in water. This yields ψ = 0.36.
It should also be noted that the degree of cross-linking plays an important role for the
dissociation of polyelectrolyte. This effect has been demonstrated by Mun et al., and
they found that the degree of association of COOH groups decreases with increasing the
cross-linking degree of the network [247].
Putting Eguation (2.29) into Equation (2.28) results

C ′

Cs
=
−

ψρυ2
2 Mr

+

√
C 2

s +
(
ψρυ2
2 Mr

)2

Cs
(2.30)

Figure 2.16 shows the dependence of the ion distribution between the two phases on the
polymer volume fraction and hence the degree of swelling. Besides the influence of the
brine concentration, one can observe that the magnitude of the concentration difference
(C
′

/Cs) also depends on the degree of swelling (Q).

The final equation of the chemical potential with respect to the ionic term ∆µion can be
hence obtained one replaces ∆Ctot in Equation (2.22) by Equation (2.30).

∆µ ion = 2RT V1

Cs −

√
C 2

s +

(
ψρυ2

2 Mr

)2
 (2.31)

The overall chemical potential difference that describe the swelling behavior of ionic
hydrogels can then be expressed by substituting all contributions into Equation (2.21)

∆µ1 =
ρRT V1

Mc

(
1 −

2
φ

)
υ2/3

2c υ1/3
2 + RT

[
ln (1− υ2) + υ2 + χυ2

2

]

+ 2RT V1

Cs −

√
C 2

s +

(
ψρυ2

2 Mr

)2


(2.32)
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Figure 2.16: The concentration ratio of mobile anions in the gel phase (C ′) and the solution phase
(Cs) as a function of the polymer volume fraction υ2 and swelling degree (Q) for different salt
concentration of NaCl.

An example for such a model is shown in Figure (2.17) for a polyelectrolyte hydrogel
composed of sodium acrylate (SA) with total monomer concentration of 10wt % and DC

of 7wt % (relative to total monomer concentration). The equilibrium of swelling was
achieved under fresh water (i.e. Cs = 0) and the experimental value is 32.8 g/g. Indeed,
it can easily be seen, from the intersection between lines 2 and 4 (Qeq = 12.2), that it
is insufficient to determine the equilibrium degree of swelling by the combination of the
mixing and the elastic terms as the case of non-ionic hydrogel. In contrast, the intersection
value of the Gaussian statistics model (line 4) with the combination of mixing and ionic
terms (line 3) (Qeq = 973) is a quite higher than the experimental one.
This indicates that the Gaussian chain statistics fail to predict the elastic behavior of the
gel network, as the polyelectrolyte network capable of undergoing a large deformation (i.e
can reach high degree of swelling) [239]. Thus, the assumption of an infinite chain length
by the Gaussian theory should be replaced by a finite displacement of cross-links. In this
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2. Theory and Description of Polymer-Based Hydrogel

Figure 2.17: Theoretical determination of the swelling degree (Q, top x axis) and the polymer
volume fraction (υ2, bottom x-axis) at equilibrium for a polyelectrolyte hydrogel composed of
sodium acrylate (SA). The equilibrium degree of swelling is given by the intersection (arrows)
of different contributions to the chemical potential of the swelling agent | ∆µ1 |. The following
parameters were used for the calculation of the proposed model functions: χ = 0.38, υ2c =

0.11 with total monomer concentration of 10wt % , ρ2 = 1.22 g .ml−1, V1 = 18 ml ·mol−1, Mc =

1131 g ·mol−1 corresponding to a degree of cross-linking of 7wt % with respect to total monomer
concentration, Cs = 0, n = 10, φ = 4, Mr = 94.045 g ·mol−1, and ψ = 0.4. The experimental value
in this study is Qeq = 32.8 g/g. The idea of the figure adapted from reference [239].

case, non-Gaussian statistics have to be applied using the so-called “inverse Langevin
function” (L−1) [239, 242, 248], and the changes of the chemical potential would read

∆µel =
ρRT V1

3 Mc

(
1 −

2
φ

)
υ2c υ2/3

2 n1/2 L−1
(
υ−1/3

2 n−1/2
)

(2.33)

The quantity n is defined as the number of statistical segments per network chain and
represents the non-Gaussian properties of the network, which usually has to be determined
independently. Instead, an approximation value is used here for acrylic monomers with
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n = 10 based on previous work [239]. In addition, the method of Kuhn and Grün is used
to approximate the inverse Langevin function based on Taylor series [249]. Replacing
the elastic contribution in Equation (2.32) with that of non-Gaussian distribution of
the macromolecular chains (Equation 2.33) yields an expression for overall chemical
potential difference that describes the swelling behavior of ionic hydrogels considering
the finite extensibility of the network.
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As shown in Figure (2.17), the equilibrium degree of swelling arising from the utilization
of Langevin type of chain statistic reveals a good approximation to the real data (the
intersection between lines 3 and 5, with Qeq = 35.7).
The dependence of the swelling degree on the concentration of salt in the swelling
medium (Cs , 0) have also been examined for different salt concentration of NaCl
solution. However, Figure (2.18) shows that the proposed calculation for such a model
is only meaningful or valid in a certain concentration range of outer solution (Cs 6

0.01 mol · L−1, remember that Cs is the co-ions concentration). For example, the salt
solution of both 2 and 35g ·L−1 (lines 3 and 4) show approximately the same equilibrium
degree of swelling, contrary to what experiments show. This deviations is most likely
attributed to the absence of the salt activities coefficient parameter.
Brannon-Peppas and Peppas [250] have also modeled the swelling capacity of an ionic
hydrogel network and they calculate the ionic contribution for anionic hydrogels by
modification of the model proposed by Katchalsky et al. [251].

∆µion =
RT V1 ρ

2 υ2
2

4 I Mr

(
Ka

10−pH + Ka

)2

(2.35)

where, Ka is the equilibrium constant of the ionizable polymer for anionic hydrogel
networks, and I is the ionic strength of the swelling agent as a function of molality m

and ion charges z.

I =
1
2

n∑
i=1

mi z2
i (2.36)
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Figure 2.18: The influence and the limitation of the contribution of the salt concentration on the
chemical potential of (mixing + ionic) term of swelling agent (lines 1−4) by means of the swelling
degree (Q, top x axis) and the polymer volume fraction (υ2, bottom x-axis) at equilibrium for a
polyelectrolyte hydrogel composed of sodium acrylate (SA). The equilibrium degree of swelling
is given by the intersection (arrows) of different contributions to the chemical potential | ∆µ1 |.
Line 5 is the elastic contribution. The following parameters were used for the calculation of the
proposed model functions: χ= 0.38, υ2c = 0.11 with total monomer concentration of 10wt % , ρ2 =

1.22 g .ml−1, V1 = 18 ml ·mol−1, Mc = 1131 g ·mol−1 corresponding to a degree of cross-linking
of 7wt % with respect to total monomer concentration, Cs = 0, 0.001, 0.02, 0.363 mol · L−1 , n =

10, φ = 4, Mr = 94.045 g ·mol−1, and ψ = 0.4.

The resultant plot using the Equation (2.34) as ionic contribution (Figure 2.19) shows
that the equilibrium degrees of swelling predicted from this model are approximately the
same as that presented in Figure (2.17).
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Figure 2.19: Dependence of the salt concentration of (mixing + ionic) term (lines 1 − 4) on
the degree of swelling (Q, top x axis) and the polymer volume fraction (υ2, bottom x-axis) at
equilibrium for a polyelectrolyte hydrogel composed of sodium acrylate (SA). The equilibrium
degree of swelling is given by the intersection (arrows) of different contributions to the chemical
potential | ∆µ1 |. Line 5 is the elastic contribution calculated using the non-Gaussian distribution
of macromolecular chains. The following parameters were used for the calculation of the
proposed model functions: χ= 0.38, υ2c = 0.11 with total monomer concentration of 10wt % , ρ2 =

1.22 g .ml−1, V1 = 18 ml ·mol−1, Mc = 1131 g ·mol−1 corresponding to a degree of cross-linking of
7wt % with respect to total monomer concentration, n = 10, φ = 4, Mr = 94.045 g ·mol−1 , pH =

8.5, pKa = 4.26 (for acrylic acid).
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2. Theory and Description of Polymer-Based Hydrogel

2.4. Applications of Hydrogels

As stated before, Hydrogels are increasingly important materials in everyday products, al-
though their potential has not been fully exploited or realized. Despite promising potential
applications in many fields, commercial hydrogel products have a well-established market
presence only in hygiene products, contact lenses, agriculture, and wound dressing. All
these applications, are based only on the hydrophilic nature of the hydrogels and their
ability to absorb large quantities of water with excellent retention. While the other
hydrogel products based on their stimuli-responsive functions, such as drug delivery
and tissue engineering are still limited. Many research works have been carried out
on the design of scaffolds and devices for drug delivery, however, only a few valuable
hydrogels have commercially used due to their high production costs. One of the most
significant functional feature of the hydrogels is separation resulting from either size or
charge selective exclusion. In the following subsections, we will focus on the possible
applications of hydrogels related to this function.

2.4.1. Separation

Separation processes are key aspects of many chemicals, pharmaceutical, and biological
applications ranging from small cell to macro plants such as desalination. The 3D network
of hydrogels with a tunable meshes enable them to act as a porous structure, which
is very relevant for separation, segregation, and even filtration. However, separation
using hydrogel materials may proceed through two mechanism, loading/unloading or
flow-through processes. Nevertheless, a convective flow-through hydrogel structure leads
to inefficient separation as the hydrogel is compressed under pressure. Therefore, in order
to overcome this problem, a unique approach has been applied by the combination of
functional hydrogel and porous membranes. Most of the hydrogel composite membranes
can be prepared following three strategies; i) fabrication of hydrogel thin layer on the
surface of membranes, ii) pore-filling functionalization, iii) functionalization of pore
surface. These strategies have been comprehensively illustrated with various examples
by the review of Ulbricht et al. [91]
On the other hand, loading/unloading separation mechanism is based on
swelling/deswelling cycles (Figure 2.20), whereas the separation is carried out
during swelling via size selective exclusion [17, 18] or by charge-based selectivity
(Donnan exclusion) [68]. While unloading occurres during the deswelling upon applying
a stimulus.
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Figure 2.20: Schematic illustration of a general loading/unloading separation mechanism using
hydrogels. Adapted from reference [19].

In this context, Cussler and co-workers have been rather prolific in exploring the use of
such separation mechanism [19–21, 252, 253]. They reported on the utility of PNIPAAm
and polyacrylamide (PAAm) hydrogels as selective extraction solvents for removing
undesirable materials. The regeneration of hydrogels has easily achieved by means of pH-
or temperature-induced changes in swelling. They have also patented an ultrafiltration
system for the removing of low molecular weight contaminates from soy protein with
isolation percentage of 90 % and a yield greater than 80 % [254]. Nippon Steel Corp
has developed an approach to separate water from gasoline or fuel oil using polymeric
hydrogels in similar recycling process to that described in Figure 2.19 [255]. More recent,
Ulbricht et al. demonstrated also the same method to load/unload bio-macromolecules
into and from macroporous PNIPAAm hydrogels [17]. It should be emphasized that the
efficiency of such separation methods is strongly correlated to the structure of hydrogels.
Alternatively to stimuli described above, pressure-induced volume transition can also be
used as stimulus [256]. The sole breakthrough work in this field was recently published
by Wilhelm et al. on the use of polyelectrolyte hydrogels for the desalination of saline
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water through charge-based exclusion and mechanical force [257]. As a result of their
investigation the salt content could be reduced by 35 % in one cycle for a 10 g · L−1

NaCl feed solution and the desalination capacity of hydrogel depends on its composition,
particularly, the effective charge density of the polyelectrolyte per volume inside the
hydrogel [258].

Several expired patents, that are related to thermally induced swelling/deswelling
desalination process, have been also reported using poly(vinylalcohol) acetate and
ethoxylated cellulose resins [259], cross-linked polyurethanes [260], a polymer from
N-vinyl-2-ethyl imidazole cross-linked with α,α′-dibromo-p-xylene [261], phosphorus
containing polyolefins [262], acrylate/acrylic acid copolymer [263], and polyurethanes
wherein the polyol is a triblock copolymer (Pluronics) [264]. The release of water
for all these types of absorbents has been achieved by heating up the water and the
immersed absorbent at high temperature (65–85 °C) in closed system, where typically at
this temperature the dewatering-associated mechanism takes place through a heat-assisted
drying process more than stimulus-induced phase separation.

2.4.2. Hydrogels as Draw Agents

Hydrogels were also recently intended to be used as a new class of draw agents for
forward osmosis (FO) desalination of brackish water as shown in Figure 2.21 [265, 266],
and a wide range of parameters affecting the performance of this draw agents have been
also investigated [267–273]. For instance, Wang et al. were the first to demonstrate
the utilization of stimuli-responsive polymer hydrogels, made of PNIPAAm and PSA
cross-linked random copolymer, as a draw agent for forward osmosis desalination and
solar dewatering by simple exposure to simulated sunlight [274]. Furthermore, they have
also shown that the swelling property of these hydrogels, the water flux, as well as the
water recovery can be dramatically increased via the incorporation of hydrophilic carbon
particles [275], reduced graphene oxide (rGO) [276], or magnetic nanoparticles under
magnetically induced heating [112].

However, the best balanced thermo-responsive swelling/dewatering properties were
achieved via the utilization of semi-IPN hydrogels of PNIPAAm and polyvinyl alcohol
(PVA) as a draw agents by Hu’s group [277]. Where more than 90 % from the absorbed
water can be released at only 40 °C. The same group was also prepared thermally
responsive polyionic liquid hydrogels as new draw agents, which proved to be able
to generate a reasonable water flux from brackish water, and effectively release the
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Figure 2.21: Schematic representation of a forward osmosis (FO) desalination process using
hydrogels as draw agents. Adapted from reference [265].

desalinated water at temperature of 60 °C [278]. Last but not least, the group of Zhang
also reported on the fabrication of a new draw agents with electric-responsive polymer
hydrogels using hyaluronic acid and polyvinyl alcohol (HA/PVA) [116].

Although the problem of water release from the hydrogels in FO desalination process and
hence the regeneration of the draw agents are particularly solved, the ability to achieve
adequate water flux is still far away from application, compression with the thermolytic
ammonium salts (such as ammonium bicarbonate). One of the reasons may relate to
the weak interfacial interaction between the hydrogel particles and the surface of the
semipermeable membrane. Nevertheless, Hartanto et al. recently resolved the problem of
this imbalance by micro-gel particles prepared using emulsion polymerization [279–281].
The high water flux of 45 LMH is indeed exciting if such hydrogels can be integrated
reversiblely and sustainably into a desalination module.
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Chapter 3

Experiments: Synthesis of Hydrogel
Building Blocks& Characterization
Methods

3.1. Chemicals and Materials

All chemicals used for the preparation of macromonomers and hydrogels pre-
sented in this work were at least analytical grades. N-Isopropylacrylamide (NI-
PAAm, 99 %, Sigma-Aldrich) was purified by recrystallization in hexane and dried
in vacuo. Acrylic acid (AAc, 99 %, Sigma-Aldrich) was vacuum-distilled to re-
move the inhibitor MEHQ (hydroquinone monomethyl ether) and possible dimer con-
tent. 2,2′-Azobis(isobutyronitrile) (AIBN, 98 %, Sigma-Aldrich) was recrystallized
from ethanol twice before use. 4,4′-Azobis-4-cyanopentanoic acid (ACPA, 98 %),
2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (TTCA, 98 %), sodium acry-
late (SA) (99 %), N, N′-methylenbis(acrylamide) (MBAm) (99 %), 2-hydroxyethanethiol
(HESH) (99 %), N, N, N′, N′-tetramethylethylenediamine (TEMED) (99.5 %), allyl al-
cohol (AAL) (99 %), acryloyl chloride (AC) (97 %), 1,4-dioxane (anhydrous, 99.8 %),
1,3,5-trioxane (99 %), ethanol (99.8 %) were all purchased from Sigma-Aldrich and used
as received. Ammonium persulfate (APS) (99.5 %), diethyl ether (99 %), sodium chloride
(99.5 %), and potassium chloride (99 %) were all obtained from Acros Organics, Geel,
Belgium. The solvents such as tetrahydrofuran (THF), chloroform, acetone, and diethyl
ether were obtained from commercial sources. Before use, THF was purified using
aluminum oxide 90 basic. The water used throughout this study was deionized water
from a Milli-Q system (Millipore, USA).
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Figure 3.1: Monomers and macromonomers used in this work for synthesis of various hydrogels
entities.

3.2. General Strategy

Generally, the synthesis route of hydrogel building blocks can be divided into two parts:
the preparation of the side-chain polymers, which will be used later as a pendant chains
for the graft types macromolecular architecture, and the second part is the synthesis of the
polymeric hydrogel backbone. The summary of monomers and macromonomers used to
prepare the polymeric hydrogel entities are shown in Figure 3.1.

3.2.1. Synthesis of Side-chain Polymers

Three different polymers were synthesized using the conventional free radical polymer-
ization (P1 and P2) or with the help of controlled RAFT polymerization (PAAc-TTC).
P1 and P2 are thermosensitive macromonomers, while PAAc-TTC is a polyelectrolyte
macro-RAFT agent.

3.2.1.1. Synthesis of PNIPAAm Macromonomer (P1)

The PNIPAAm macromonomer (P1) was prepared as follows: First, a semitelechelic
PNIPAAm with a terminal hydroxyl end group PNIPAAm–OH was synthesized by
radical telomerization of the NIPAAm monomer utilizing HESH as a chain transfer agent
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Scheme 3.1: Schematic representation of the synthesis of macromonomers P1 and P2 used for the
formation of block and grafted hydrogels.

(Scheme 3.1). Typically, NIPAAm (5.65 g, 50 mmol), HESH (0.316 g, 4 mmol), and
AIBN (0.084 g, 0.5 mmol) as an initiator were charged to a three-necked flask with a
magnetic stirrer and dissolved in THF (20 mL). The monomer solution was degassed by
a freeze–thaw cycle and sealed in vacuum. Polymerization was carried out for 15 h at
70 °C under nitrogen atmosphere. After concentrating the reactant by THF evaporation,
the reactant was poured into diethyl ether to precipitate PNIPAAm–OH. PNIPAAm–OH
was collected by filtration and purified by repeated precipitation in diethyl ether from
acetone. The polymer was isolated by freeze-drying from aqueous solution. For the
second step, the purified PNIPAAm–OH was dissolved in chloroform and acryloyl
chloride (excess) was instilled. The reaction mixture was stirred at 40 °C for 2 h under a
nitrogen atmosphere. The purification process for PNIPAAm macromonomer followed
the same process as for PNIPAAm–OH.

3.2.1.2. Synthesis of Random Copolymer Poly(N-isopropylacrylamide–co–allyl
acrylate) P(NIPAAm–co–AA) Macromonomer (P2)

Poly(NIPAAm-co-AA) cross-linker macromonomer (P2) was prepared and purified
according to the same procedure described above for PNIPAAm macromonomer (P1)
using 10 wt % allyl alcohol (AAL) as a comonomer with respect to NIPAAm monomer
(Scheme 3.1).

47



3. Experiments

3.2.1.3. Synthesis of the Poly(acrylic acid) Macromolecular RAFT agents (PAAc–
TTC)

The poly(acrylic acid)-based macro-RAFT agent was prepared similarly as described
elsewhere (Scheme 3.2) [282]. In a typical experiment (see Table 4.2, entry E2), AAc
(6.100 g, 84.50 mmol), ACPA (18.30 mg, 0.065 mmol) as an initiator, TTCA (237.0
mg, 0.650 mmol) as a RAFT agent, and 1,3,5-trioxane (350.5 mg, 3.891 mmol) as
an internal reference for Nuclear Magnetic Resonance (NMR) analysis were charged
to a three-necked flask with a magnetic stirrer and dissolved in 1,4-dioxane (35 ml).
The reaction solution was purged for 20 min with nitrogen and then degassed by a
freeze–thaw cycle and sealed under nitrogen. The polymerization was carried out at
70 °C in a thermostated oil bath under stirring and stopped after 80 min at 48.8 % of
monomer conversion (the overall monomer conversion was determined by 1H-NMR
spectroscopy in d6-DMSO by the relative integration of the internal reference peak at
5.10 ppm and the vinylic proton peaks of AAc at 5.90, 6.08, and 6.31 ppm). The polymer
was recovered by precipitation in cold diethyl ether and then dried under reduced pressure
overnight.

Scheme 3.2: Schematic representation of the synthesis of macromolecular RAFT agent PAAc–
TTC.

3.2.2. Synthesis of Hydrogel Networks

The hydrogel networks were synthesized by a copolymerization of either monomers or
monomer with the synthesized macromonomer as side-chain for the comb-like types
of the network architecture in the presence of cross-linker. Two different methods that
applied for the synthesis of hydrogel backbones are discussed in the following subsection.

3.2.2.1. General Procedure of the Synthesis of Hydrogels via Redox-Polymerization

Hydrogels were produced using redox-initiation free radical polymerization technique
by dissolving 10 wt % monomers solution of sodium acrylate (SA), thermosensitive

48



3.2. General Strategy

comonomer or macromonomer, and MBAm as cross-linker in water in a glass vial (25
mm in diameter). The monomers solution was stirred and nitrogen gas was bubbled under
cooling (4 °C) over a period of 20 min to remove residual oxygen. Afterward, 8 mg of
APS (0.5 wt % with respect to total monomers) as an initiator and 42 µL of TEMED (mass
ratio of TEMED to APS; 4:1) as an accelerator were added, respectively. The reaction
mixture was immediately poured into a double-jacketed glass vessel (70 mm in diameter)
(Figure 3.2). The vessel was sealed, and the radical polymerization was carried out for
24 h at 15 °C under nitrogen atmosphere. The obtained hydrogels were cut into discs (13
mm in diameter and 3 mm in thickness), immersed in distilled water at room temperature
with water being daily refreshed to remove unreacted materials and allowing equilibrium
swelling. The reference PNIPAAm hydrogel (PNIPAAm gel) and PSA hydrogel (PSA
gel) were also prepared and purified by the same method. A comprehensive account on
the samples used and their respective composition, as well as the degree of monomer
conversion, are given in Table 3.1.

Cooling
medium

Gas inlet
Gas outlet

Figure 3.2: Reaction vessel for synthesis of hydrogels via redox-polymerization.
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Table 3.1: Feed composition and monomer conversions for the hydrogels synthesized by redox-
initiation free radical polymerization.

Sample Gel code
Feed composition (wt %)

Yield b

SA NIPAAm P1 P2 MBAm a (wt %)

PNIPAAm PNIPAAm
gel

– 100 – – 7 98

PSA PSA gel 100 – – – 7 93

PSA-co-P1 (DC07) Gel 1 50 – 50 – 7 94

PSA-co-PNIPAAm (DC03) Gel 2a 50 50 – – 3 96
PSA-co-PNIPAAm (DC05) Gel 2b 50 50 – – 5 97
PSA-co-PNIPAAm (DC07) Gel 2c 50 50 – – 7 97

PSA-co-PNIPAAm-co-P1
(DC07) Gel 3 50 25 25 – 7 96

PSA-co-P2 (DC04) Gel 4a 50 – – 50 – 98
PSA-co-P2 (DC07) Gel 4b 50 – – 50 3 97
PSA-co-P2 (DC09) Gel 4c 50 – – 50 5 98
PSA-co-P2 (DC011) Gel 4d 50 – – 50 7 97

a Relative to total monomer concentration.
b Weight percent of synthesized dry hydrogel to monomers (Equation 3.1).

3.2.2.2. Synthesis of Hydrogels via RAFT Polymerization

A mixture of PAAc–TTC, NIPAAm, MBAm, ACPA were dissolved in 3 mL ethanol and
the solution was charged to a glass vial (10 mm in diameter) equipped with a magnetic
stirrer. The solution was purged over a period of 20 min with nitrogen and then degassed
by a freeze–thaw cycle and sealed under nitrogen. The polymerization was conducted
for at least 72 h at 70 °C. The obtained gels were immersed in ethanol for 5 days and
in deionized water for 7 days at room temperature with solvent being daily refreshed to
remove unreacted materials and allowing equilibrium swelling. Then gels were dried
under ambient conditions for 5 days. A comprehensive account on the samples used and
their respective composition as well as the degree of monomer conversions are given in
Table 3.2.

The yield of polymeric hydrogels for both methods was calculated as weight percent of
synthesized dry hydrogel to the monomers.

Yield (%) =
mgel

m f eed
× 100 (3.1)
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Table 3.2: Composition and experimental conditions for the synthesis of PNIPAAm-g-PAAc
networks by RAFT polymerization.a

Expt. Gel code b PAAc–TTC
(wt %)

NIPAAm
(wt %)

Conversion of
NIPAAm (wt %) c

PAAc–TTC
content (wt %)

G1 GG3K–20 20 80 98.4 20.3
G2 GG3K–30 30 70 96.2 31.1
G3 GG3K–40 40 60 94.7 42.2
G4 GG3K–50 50 50 – –

G5 GG5K–20 20 80 98.0 20.4
G6 GG5K–30 30 70 97.2 30.8
G7 GG5K–40 40 60 93.5 42.6
G8 GG5K–50 50 50 – –

G9 GG10K–20 20 80 96.8 20.6
G10 GG10K–30 30 70 95.1 31.5
G11 GG10K–40 40 60 93.4 42.6
G12 GG10K–50 50 50 – –

a The polymerizations were performed in ethanol (3 mL) at 70 °C with a [ACPA]0/[PAAc−TTC]0 = 1
mol% and [MBAm] = 0.05g. b The nomenclature of the hydrogels (gel code) was given based on the
chain length and the content of PAAc–TTC, respectively, while GG represented the abbreviation of
graft gel. c Monomer weight conversion determined by gravimetric analysis.
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3.3. Characterization and Measurements

3.3.1. General Characterization of Macromonomers

3.3.1.1. Nuclear Magnetic Resonance Spectroscopy (NMR)

1H NMR spectra of macromonomers (P1 and P2) and its precursors as well as the
macromolecular RAFT agents PAAc–TTc were recorded on a Bruker DMX-300 instru-
ment (Bremen, HB, Germany) at 300 MHz using deuterated oxide (D2O) and deuterated
dimethyl sulfoxide (d6-DMSO) as solvent. The spectra were also used to determine the
conversion of monomers as well as the average molecular weight of the macro-RAFT
agents.

3.3.1.2. Gel Permeation Chromatography (GPC)

The weight and the number-average molecular weights (Mw and Mn) of the prepared
macromonomers were determined by gel permeation chromatography apparatus (GPC,
Jasco PU-2080) using a PSS Gram linear column coupled with an ETA-2020 RI detector
at 23 °C. The eluent was (DMF + 0.01 M LiBr) at a flow rate of 1.0 mL ·min−1.
Calibration was carried out with PMMA150811–5 standards.

3.3.1.3. Fourier–Transform Infrared Spectroscopy (FTIR)

FTIR spectra in the attenuated total reflectance (ATR) mode of the macromonomers
and macro-RAFT agents were recorded using a Varian 3100 spectrometer (Varian, now
Agilent Technologies, Santa Clara, CA, USA) over a wide range of 600–4000 cm−1 at an
average of 32 scans with a resolution of ± 4.0 cm−1.

3.3.2. General Characterization of Hydrogels

3.3.2.1. Morphology Investigation of Hydrogels

Scanning electron microscopy (SEM) images of hydrogels were recorded with a SEM
(S-3400 N II, Hitachi High-Technologies Europe GmbH, Tokyo, Japan). The hydrogel
disks were first immersed in deionized water at room temperature (∼23 °C) up to swelling
at equilibrium and subsequently frozen at −196 °C by dipping in liquid nitrogen. The
frozen samples were fractured and freeze-dried at −50 °C for 24 h using freeze-dryer
(Christ Alpha 1-4, Osterode, NI, Germany). The fractured surface of the samples were
sputtered with gold in vacuum for 4 min using a Quorum Emitech K500X sputter coater
(Ashford, Kent, UK).
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3.3.2.2. Fourier–Transform Infrared Spectroscopy (FTIR)

FTIR spectra in the attenuated total reflectance (ATR) mode of the hydrogels were also
recorded following the same protocol as described in 3.3.1.3.

3.3.2.3. Differential Scanning Calorimetry (DSC)

The water content estimations and the study of LSCT behavior of hydrogels were per-
formed using differential scanning calorimetry (DSC) instrument (Netzsch 204 Phoenix,
Selb, BY, Germany) from −40 to 80 °C. The hydrogels were allowed to swell in deionized
water to equilibrium at room temperature prior to DSC measurements. Each hydrogel
sample (3–5 mg) was placed into a hermetically sealed aluminum pan and cooled to −40
°C using liquid nitrogen. The temperature was held at this temperature for 5 min to erase
the thermal history and then heated at the heating rate of 3 °C ·min−1 under nitrogen
atmosphere. The presence of bound and unbound water was estimated by following a
standard procedure described by Huglin et al. [283]. The amount of bound water was
calculated with the assumption that the heat of fusion of unbound water in the hydrogel
was the same as that for ice applying the following equation

Wb (%) = Weq −
(
W f + W f b

)
= Wc −

 Lendo
f

Lpure
f

 × 100 (3.2)

where Weq, Wb, W f , and W f b are the equilibrium water content (EWC ), the amount of
nonfreezable bound water (%), the amount of freezable free water (%), and the amount
of freezable bound water (%), respectively, whereas Lendo

f is defined as the heat of fusion
of freezable water (freezable free water and freezable bound water) within the hydrogels
and Lpure

f is the heat of fusion of ice (340.1 J · g−1). The amount of unbound water was
then calculated by the subtracting the amount of bound water from the equilibrium water
content.

3.3.2.4. Swelling Ratio and Kinetics of Swelling

The hydrogel samples were placed in excess water with a typical mass ratio of 0.05 ± 0.01
gel/water. The swelling ratios at equilibrium (Qeq) of the hydrogels were gravimetrically
measured using Equation 2.2 after removing the excess surface water with a moistened
filter paper at room temperature and in some cases in a temperature range from 15 to 50
°C for 24 h at each individual temperature (an average of triplicate measurements). The
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equilibrium water content (EWC %) of polymer hydrogels was defined as follows

EWC % =

(
ms − md

ms

)
× 100 (3.3)

where ms is the weight of the swollen hydrogels at room temperature and md is the weight
of the materials dried at ambient conditions. The equilibrium values of swelling were
taken after 24 h in salt solutions of 2 g ·L−1 NaCl and in deionized water (DI).
In order to obtain a quantitative estimation of the swelling kinetics for the hydrogels, the
weight changes of gels after immersion in deionized water were recorded at regular time
intervals after water was wiped from the gels using filter paper. Water uptake (WU %) at
regular time intervals was defined as follows

WU % =

(
mt − md

ms − md

)
× 100 (3.4)

where mt is the weight of the gel at each particular time.

3.3.2.5. Determination of Water Recovery and Salt Rejection

The dewatering experiments were carried out at 50 °C for 60 min. The amount of water
released was determined by taking the weight difference of the hydrogels before and after
the dewatering test. The percentage of water recovery (WR%) was derived from the
weight of released water and the initial water content of the swollen hydrogels as follows

WR% =

(
mR

ms − md

)
× 100 (3.5)

where mR is the weight of water released in the dewatering test. The data was an average
of three measurements.

The salt rejection (S R%) was obtained by measuring the concentrations of potassium
ions of the water recovered from the hydrogels using JENCO 6230 m equipped with
potassium microelectrode ISM-146 K (Lazar Research Laboratories, California, U.S.A.).
The potassium and sodium concentrations were also determined by ion chromatography
(Metrohm 833 Basic IC plus) using silica gel with carboxyl groups column (particle size
5 µm) at 25 °C. The eluent was (1.7 mmol · L−1 nitric acid +0.7 mmol · L−1 dipicolinic
acid) at a flow rate of 0.9 mL ·min−1. The chromatograph was calibrated with standard
solution of Na+ and K+. Salt rejection was determined as follows
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S R% =

(
1 −

CR

C0

)
× 100 (3.6)

where CR and C0 are the potassium or the sodium ions concentrations of the water
recovered from the hydrogels and that of the feed solution (2 g · L−1 KCl or NaCl),
respectively. All measurements were repeated at least three times.

3.3.2.6. Rheological Measurement

Viscoelastic properties of the fully swollen hydrogels including storage modulus (G ′),
loss modulus (G ′′), and the tangent of the loss angle (tanδ) were studied using frequency
deformation sweep experiments. The changing of the oscillatory frequency was carried
out using a rheometer Physica MCR301 (Anton Paar, Graz, Austria). During all
measurements, a solvent trap was used to minimize evaporation. The experiments were
performed in the linear range of ω = 0.1–100 rad · s−1 at 20 °C with a normal force
(FN) of 3 N and a fixed strain amplitude (γ) of 1 %. A plate-plate geometry with 15 mm

diameter upper plate was used (TruGap plate) corrected with a“true gap” function of the
instrument.

3.3.2.7. Mesh Size Calculation of Hydrogels

According to Peppas et al. [232, 250] and to the theory of Flory-Rehner [237], the
mesh size for an isotropically swollen gel can be calculated from the deformation ratio
(elongation ratio) and the end-to-end distance of polymer chains between cross-linking
points in their unperturbed state as follows

ξ = λ
(
ro

2
)1/2

(3.7)

Here, λ is the deformation ratio of the polymer chains in any direction, and (ro
2)1/2 is

the root-mean-square, end-to-end distance of the polymer chains between two adjacent
junctions, which can be calculated using the following equation(

ro
2
)1/2

= l (Cn N )1/2 (3.8)

where Cn is the polymer Flory characteristic ratio (6.7 for PAAc and 11.7 for PNIPAAm)
[284, 285]. The characteristic ratio, Cn, of the hydrogels was taken as the average of Cn

values of PNIPAAm and PAAc chain according to their ratio in the hydrogel. l is the
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carbon–carbon bond length (1.54 Å), and N is the number of links per chain defined as

N =
2 Mc

Mr
(3.9)

The deformation ratio λ is related to the polymer volume fraction of hydrogels in the
swollen state υ2 by Equation 2.6. Combining Equations 3.7 through 3.9 and Equation 2.6,
results the correlation distance between two adjacent crosslinks (mesh size) in a swollen
hydrogel.

ξ = l
(
υ2c

υ2

)1/3 (
2Cn Mc

Mr

)1/2

(3.10)

υ2 determined by the swelling ratio and the density of polymers using Equation 2.1 and
Equation 2.2.

The mesh molecular weight (Mc) can be obtained from both the equilibrium swelling
results and the elastic modulus of rheological experiments.
Using the expression of chemical potential derived in section 2.3 (Equation 2.34), under
equilibrium condition considering the cross-linking in solution and with no added salt,
(M swell

c ) can be written as

M swell
c = −

1
3 ρV1

(
1 − 2

φ

)
υ2c υ

2/3
2 n1/2L−1

(
υ−1/3

2 n−1/2
)

ln (1− υ2) + υ2 + χυ2
2 −

ψV1 ρυ2
Mr

(3.11)

The names of the symbols used and their explanations are pointed out in section 2.3.

Based on the theory of rubber elasticity [25], (Mc) can also be correlated to the elastic
modulus (G′) of the hydrogel structure at infinitesimal deformations using the following
equation

M el
c =

(
1 −

2
φ

)
ρRT υ2/3

2c

G′
(3.12)

This equation is obtained from the Gaussian chain statistic, Equation 2.11 [236, 239].The
main advantage of this method is the possibility of incorporation the imperfections or
network defects formed during the cross-linking into the calculation, which indeed can
not be corrected in any theory quantitatively.

Another formula has been also used in literature to determined the mesh size of polymeric
hydrogel networks [173, 286–288]. Where the elastic term obtained from rheological
measurement is directly associated with the mesh size of the network from the following
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equations

G′ = nd RT (3.13)

L = ξ =

(
1

nd NA

)1/3

=

(
R T

G′ NA

)1/3

(3.14)

where NA is Avogadro’s constant and nd is the number density of elastically effective
cross-linking points (mol ·m−3), R is the ideal gas constant (J molm−3 Km−3), and T the
measuring temperature in K assuming that the clusters are evenly dispersed and that each
one is positioned in the center of a cubic-shaped volume element. Thus, the length L of
a side of the cubic element can be obtained since all cubic elements combine to span the
total gel volume and the total number of junctions can be deduced from Equation 3.13.
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Chapter 4

Result and Discussion

Some parts of this chapter have been published as two articles in refereed journals (see
Publications).

4.1. Desalination via Thermally-Induced Swelling/

Deswelling of Hydrogels

In this section, the ability of utilizing hydrogels synthesized from a temperature-sensitive
polymer and a polyelectrolyte to desalinate salt water by means of reversible thermally
induced absorption and desorption will be explored. Thus, the influence of the
macromolecular architecture on the performance of desalination for such hydrogels
is discussed by tailor-made network structure at the molecular level. To this end,
a series of chemically cross-linked polymeric hydrogels were synthesized via free
radical-initiated copolymerization of sodium acrylate (SA) with the thermoresponsive
comonomer N-isopropylacrylamide (NIPAAm) by realizing different structural types.
In particular, four different polymeric network architectures, either with polyelectrolyte
moieties incorporated as main part of the backbone of the networks or as pendant chains
on the thermoreversible backbone, were synthesized by free radical redox-polymerization
and RAFT polymerization, respectively.
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4. Result and Discussion

4.1.1. Synthesis and Characterization of the Side-chain
Macromonomers

4.1.1.1. Thermosensitive Macromonomers P1 & P2

Two types of thermosensitive macromonomers, polyNIPAAm (P1) and poly(NIPAAm-
co-AA) (P2) (see Scheme 4.1), were prepared by radical telomerization of NIPAAm
monomer and allyl alcohol (as a comonomer for P2) using HESH as a chain transfer agent
followed by esterification of the hydroxyl groups. The synthesis procedure is illustrated
in Scheme 3.1 in previous chapter. The resulting macromonomers were characterized by
GPC and 1H NMR (Table 4.1). Peaks of vinyl proton at 5.8–6.4 ppm were detected,
indicating that polymerizable end group was introduced into the hydroxyl semitelechelic
polymers as shown in Figure 4.1. The Mn of the macromonomers was also determined
by 1H NMR from the relative integration of the methine protons of polyNIPAAm units
(3.9 ppm) and the methylene proton at the end of the polyNIPAAm chains. As a result
of the incorporation of the acrylate group to P2 macromonomer, the latter can act as
a monomer and cross-linker. Therefore, the monomer ratio in the copolymer (P2) was
calculated in order to estimate the cross-linker density for the hydrogels prepared using
this macromonomer.

Table 4.1: Composition, experimental conditions, and analysis of the for the synthesis of
macromonomers P1 and P2.

polymer
ID

NIPAAm
(g)

AAL
(mg)

HESH
(mg)

AIBN
(mg)

[S ]/[M] a Conv. b

(wt %)
[AA] c

(mol %)
M NMR

n
(g/mol)

M GPC
n

(g/mol)
PDI

P1 5.65 – 316 84 0.055 87.3 – 4300 3500 1.86
P2 5.84 584 312 95 0.049 84.5 8 6120 5090 2.61

a [S ], [M] are the concentrations of chain transfer agent and monomers, respectively. b Weight of synthesized dry polymers
relative to the weight of monomers. c The allyl acrylate ratio in the copolymer.
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Figure 4.1: Partial 1H NMR spectra of the macromonomer building blocks P1 (A) and P2 (B),
with their corresponding semitelechelics polyNIPAAm–OH and poly(NIPAAm-co-AAL)–OH,
respectively.

4.1.1.2. Polyelectrolyte PAAc–TTC macro-RAFT agents

The PAAc–TTC macro-RAFT agents were prepared by homopolymerization of AAc in
the presence of TTCA as chain transfer agent using 1,4-dioxane as reaction medium,
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which exhibits low chain-transfer activity. The polymerizations were stopped at low
monomer conversion in order to recover a large proportion of trithiocarbonate-terminated
chains. The resulting macro-RFT agents were characterized by 1H-NMR as shown in
Figure 4.2 as an example. Table 4.2 represents the composition, experimental conditions,
and analysis of the synthesized PAAc–TTC and their molecular characteristics.

Table 4.2: Composition, experimental conditions, and analysis of the synthesis of the macro-
RAFT agents PAAc–TTC in 1,4-dioxane and their molecular characteristics. a

Expt. Macro-RAFT
agent

[AAc]0
(mol/L)

[AAc]0/[TTCA]0 Time
(min)

Conv. b

(mol%)
M th

n
(g/mol)

M NMR
n

(g/mol)

E1 PAAc3K 1.50 90 80 45.5 3320 3560
E2 PAAc5K 2.07 130 80 48.8 4930 5071
E3 PAAc10K 3.33 233 80 56.4 9830 10551

a The polymerizations were performed with a [TTCA]0/[ACPA]0 ratio of 10. b Monomer conversion
determined by 1H-NMR

Figure 4.2: Partial 1H NMR spectrum of poly(acrylic acid) macromolecular RAFT agent (PAA–
TTC).
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FTIR spectra were recorded for all RAFT agents, which showed, in the addition to the
formation of PAAc, the living groups, trithiocarbonic bonds. The signal at 1060 cm−1

was assigned to the presence of C=S groups in the RAFT agent. The signal was not
obvious due to the low content as shown in Figure 4.3 as example.

Figure 4.3: FTIR spectrum of poly(acrylic acid) macromolecular RAFT agent (PAA–TTC).

4.1.2. Hydrogels with Polyelectrolyte as a Part of the Network Back-
bone

In this section, three different hydrogels is discussed including poly(SA-co-PNIPAAm),
poly(SA-g-PNIPAAm) and poly(SA-b-PNIPAAm) (see Figure 1.4). All these three types
of macromolecular architecture were synthesized by Redox Polymerization.

4.1.2.1. Preparation of the Hydrogels

It was one aim of this work to vary macromolecular architectures that have influence on
the properties of thermoresponsive hydrogels. Thus, different types of polymer hydrogels
were synthesized by free radical copolymerization arising from SA and three different
thermally responsive components as illustrated in Scheme 4.1.

Here, a total monomer concentration of 10 wt % was used with different cross-linker
concentration in order to obtain materials with sufficient mechanical strength for the
intended further characterizations. The polymerization had been performed using redox
initiation at 15 °C; hence, a thermally induced microphase separation, which would affect
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Scheme 4.1: Synthesis of polymeric hydrogel entities using polyelectrolyte and different types of
a thermoresponsive comonomer, where the polyelectrolyte is a part of the network backbone, as
indicated in the suggested network structures.

the hydrogel structures, was considered less probable. The thermosensitive polymer was
incorporated to Gel 1 and Gel 3 as a graft chain to form the comb-type grafted hydrogels.
The backbone network of Gel 1 was made up of SA and P1, while that of gel 3 was made
up of SA, NIPAAm, and P1 components. Within these gels, the grafted chains had freely
mobile ends, distinct from the typical network structure (Gel 2 and reference PNIPAAm
gel) in which both ends of chains are cross-linked and relatively immobile. It should be
noted that it was unable to obtain stable gel with degree of cross-linking lower than 7 wt %
for Gel 1. In addition to the freely mobile ends, P2 macromonomer also provides active
sites for the formation of cross-linking points to build the network. The total percentage
of cross-linker used in Gel 4a was calculated by 1H NMR to be around 4 wt %, related
to total monomer. The main idea for the utilization of such macromonomer was to build
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a random block copolymer network structure where the thermoresponsive moiety is not
fragmented and at the same time is covalently connected with the polyelectrolyte, which
may cause efficient mechanical forces during the volume phase transition. However, all
gels were typically transparent associated with the homogeneity of the hydrogels network
except for Gel 4d, which was slightly turbid. This latter observation may be rationalized
by the formation of cross-linker aggregates, due to the highly cross-linked hydrogel
system, leading to rather compact clusters connected with shorter polymer chains, which
may cause microphase separation during cross-linking copolymerization [289, 290].

The polymer hydrogels were subjected to FTIR (Figures 4.4). It is noted that the infrared
spectra of gels cannot be taken as the superposition of the FTIR spectra of the PNIPAAm
and PSA gels. The presence of NIPAAm and SA units in the hydrogels are characterized
as follows: broad bands in the range of 3100–3600 cm−1 due to the N–H stretching
of amide groups, and two absorbance bands at 1643 and ∼1548 cm−1 attributed to the
secondary amide C=O stretching (aka amide I and II bonds, respectively). The stretching
vibration of C=O bonds of carboxylate groups for PSA at 1700 cm−1 shifted to higher
frequency (1720 cm−1). A C–N stretching band appears at ∼1450 cm−1, confirming the
presence of amide groups.
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Figure 4.4: FTIR spectra of hydrogels prepared by free radical redox-polymerization with the
magnified FTIR spectra in the frequency range 1470–1830 cm−1 (down).
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4.1.2.2. Morphology of the Hydrogels

SEM studies were carried out to reveal the morphology of the swollen freeze-dried
hydrogel materials as shown in Figure 4.5. The micrographs show that gels exhibit a
honeycomb-like structure with dense cell walls. The morphology observed, which is
typical for conventional hydrogels, is not the mesh of hydrogels at their molecular level,
but rather compact aggregates of the polymer chains. According to the freeze-drying
process, these macropores result from the ice crystals formed within the network
as a template for pore generation upon immersing the samples into liquid nitrogen
[213, 291]. Nevertheless, the hydrogels revealed pronounced morphological differences.
The PNIPAAm gel shows smaller pore size compared to others due to incorporation of
the ionic SA, which increases the water content of hydrogels. It can also be seen that the
hydrogel with lower cross-linker density (Gel 4a) shows much larger internal pores, and
hence smaller number of pores per unit area, compared with that of higher cross linking
density (Gel 4d). Large pores have been also found for Gel 1, which contains graft chains
without polymerizable functional groups. The small aggregates shown in Gel 2c either
indicate the formation of polyNIPAAm-rich domains, or may have been formed during
the fracture of the frozen sample.

Figure 4.5: SEM images of the freeze-dried hydrogels with scale bars of 25 µm.

4.1.2.3. Swelling Properties

As discussed in the theoretical framework of this study, the water absorption of polymer
hydrogels largely depends on their swelling pressure (osmotic pressure π1), which is the
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key driving force in the swelling process.

π1 =
∆ µ1

V1
* (4.1)

The osmotic pressure within the gel is related to three major interactions: the polymer–
solvent interaction πmix, the entropy–elastic forces of the network πel, and the contribution
of the charges π ion. These contributions can be expressed as a sum in the following
equation.

π1 = πmix + πel + π ion (4.2)

Therefore, it is well-known that the incorporation of ionic component into hydrogel
increases the equilibrium-swelling ratio (Qeq); the results are shown in Figure 4.6.

Figure 4.6: Equilibrium swelling ratios (Qeq) of the hydrogels in deionized water (DI) and in salt
solution (2 g ·L−1 NaCl) measured at room temperature (∼ 23 °C). The degree of cross-linking is
constant for all samples (DC = 7 wt %). The errors bars obtained from the standard deviation of
three repeated measurements.

Because all hydrogels (Gel 1–4) contain the same amount of SA, the contribution of
the charges to the osmotic pressure within all gels was estimated to be approximately
constant. Thus, for particles of identical form and size, the difference in swelling ratios
and the rates of water uptake should be regarded to the other contributions, which are
correlated with the macromolecular architecture of the hydrogel and their composition
(e.g., the degree of cross-linking).

*The names of the symbols used and their explanations are pointed out in section 2.3.
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At a fixed DC, Gel 4 displays the highest swelling capacity in both brine and DI indicating
a looser network in the hydrogel, which can incorporate more solution. The formation
of looser network can be attributed to the long spacer length between the double bond
side groups (length of cross-link chain) that incorporated into P2 compared to that with
MBAm cross-linking agent [292]. Moreover, the inherent mobile nature of the free end
polyNIPAAm chains plays an important role on the swelling properties. This effect can
be clearly seen for the comb-type Gels 1 and 3 in DI (Figure 4.7, top), where Qeq are
greater than that of Gel 2.

Figure 4.7: The equilibrium swelling ratios (Qeq) of Gels 2 and 4 in deionized water (DI) and
in salt solution (2 g · L−1 NaCl) as a function of cross-linking degree (DC) measured at room
temperature (∼ 23 °C). The errors bars obtained from the standard deviation of three repeated
measurements. The lines below indicate a linear fit of the function Qeq = a log(DC) + b to the
data.

On the other hand, the equilibrium-swelling ratio at different DC values was also
investigated for Gel 2 and 4 in both brine and DI (Figure 4.7, bottom). Expectedly,
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Qeq decreases on increasing the cross-linkage, which is well-known from the
literature[34, 288]. For the measurement in brine a function of Qeq = a log(DC) + b was
found to present the data well, with approximately equal slope values of -12.9 for both
hydrogel series (see Figure 4.7). This indicates that the contribution of charges in the
osmotic pressure is the same, which may result in equal salt depletion.

The dynamic of swelling process have been also determined for a few hydrogel samples
by measuring the water uptake (WU) at different times. The results are shown in Figure
4.8 and the kinetic was found to be varying with the type of hydrogels. However, to extract
the rate constants of the water absorption, a sigmoid function was fitted to the data.

WU1 = WU0 +

 WUmax

1 + e
thal f − t

τ

 (4.3)

where WUt, WU0, and WUmax are the percentage of water uptake at time t, ground,
and maximum, respectively. thal f is the first derivative maximum of the function or the
inflection point, and τ is the rate constant of the water uptake described by the slope of
curve. The rate constants were determined to be 6, 13, 15, 35, and 89 min for Gel 4d, 1, 4a,
3, and 2, respectively. However, during the swelling process, the structure of the gels is
changed from compact form to expanding forms. Rapid chain hydration in the process of
the hydration and polymer expansion was found for Gel 4d, which has high cross-linking
density. This can be attributed to the fact that the distance between the pores in Gel 4d is
smaller, and then water molecules can diffuse in faster compared to Gel 4a. On the other
hand, the heterogeneous nature of gel 4d due to the formation of cross-linker aggregates
leading to rather compact clusters connected with shorter polymer chains, which may
cause microphase separation during cross-linking copolymerization. And this would be a
possible reason for the observed turbidity of this particular gel (c.f. 4.1.1.2). The mobility
of the grafted chains in Gel 1 and 4, in addition to the flexibility of the cross-linking chains
for Gel 4, also allowed them to be structurally separated from the hydrophilic backbone of
the cross-linked network, permitting fast hydration compared to Gel 2 and 3. The swelling
kinetic of Gel 2 and 3 are mainly governed by polymer network diffusion where hydration
and relaxation of polymers are hindered by the hydrophobic collapsed backbone network.
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Figure 4.8: Plots of water uptake (WU) as a function of swelling time in deionized water (DI) at
room temperature (∼ 23 °C). The sample form and size were constant for all samples (cylinder, 5
mm in diameter and 2 mm in thickness). The lines are fits of equation (4.3) to extract rate constants.

4.1.2.4. Rheological Investigation and Network Structure

The elasticity of polymeric networks is entropic in nature. Thus, important aspects of
hydrogel microstructure can be deduced by recording the response of hydrogel networks
to mechanical deformation. Rheology is convenient method for the characterization
of such mechanical properties, because it reveals differences in hydrogel architecture
(cross-linking degree, proximity of the glass transition, structural homogeneity and
heterogeneity, and entanglement) [293–296]. The mechanical properties of the fully
swollen hydrogels in deionized water were characterized by recording the influence of
frequency on elastic modulus (G′) and loss modulus (G′′) or what is called frequency
sweep experiment. The typical result is shown in Figure 4.9 for Gel 1 as an example
(see appendix for the other gel samples, FigureA1). In the linear viscoelastic region, the
values of the dynamic G′ of all gels was larger than that of G′′, indicating that these gels
had indeed a typical soft rubbery-like behavior (ideal gel). All gels exhibit a plateau or
frequency independent response of storage modulus in the range from 0.1 to 100 rad · s−1.
A notable exception is Gel 4a (gel without MBAm cross-linker) that presented gradual rise
in G′ not only because of the free chain ends and the flexibility of the cross-linking chains
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Figure 4.9: The frequency dependence is shown for the fully swollen Gel 1 as an example, where
storage modulus (G′), loss modulus (G′′), and loss tangent (tanδ) are plotted as a function of
angular frequency (ω).

but also because of the low cross-linker density of the network. Such gels exhibit longer
relaxation times or they require lower applied frequencies to rearrange themselves in the
time scale of the imposed mechanical motion resulting in gradual rise in G′. In contrast,
a rise in the viscous contribution (tanδ) is observed with a value below or equal to 0.1 for
all investigated hydrogels as reported in the literature [239, 297].

However, the modulus in the rubbery range is related to the change in entropy. Therefore,
the change in stiffness or toughness of the network can be correlated with the cross-linker
density of gels. Figure 4.10 (top) shows that indeed the degree of cross-linking has a
strong influence on the rheological characteristics in the linear-viscoelastic regime. G′

increases linearly with DC for Gel 4, while a decrease in the viscous contribution (tanδ) is
found, which becomes stronger at higher DC. More cross-links introduce shorter polymer
chain segments that exert a higher elastic force. As stated in the swelling properties
presented above, gels with fixed DC and different macromolecular architecture led to
different Qeq. In this context, a correlation between storage modulus and swelling ratio at
equilibrium was well investigated as shown in Figure 4.10 (bottom). Gels with more
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water per unit volume exhibit a reduction of the elastic modulus. This reduction in
storage modulus is not linear because the freely mobile grafted chains also strongly
contributes to this reduction. This can be clearly seen for the comb-type copolymer
network (Gel 1), which shows Qeq slightly higher than that of Gel 3 but with stronger
decrease in G′. No increase in the viscous part (tanδ) with increasing Qeq is observed
except for Gel 4b, which shows the highest swelling ratio. This observation emphasizes
that the macromolecular architecture of hydrogels play an important role on the design of
hydrogel-based desalination materials.

Figure 4.10: Storage modulus (G′) and loss tangent (tanδ) as a function of cross-linking degree
(DC) for Gel 4 (on top), and as a function of the equilibrium-swelling ratio of gels at a fixed
cross-linking degree (DC) of 7 wt % (bottom). The lines are just a guide to eye.
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To describe the microstructure of hydrogels, their mesh lengths or mesh sizes ( ξ ) were
estimated from both swelling and rheological data. The results from four different
equations including the theoretical estimation were compared. The equations are
summarized in Table 4.3 (see subsec. 3.3.2.7 for more details).

Table 4.3: Summary of the equations used for estimation of the average length of mech in the
hydrogel networks (mesh size). a

ξ th = A
(

(100 − DC )
2 DC

× Mr + Mcrosslinker

)1/2

(4.4)

ξ swell = A

− 1
3 ρV1

(
1 − 2

φ

)
υ2c υ

2/3
2 n1/2L−1

(
υ−1/3

2 n−1/2
)

ln (1− υ2) + υ2 + χυ2
2 −

ψV1 ρυ2
Mr


1/2

(4.5)

ξel 1 = A


(

1 − 2
φ

)
ρRT υ2/3

2c

G′


1/2

(4.6)

ξel 2 =

(
R T

G′ NA

)1/3

(4.7)

a For more details about the equations see the subsection 3.3.2.7, while the names of the symbols used
and their explanations are pointed out in section 2.3.

Figure 4.11 (left) presents the effect of macromolecular architecture on mesh size
calculated from three different models; theoretical ( ξth ), swelling ( ξswell ), and elastic
modulus ( ξel−1 , ξel−2 ). The theoretical calculations of the mesh size were done with the
assumption of full conversion of monomers and cross-linkers into a statistical network.
Considering the results shown in Table 3.1, this is justified. As expected all hydrogels
have approximately the same theoretical mesh size (2.3–2.8 nm) for the same degree of
cross-linking. The swelling-based calculations show similar mesh size to those found
theoretically with the exception of Gel 4 as this gel showed high swelling capacity. The
mesh size based on the rheological data was found to be clearly higher. Nevertheless,
unlike Gel 1 the same trend was observed. This divergence is most probably because of
the low G′ value resulting from the comb-type structure of the network. This G′ value is
not really typical for the viscoelastic state of ideal gels, where G′ ∼ 104Pa. However, the
deviation of the ξ from the theory is calculated by the following equation and the result
shown in Figure 4.11 (right).
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con f ormity (k %) =
ξexp

ξth
× 100 (4.8)

All meshes display a deviation from the theoretical with a value above the threshold of
100%, except the value of ξswell for Gel 2. The values above 100% can be explained by
the formation of entanglements between meshes, which can also act as elastic junctions,
especially for those gels with freely mobile chains. Another reason may the existence of
unreacted double bonds functionality of monomers [298]. The value of ξswell for Gel 2,
which is below the threshold of 100% can be related to the other network defects such
as the formation of multifunctional junctions and chain loops, which may consider as
inelastic junctions (see Figure 2.10 for clear understanding of networks defects).

Figure 4.11: The mesh size of hydrogels estimated from theoretical, swelling, and rheological
data using equations presented in table 4.3 (left). The conformity (k) is the ratio of theoretically
and experimentally determined values (right). All gels were prepared with cross-linking degree
(DC) of 7 wt %. The straight lines are just a guide to eye, while the dashed line presents 100%.

Figure 4.12 shows the dependence of mesh size on the degree of cross-linking for Gel 4.
It is clearly seen that the mesh sizes decrease with increasing DC and this dependency
is stronger for ξswell comparing with the other models (Figure 4.12 left). However,
The values of mesh size from the two independent experiments are higher than that
of theoretical over the whole range of DC, and the deviation is also much stronger
at low cross-linker concentration except that for ξel−2, where the deviation is constant
over the whole DC range (Figure 4.12 right). Instead, the deviation of ξswell from the
theory for Gel 2 increases with the cross-linker concentration and the values of mesh are
below the threshold of 100 % as shown in Figure 4.13. This discrepancy in cross-linker
efficiency between the two types of hydrogels is indeed correlated to the difference in
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Figure 4.12: The mesh size of Gel 4a–d estimated from theoretical, swelling, and rheological
data using equations presented in table 4.3 as a function of cross-linking degree (DC) (left). The
conformity (k) is the ratio of theoretically and experimentally determined values (right). The
straight lines are just a guide to eye, while the dashed line presents 100 %.

macromolecular architecture of those gels and/or to the variance reactivity of monomers.
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Figure 4.13: The mesh size of Gel 2 estimated from the mixture of gel synthesis and swelling
experiment using equations presented in table 4.3 as a function of cross-linking degree (DC) (left).
The conformity (k) is the ratio of theoretically and experimentally determined values (right). The
straight lines are just a guide to eye, while the dashed line presents 100 %.
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The less dense hydrogel network has normally bigger mesh size with higher swelling
capacity. Therefore, the values of mesh size from the elastic and swelling experiments
were correlated with Qeq as shown in Figure 4.14. A linear relationship was obtained
for all models and the values of coefficient indicate that the model explains very well the
variability of mech sizes with the equilibrium swelling data.

Figure 4.14: Correlation of mech size with the swelling degree at equilibrium Qeq using three
models for two independent experiments presented in Table 4.3. The straight lines are linear fit to
the data and R2 are the coefficient of the function.

The state of absorbed water could also provide valuable information about the porosity
inside the hydrogels and thus the major swelling/deswelling mechanism. According to
the thermodynamic properties, any swollen hydrogel contains three different states of
water in its network [34]: (1) freezable free water, which exists without any hydrogen
bonding with the polymer chains and behaves similarly with pure water as far as freezing
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and melting is concerned; (2) freezable bound water, which exhibits weak interactions
with polymeric chains within the network of hydrogels and freezes/melts at temperature
shifted with respect to that of free water; and (3) nonfreezable bound water, which binds
to polymer chains through hydrogen bounding and does not show any endothermic peak
within the normal temperature range associated with pure water. DSC thermograms of
the fully swollen hydrogels in DI (Figure 4.15) display that the melting of water in all
samples starts at temperature lower than that of pure water (dashed line). Generally, for
all studied gels the endothermic peaks are broad and structured. For some samples, two
well-defined submaxima can be observed, demonstrating the existence of two types of
freezable water as discussed above.

Figure 4.15: DSC thermograms for the studied hydrogels with a heating rate of 3 °C ·min−1 under
nitrogen atmosphere. The dashed line represents the heat of fusion of pure water.
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The presence of freezable water was estimated from the measured enthalpy of the
endothermic peak associated with the melting of freezing transition of nonfreezable water
in hydrogel using Equation 3.2. The amount of nonfreazable water was then calculated
by the difference from the equilibrium water content in hydrogel. The influence of the
cross-linking degree of Gel 4 on nonfreezable water content was investigated as shown in
Figure 4.16 (on top).

Figure 4.16: Upper graph: the estimated nonfreezable and freezable water content as a function
of cross-linking degree (DC). Lower graph: The equilibrium swelling capacity (Qeq) at a fixed
(DC) of 7 wt % (4b + 2c). The lines are just a guide to eye.

The results indicate that increasing the number of cross-links produces a decrease in
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nonfreezable water content. This dependence of state of water on cross-linking density
of Gel 4 is probably related to an increase of the freezable bound water as clearly
seen in Figure 4.15. It is likely that an amount of water molecules move from the
nonfreezable bound to the freezable bound state as the degree of cross-linking increases.
The change in the arrangement of water molecules may result from the changes in
hydrophilicity/hydrophobicity order in the network structure. Another possibility is the
formation of macroporous hydrogel and hence water filled empty holes or voids in the
polymer matrix. Moreover, an increase in the network density increase the possibility
of interpolymer interaction between NIPAAm and SA moieties and hence reduces the
numbers of hydration shells.
However, the amount of nonfreezable water is also correlated to the water capacity
of hydrogels. Figure 4.16 (bottom) shows that the percentage of nonfreezable water
increases as the Qeq increase at a fixed DC. This is directly related to the different
macromolecular architecture.

4.1.2.5. Dewatering Study and Salt Rejection

The dewatering process was achieved in this study via thermal heating, yielding release
of water. After swelling of the gels in an excess of salt water (2 g · L−1), the excess
solution is removed and the hydrogels are subjected to a thermal heating for 5 and 60
min. The steps of desalination process are illustrated in Figure 4.17. First, the principle
of the desalination idea was confirmed by examining the water release from the swollen
PNIPAAm gel in pure water at the same condition. It exhibits a water recovery of around
70 %, and this value is comparable to that reported by other work groups [274, 277]. The
percentage of water recovery for swollen hydrogels were firstly determined after swelling
in pure water for 5 min under relatively low temperature conditions (50 °C) using Equation
3.5.
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Figure 4.17: Photographs represent the steps of the desalination process using powder gels, where
(1) is the gel in dry state, (2) swelling of the gels in an excess salt water, (3) removal of the excess
solution, (4) dewatering of the gels by thermal heating for 60 min at 50 °C, (5) collection of the
recovered water.

As shown in Figure 4.18, the percentage of water recovery (WR) of the swollen bulk gels
after 5 min dewatering process are between 5 and 8 %. The influence of cross-linking
degree on the water recovery was also investigated for Gel 2 and 4. The water recovery is
slightly increasing as the DC increases (Figure 4.19).
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Figure 4.18: The swelling capacity of hydrogels at equilibrium and the percentage of water
recovery after 5 min dewatering process at 50 °C of the fully swollen bulk gels in deionized water
(DI) at a fixed cross-linking degree (DC) of 7 wt %.

Figure 4.19: The dependence of water recovery on the degree of cross-linking (DC) for Gel 2 and
4. The percentage of water recovery was determined after 5 min dewatering process at 50 °C of
the fully swollen bulk gels in deionized water (DI). The straight lines are linear fit to the data.
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The percentage of water recovery for swollen polymer hydrogels after 60 min dewatering
process for both bulk and powder gels were then determined. Figure 4.20 shows the
percentage of water recovery of the swollen bulk gels (on top) and powder gels (bottom)
after equilibrium loading in brine solutions of 2 g · L−1 NaCl. It should be noted that the
values of swelling at equilibrium using gel as powder were slightly higher than that of
bulk gel. However, the bulk gels as well as the powder gels display thermally responsive
water recovery with percentage recoveries being less than 10 %.

Figure 4.20: Percentage of water recovery from fully swollen gels with 7 wt % DC after 60 min
dewatering process at 50 °C using bulk gels (on top) and powder gels (bottom). Gels were swollen
in a salt solution of 2 g ·L−1 NaCl.

The influence of cross-linking degree on WR was also investigated for both Gel 2 and
4 (Figure 4.21). Similar to what found using pure water as feed solution, the water
recovery is slightly increasing as the DC increases for both bulk and powder gels. It
was observed, that the majority of the water loss gels was in the vapor state (because the
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weight difference of the hydrogels before and after the dewatering process was lower than
the weight of recovered water).

Figure 4.21: Influence of DC on the water recovery (WR) for Gels 2 and 4. Gels were swollen in
a salt solution of 2 g · L−1 NaCl after 60 min dewatering process at 50 °C using bulk gels (on top)
and powder gels (bottom). The straight lines are linear fit to the data.

For further support, the loss of water in the vapor state was also tested using a plug (made
of tea bag) and filled with superabsorber as shown in Figure 4.22. The recovered water
in the form of vapor was thus calculated from the weight difference of the plug before
and after 60 min dewatering process and was found to be in the range of 20–30 % (Figure
4.23). This indicates that the release-associated mechanism is not completely related to
stimulus-induced mechanical dewatering.
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Figure 4.22: Photograph of the test used to determine the water loss via the vapor phase. (a) Gel
from bulk samples (d), gel from powder samples. (b) Plug prepared to adsorb the water from the
vapor phase and (c) images of the thermoresponsive gels used in (a) and (d).

Figure 4.23: The percentage of water recovery in both liquid and vapor states after 60 min
dewatering process at 50 °C of the fully swollen bulk gels in deionized water (DI) (on top) and
brine (bottom).
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In this context, the hydrogel was also subjected to differential scanning calorimetry
(DSC), in order to explore the phase transition behavior. Unlike PNIPAAm gel, none
of the gels did display endothermic peak representing the phase transition (LCST) in
the range between 25 and 80 °C, although the transparent Gel 1 became opaque just
after the temperature increase above the LCST of polyNIPAAm indicating formation of
a heterogeneous structure. It seems that only the comb-like grafted polyNIPAAm (P1)
chains caused a cloud point, while the cross-linked SA network remained unchanged.
On the other hand, the low percentage of water recovery for Gel 2 as well as Gel
3 could be related to the division of the polyNIPAAm network into multiple short
segments and thus the hydrophobic aggregation force decreased during the dewatering
or shrinking course. It was reported that the LCST will increase dramatically and even
disappears once many SA segments were randomly introduced to the hydrogel (SA unit
fraction is higher than 1.3 wt %) [190]. Therefore, Gel 2 and 3 kept their transparency
during the dewatering due to the small size of hydrophobic aggregates compared with the
wavelength of visible light. To avoid the fragmentation of the linear polyNIPAAm chains,
Gels 4 was designed, which may show, in my opinion, more driving force to squeeze
the water out of the hydrogel. The water recovery was not as expected, although Gel 4
showed novel behavior related to kinetics study of swelling. The lack of the thermally
induced dewatering mechanism may be rationalized by the following hypothetical
reasons: (1) strong molecular interaction between water and polymer chains (hydrogen
bonds); (2) slow dehydration, which is related to the balance of forces attributing to the
hydrophobicity and hydrophilicity, resulting in weak hydrophobic aggregation of the
entire hydrogels; (3) formation of skin layers on the hydrogel surface after increasing
the temperature as shown in Figure 4.24. This dense barrier at the interfaces prevents or
delay water release from hydrogels, and that also enhances the possibility of releasing
the water as a vapor. In addition, the interactions between the carboxylic groups of
SA and the amide groups of PNIPAAm may lead to strong hydrogen bonding on the
hydrogel surface resulting in dens layer formation. However, less carboxylate content
will definitely increase the overall driving force for such process, resulting in higher
water recovery rate, but in contrast the swelling capacity and the possibility of salt
depletion will also be reduced.
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Figure 4.24: Formation of skin layers (see the dashed line and the arrow) on the surface of
hydrogel (Gel 2) after temperature increases to 50 °C.

The salt rejection was determined for hydrogel samples by measuring the ion
concentrations of the water released after dewatering at 50 °C and in feed solution
using potassium microelectrode. For this purpose a salt solution of 2 g ·L−1KCl was used
to prevent any interference with sodium ions located within the gels. Identical swelling
ratios and water recovery were observed for the hydrogels upon using brine of KCl
solutions. For verification, comparison was also made with the salt rejection measured by
ion chromatography as shown in Figure 4.25. The data obtained from IC show a slightly
higher salt rejection for Gel 1, 3, and 4d as compared with the other method, which might
be due to the interference from the sodium ions. Nevertheless, Gel 1 shows the highest
salt rejection of 23 % in one cycle, while the salt rejection for Gel 2 was the lowest. This
can be attributed to the graft structure of Gel 1, which maintains the large content of ions
in the hydrogel backbone. No major difference in the salt rejection between the bulk and
the powder gels were found.
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Figure 4.25: Salt rejection of hydrogels determined by two different methods upon
swelling/deswelling process with 2 g · L−1 KCl as feed saline water in one cycle using bulk gels.
The straight line represents the identical values from the two methods.

Based on the previous results and since all studied hydrogels contains SA as mainly
part of the backbone of the polymer networks, an optimized hydrogel architecture study
was set up to increase water recovery. Therefore, the architecture on molecular level
was modified by synthesis comb-type side-chains where the polyelectrolyte moieties
will be grafted as pendant chains on the thermoreversible backbone to introduce a
force via collapse. This change in macromolecular architecture may enhance the strong
hydrophobic aggregation of PNIPAAm during shrinking, and thus increasing the release
of water.
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4.1.3. Hydrogels with Polyelectrolyte as a Pendant Chains on the
Thermoreversible Backbone

In this subsection, the preparation of comb-type polymer hydrogels composed of NI-
PAAm and a copolymer of polyacrylic acid (PAAc) via a two-steps RAFT polymerization
and test their viability for water desalination is discussed. In addition, the influence
of the length and the fraction of the grafted PAAc chains on the response rate and the
equilibrium-swelling ratio will be investigated. Toward this end, three trithiocarbonate
macro-RAFT agents (PAAc–TTC) differing in the average molecular weight (Mn) of the
PAAc chain have been synthesized. The final grafted polymer networks (PNIPAAm-g-
PAAc) were obtained after a second RAFT polymerization using NIPAAm, PAAc–TTC,
and cross-linkers with varying composition.

4.1.3.1. Preparation of the Hydrogels

The incorporation of ionizable functional groups such as AAc into PNIPAAm-based gels
via random copolymerization significantly affects the temperature-responsive behavior
and hence their volume changes. Therefore, a graft structure with PAAc freely mobile
chains could maintain the PNIPAAm chain aggregation without interfering with the large
amount of ionic moiety in the network. To achieve this macromolecular architecture,
comb-type grafted hydrogels were prepared by RAFT polymerization. The synthesis
route is shown in Scheme 4.2.

Scheme 4.2: Schematic representation of the synthesis of the PNIPAAm-g-PAAc hydrogel
network via RAFT polymerization.
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The PAAc–TTC macro-RAFT agents were initially prepared by homopolymerization
of AAc in the presence of TTCA as chain transfer agent. The PAAc-grafted PNIPAAm
networks were then obtained via a second RAFT polymerization using three PAAc–TTC
(differing in their chain length) as macro-RAFT agent and MBAm as cross-linker agent.
The reaction mixture gradually gelled as the polymerization proceeded and the onset
as well as the end of gelation were delayed with increasing the chain length of the
macro-RAFT agent. Under the present conditions, the maximum conversion of NIPAAm
was as high as 90 % and decreased with an increase of the macromolecular RAFT agent.
Furthermore, no gels were formed with PAAc content higher than 40 wt % (c.f. Table
3.2), which may be attributed to the formation of hyperbranched copolymers of NIPAAm
and MBAm [299].

It should also be noted that gels were formed even in the absence of a cross-linker
when the polymerization was carried out in 1,4-dioxane, which can be attributed to the
formation of hydrogen-bonded complexes [177]. Many solvents have been tested to avoid
such behavior and it is found that absolute ethanol was a suitable solvent for our system
[300]. The polymer hydrogels were characterized with FTIR as shown in Figure 4.26. All
spectra exhibit a characteristic peak at 1711 cm−1 assigned to the stretching vibration of
C=O bonds of carboxylate groups, which shows gradually increase in its intensity as the
content of PAAc increases. Two absorbance bands can also be observed at 1624 cm−1 and
1540 cm−1 attributed to the secondary amide stretching of PNIPAAm (aka amide I and II
bonds, respectively). The broad bands in the range of 3100–3600 cm−1 due to the N–H
stretching, while a C–N stretching band appears at 1455 cm−1, confirming the presence
of amide groups.
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Figure 4.26: FTIR spectra of hydrogels investigated in detail in this work in the frequency range
of 750-4000 cm−1 (on top) and 770-1840 cm−1 (bottom). The nomenclature of hydrogels was
given based on the chain length and the content of PAAc–TTC, respectively.

4.1.3.2. Morphology of the Hydrogels

The morphological features of the swollen freeze-dried hydrogels were evaluated via
SEM studies as shown in Figure 4.27. The hydrogels are freeze-dried after swelling to
equilibrium at room temperature. The micrographs show that gels exhibit a heterogeneous
interconnected porous-like structure. It should be remembered that the morphology
observed here is not the mesh of hydrogels at their molecular level, but rather compact
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aggregates of the polymer chains. During the freeze-drying process, the formation of ice
crystals within the network upon immersing the samples into liquid nitrogen acts as a
template for pore generation resulting in macropores structure [214–216]. Nevertheless,
the macrostructure of freeze-dried hydrogels depends remarkably on the PAAc–TTC
concentration. Therefore, this observed morphology is compact aggregates of the
polymer chains rather than the mesh of hydrogels at their molecular level. Nevertheless,
the macrostructure of freeze-dried hydrogels depends remarkably on the PAAc-TTC
concentration. With higher PAAc content, the grafted hydrogel samples show larger
internal pores due to the lower polymer fraction in the hydrogel that corresponds to higher
water content. In contrast, the chain length of the PAAc appears to have a minor influence
on the porous structure.

Figure 4.27: SEM images of the freeze-dried hydrogels with scale bars of 5 µm. The
nomenclature of hydrogels was given based on the chain length and the content of PAAc–TTC,
respectively.

By comparing the SEM images of hydrogels prepared by redox-polymerization (c.f.

Figure 4.5), with that of RAFT-polymerization, the porous of the former is relatively
regular and uniform, while that of the later is non-uniform with interconnected micropores
(In particular gels with lower PAAc content). Such structures may provide efficient
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channels for rapid dewatering, which is beneficial to achieve rapid response of hydrogels.

4.1.3.3. Swelling Properties

The swelling behavior of the comb-type grafted PAAc gels was investigated in both
brine and deionized water (DI). As previously found, the swelling and osmotic pressure
within the hydrogel increases with increasing the fraction of ionic component and thus
the equilibrium-swelling ratio of the hydrogel will be increased. Figure 4.28 shows that
indeed the equilibrium-swelling ratio Qeq of all synthesized hydrogels increases with
increasing the PAAc content. The length of grafted chains also affects the swelling
behavior of the hydrogel. Therefore, the gels with longer PAAc chains show higher
equilibrium-swelling ratios as shown in Figure 4.28. The strong hydration of the gels
is related to the fact that longer chains are structurally separated from the backbone
of the cross-linked network. The hydrogels with different PAAc-grafted chain lengths
may have different cross-linking density, which also influences the equilibrium-swelling
ratios. No effect of the chain length on the equilibrium-swelling ratio in brine was found
indicating that the contribution of charges to the osmotic pressure is the same in all
systems. Therefore, it is expected that samples containing the same total amount of PAAc
to show a similar salt depletion capacity.

Figure 4.28: Equilibrium swelling ratios (Qeq) of the hydrogels in deionized water (DI) (closed
symbols) and in salt solution (2 g · L−1 NaCl) (open symbols) as a function of the PAAc content
at room temperature (∼ 23 °C). The dashed lines are just guide to eye while the straight ones are
linear fits to the data.

The dynamic of the swelling process was also quantified via the half-swelling time (t1/2),
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at which 50 % water was uptaken as shown in Figure 4.29. Generally, the swelling process
can be described by three transition steps [301]: the diffusion of water to the glassy gel
matrix, the transition of gel phase from glassy state to rubbery state (due to polymer
hydration), and the collective diffusion of polymer network toward the surrounding water.
Figure 4.30 shows that the effect of both the graft chain amount and the length on the
swelling kinetics was evident. The lower the content of PAAc in the hydrogel was, the
faster was the water uptake. Gels with higher grafted PAAc content fill more voids in
the hydrogel network and this leads to more compact structure. Hence, the transition
of polymeric materials from glassy to rubbery state will be slower. The other factor,
which may hinder the diffusion of water into the hydrogels, is the hydrogen bonding
interactions between the grafted PAAc chains and the PNIPAAm backbone. In contrast,
at a fixed amount of grafted PAAc chains, gels with a longer chain length undergoes
faster hydration rate. This contradictory behavior can be attributed to the faster collective
diffusion of water in systems with longer polymer chain length upon the transition of the
polymer phase from glass to rubbery state.

Figure 4.29: Plots of water uptake as a function of swelling time in deionized water (DI) at room
temperature (∼ 23 °C) (on top) and a semilogarithmic plots as first-order rate analysis was applied
to the time dependence of the swelling (bottom) to obtain the swelling rate constant, from which
half-swelling time (t1/2) obtained. The sample form and size were constant for all hydrogels
(cylinder, 5 mm in diameter and 2 mm in thickness). The straight lines are exponential fits (on top)
and linear fits (bottom) to the data.
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Figure 4.30: Plots of half-swelling time (t1/2) as a function of the PAAc content. The dynamic
study was evaluated in deionized water (DI) at room temperature (∼ 23 °C). The form and the size
of the hydrogel were constant for all samples (cylinder, 5 mm in diameter and 2 mm in thickness).
The dashed lines are just guide to eye.

4.1.3.4. Rheological Investigation and Network Structure

The mechanical properties of the fully swollen RAFT-hydrogels in deionized water were
characterized by measuring the influence of the angular frequency on elastic modulus
(G′) and the loss modulus (G′′) (see FigureA2 in Appendix). All gels exhibit a plateau,
i.e. frequency independent response of the storage modulus in the range from 0.1 to
100 rad · s−1, which reveals that those gels indeed exhibit a soft rubbery-like behavior.
At higher frequencies, gels with a PAAc content of 40 wt % show a slight increase in
G′. This behavior is most likely attributed to the more or less flexible grafted-PAAc
chains that exhibit longer relaxation times, i.e. they require lower applied frequencies to
rearrange themselves on the time scale of the imposed mechanical motion resulting in a
gradual rise of G′. However, as previously introduced, the modulus in the rubbery range
is related to the change in entropy. Therefore, the change in stiffness or toughness of the
network can be correlated with the composition of the hydrogels. Figure 4.31 shows that,
there is indeed an increase of G′ with both the content and the length of the grafted-PAAc
chains. Gel networks with more flexible grafted-PAAc chains exert a lower elastic force
and thus a higher loss tangent (tanδ) due to the strong dependence on the water content
of hydrogels at the fully swollen state.

95



4. Result and Discussion

Figure 4.31: Storage modulus (G′) (closed symbols) and loss tangent (tanδ) (open symbols) as a
function of grafted-PAAc content of the fully swollen hydrogels. The straight lines are just guide
to eye.

Figure 4.32: Storage modulus (G′) as a function of the equilibrium swelling ratio (Qeq) of RAFT-
gels with different grafted-PAAc chain lengths (symbols) and content (oval).

As stated regarding the swelling properties presented above, the mobility of the graft
chains affects the gel swelling behavior, namely the equilibrium swelling ratio. Therefore,
a correlation between storage modulus and swelling ratio at equilibrium (Qeq) could be
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confirmed as shown in Figure 4.32. Gels with more water per unit volume exhibit a
reduction of the elastic modulus.

The mesh size of hydrogels, as a measure of their microstructure, was also estimated
from the swelling and rheological data using equations presented in Table 4.2 and the
values were compared with the theoretical calculation. For all proposed models, the mesh
size increases with increasing both the PAAc content and the length of the grafted-PAAc
chains (Figure 4.33). This result is in agreement with the SEM observations and the
swelling behavior, where high PAAc content shows larger internal pores in SEM and
more water in equilibrium-swelling compared with those with less PAAc content.

Figure 4.33: The mesh size of hydrogels estimated from theoretical (ξth ), swelling (ξswell ), and
rheological data (ξel 1 , ξel 2 ) using equations presented in Table 4.2. The straight lines are just a
guide to eye. The calculation for all models were done for hydrogels that is fully swollen in pure
water.

As proposed in the previous subsection, hydrogels with the same PAAc content and
different PAAc-grafted chain length may have different cross-linking density resulting in
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different mesh size as clearly shown in Figure 4.33. The values of mesh size obtained
from both rheological and swelling data are bigger than that of theoretical one with
different range of values. However, the same trends were observed as a function of
grafted-PAAc content. For instance, the mesh size of GG3k gel is approximately
increased by 3.5 times as the content of PAAc increased from 30 to 40 wt %. This
analogous trend of increasing the mesh size was found in all models except that of
theoretical calculation. It should be noted that the theoretical calculation of mesh size
does not usually take into account the effect of the grafted-PAAc chains on the network
density, which is the mean part of the theoretical-based calculation of mesh size.

4.1.3.5. Dewatering Behavior of Hydrogels and Salt Rejection

In order to get an insight into the dewatering of gel matrices, the type of water binding
inside the fully swollen hydrogels was determined by means of DSC analysis. Generally,
water inside hydrogel networks can be thermodynamically classified as one of three
different states: (1) free water, which does not take part in hydrogen bonds with the
polymer chains. This free interstitial water should be easily removed under temperate
conditions as it is physically entrapped within the polymer networks, and thus it behaves
similarly to pure water as far as freezing and melting is concerned; (2) bound water,
which directly binds to polymer chains via hydrogen bounding. This type of water is an
integral part of the hydrogel structure and cannot easily be separated it. Thus it does not
show any endothermic peak within the normal temperature range associated with pure
water; and (3) semi-bound water, that exhibits weak interactions with polymeric chains
within the network of hydrogels and freezes/melts at a temperature shifted with respect to
that of free water. DSC thermograms of the fully swollen hydrogels in DI (Figure 4.34)
display that the melting of water in all samples starts at temperatures lower than that of
pure water (dashed line). Generally, for all studied gels the endothermic peaks are broad
and structured.

98



4.1. Desalination via Thermally-Induced Swelling/ Deswelling of Hydrogels

Figure 4.34: DSC thermograms of the fully swollen hydrogels from which the freezable water
content was determined. The heat flow was recorded with a heating rate of 3 °C ·min−1 under
nitrogen atmosphere. The dashed line represents the heat of fusion of pure water.

The different amount of freezable and non-freezable water for the studied hydrogels can
be correlated with their swelling ratio at equilibrium, which is also associated with both
grafted PAAc content and chain length. The grafted PAAc with freely mobile ends can
hydrate sufficiently and contain a large mount of freezable water. Figure 4.35 shows
that amount of freezable water increases gradually with increasing PAAc fraction in the
hydrogel. A slight increase in the freezable water content was also observed for increasing
grafted PAAc chain length. Accordingly, the different swelling ratios at equilibrium
between the gels lead to a different freezable water content.
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Figure 4.35: Freezable water content estimated from the DSC thermograms for the studied
hydrogels as a function of grafted-PAAc content (bars mode) and swelling ratio at equilibrium
(markers mode).

As stated in the Introduction of this thesis, the solution taken up by gels should not only
be depleted from salt, but also can swiftly be released under thermal stimulus. Therefore,
the phase transition behavior of hydrogels was explored by measuring the changes of
the swelling ratios at equilibrium as a function of external temperature in deionized
water as shown in Figure 4.36. All hydrogels displayed a sigmoid curve of swelling
ratio versus temperature, where the gels swell at lower temperature and shrink above the
phase transition temperature (LCST) of PNIPAAm that occurred at around 32 °C. This is
because the hydrophobic interactions between the hydrophobic groups of the hydrogels
become dominant and thus the gel matrixes shrinks. Optically, gels with 20 and 30 wt %
PAAc changed their appearances from transparent at 15 °C to opaque at 50 °C while
gels with 40 wt % PAAc kept their transparency. This may be attributed to the loose
structure of the latter gels. Hence, the macropores of certain size still retain water even
in a shrunken state, thus keeping the samples transparent. This would qualitatively also
correlate with the SEM data for the frozen gels (c.f. Figure 4.27). The LCST at which
the volume phase transition of the gels start is obtained by a fit of a sigmoidal function
to the data (Figure 4.36). Gels with PAAc content of 20 wt % show a LCST at ∼ 32
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°C, while the phase transition temperature for gels with higher PAAc content increased
up to ∼ 43 °C. Moreover, the relative change of the swelling ratio or the percentage of
released water in the temperature range of 30 to 35 °C decreases and the transition itself
becomes broader with increasing PAAc content and chain length. The highly hydrophilic
nature of PAAc enhances the hydration of gels via a repulsive force between the strongly
hydrated and charged carboxylate anions. However, the increased repulsion also restricts
the hydrophobic network aggregation resulting in a distribution of LCST over a broader
temperature range as the fraction of ionic moiety increases

Figure 4.36: Equilibrium swelling ratio (Qeq) of hydrogels as a function of temperature in
deionized water. The straight lines are fit of a sigmoid function to the raw data.

The water release from the polymer hydrogels, as shown in Figure 4.37 for example,
was achieved via external thermal heating and the percentage of water recovery were
determined after 60 min dewatering process under relatively low temperature (50 °C).
Figure 4.38 shows the percentage of water recovery from swollen gels with various
grafted PAAc contents and chain length starting with powder after equilibrium loading in
both deionised water (DI) and brine solution of 2000 ppm NaCl. For all hydrogels, the
water recovery decays dramatically as PAAc content increases. Hydrogels with 20 wt %
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of PAAc show the most powerful dewatering ability. The recovered liquid water fraction
from the equilibrium swelling state was above 50%, while the water recovery for gels
with 30 and 40 wt % of PAAc exhibit a reduction by a factor of ∼ 1.6 and ∼ 5, respectively.

Figure 4.37: Photographs represent the steps of the desalination process using powder gel of
GG10k–20 as example, where (a) is the gel in dry state, (b) swelling of the gels in an excess salt
water, (c) removal of the excess solution, (d) dewatering of the gel by thermal heating for 60 min
at 50 °C, (e) collection of the recovered water.

This is because the hydrophobic aggregation of the thermoresponsive moieties at the
utilized temperature and on the time scale of the imposed dewatering process is restricted
by the highly hydrated carboxylate groups that minimizes the possibility of depletion
processes. In addition, gels with longer PAAc chain length have a slightly better
dewatering performance, resulting probably from the increase in void volume within the
polymer network upon the dehydration of PNIPAAm chains (in qualitative agreement
with SEM data: c.f. Figure 4.27). This is also supported by the slight dependence of the
freezable water content with increasing chain length (c.f. Figure 4.35), where the relative
change is roughly the same. It is worth noting that faster dewatering responses were also
observed for gels with longer grafted chains.
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Figure 4.38: Percentage of recovered liquid water from fully swollen gels (powder form) in both
deionized water (DI) and salt solution (2000 ppm NaCl) after 60 min dewatering process at 50
°C. The dashed lines are just guide to eye for the increasing of both PAAc content and their chain
length.

The salt rejection was measured via the ion concentrations of the salt solutions before
swelling and after 60 min dewatering for each hydrogel. The rejection of salinity increases
with increasing ionic moiety as shown in Figure 4.39. As expected, no effect on the
salt rejection has been observed with altering the PAAc-grafted chain length, since those
hydrogels contain the same total amount of ionic component. However, the salt rejection
triples from 20 to 40 wt % PAAc content.
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Figure 4.39: Salt rejection upon swelling/dewatering process of hydrogels in powder form with
2000 ppm NaCl as feed saline water in one cycle.

4.1.3.6. Hydrogel Performance and Reversibility

The opposing behavior of gels to absorb water with less salinity and easily release it in
the dewatering process is nicely illustrated when the water recovery is plotted versus the
salt rejection (Figure 4.40). Increasing the hydrophilic volume fraction, i.e., the ability
of salt rejection counteracts the water recovery that is triggered via the hydrophobic
volume fraction of the hydrogel. Therefore, to predict the optimum performance of
such materials as a function of the hydrophilic or the hydrophobic content, a relative
percentage of both the salt rejection and the desalination capacity (water recovery) was
separately calculated according to the best working materials. The obtained data were
evaluated in terms of the intersection of the two linear functions as shown in Figure 4.41
(on top) or as a sum function of the two relative performances (Figure 4.41 (bottom)).
Clearly find that the gel with 30 wt % of PAAc and longer chain length shows the best
trade-off for such desalination experiments. It worth noting that, in the same experimental
conditions, the water recovery of PNIPAAm gel does not exceed 70 %. This is supported
by the Donnan membrane theory according to which highly charged gels are expected
to show the largest effect of salt depletion [243]. However, even pure polyacrylic gel
could not achieve a high salt rejection, and their performance decreases as the initial
brine concentration increases [257], due to counterion condensation that may take place
in polyelectrolyte gels described by Manning’s theory (c.f. Subsection 2.3.2).
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Figure 4.40: The contradictory effect of hydrophilicity and hydrophobicity on the performance of
hydrogels in the proposed desalination process. The salt rejection increases as the water recovery
decreases. Gel samples in powder form were swollen in excess salt solution of 2000 ppm NaCl
from the dry state and shrunken throughout 60 min at 50 °C. The straight lines are linear fit to
data.
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Figure 4.41: Overview of the performance of hydrogels in terms of desalination capacity (water
recovery) and salt rejection (on top), and the total relative performance (bottom) as a function of
grafted-PAAc content. The dashed lines are just guide to eye while the straight ones are linear fit.

In this sense, a consecutive swelling/deswelling experiment with the best trade-off

sample (GG10k–30) is performed to determine the number of consecutive steps
required to achieve a complete salt rejection as shown in Figure 4.42. An initial salt
concentration of 2000 ppm can be totally depleted only after four desalination steps.
Every measurement step was carried out using new dry hydrogel material and the feed
saline water was prepared with respect to the salt rejection measured in the previous step.
After the optimization of the working material, which is the only requirement for our
proposed desalination to be controlled, the efficiency of the desalination process was also
estimated. The efficiency was calculated from the fractions of water recovery and the salt
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concentration reduction in each step of the 4stage process, for a total salt depletion from
the initially 2 g ·L−1 brine solution. The value is found to be ∼ 0.4 kg hydrogel per square
meter freshwater using the best trade-off hydrogel material.

Since the salt rejection is a function of the respective hydrogel structure and composition,
the rejection of salinity was measured for the same type of hydrogel. In this context,
salt concentration of the feed solution as a function of salt rejection was also determined
using the same hydrogel material. As shown in Figure 4.43, the influence of the salt
concentration on the desalination process using GG10k–30 hydrogel can be separated
into two regimes. In the first regime (from 200 up to 750 ppm), the salt is almost totally
rejected and the salt rejection is independent of the input concentration, because the ionic
content (the charge concentration of the polyelectrolyte) in the gel phase is higher than
that outside. In contrast, the salt rejection decreases exponentially in the second regime
as the salt concentration in the feed solution exceeds a critical value of about 750 ppm
of NaCl. However, this critical value is dependent on the effective charge density of the
polyelectrolyte, which is correlated with the network structure on a given polymer volume
fraction in the respective swollen state.

Figure 4.42: The total number of steps required to achieve a complete salt rejection (SR) using
GG10k–30 hydrogel. The straight line is a guide to eye.
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Figure 4.43: The influence of the salt concentration in feed solution on the desalination process
as a function of salt rejection, using GG10k–30 hydrogel. The straight lines are fits of both linear
and exponential equations to the data in the regions 1 and 2, respectively.

From an application point of view, it is also important to study the reversibility of the
desalination process. The reversibility of the swelling ratio and the salt rejection on
temperature cycles between 20 and 50 °C over 2 h for GG10K–20 gel (Figure 4.44) were
evaluated. After each cycle, the salt depleted water was taken out from the mixture and
the completely dried gel at ambient conditions was reused for the next cycle. It can be
observed that both the dewatering level and the salt rejection start to decrease after the first
two cycles, the total water content decreases slightly, whereas more water stays in upon
heating, albeit the relative swelling ratio is nearly constant, i.e., dewatering is slower
than swelling over the time scale. This may be attributed to the formation of denser
or more stable hydrated polymer layers within the hydrogel network resulting from the
reorientation of the grafted PAAc chains upon each cycle. The reduced percentage of
the recovered water could also be caused by the delayed formation of hydrophobic nuclei
during gel shrinking.
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Figure 4.44: Swelling/dewatering cycles of GG10K–20 gel (powder form) in response to
temperature changes for 2 h cycles between 20 and 50 °C in brine solution of 2000 ppm NaCl,
and the corresponding salt rejection for each cycle.
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4.2. Desalination via pH-Induced Swelling/Deswelling of
Hydrogels

In addition to the ability of polyelectrolyte hydrogels to get rid of or reduce the salinity of
water via Donnan exclusion effect, the swelling of those hydrogels is strongly associated
with the pH of surrounding solution. Hence, the swelling/deswelling state can be
switched or controlled as a function of pH. In this case, no additional copolymer or
extra requirements in the design of macromolecular architecture of hydrogel are needed,
and hence no special polymerization technique is also demanded. However, a chemical
stimulus should be implemented here instead of the physical one, which requires an extra
step to recover the fresh water from the aqueous solution. As shown in Figure 4.45, the
water is liberated from the polyelectrolyte hydrogel using sulfuric acid (H2SO4) and the
water with less salinity can then be extracted from resulting aqueous H2SO4 solution
using calcium hydroxide (Ca(OH)2) to precipitate useful inert byproduct (CaSO4), which
can be used in agriculture as fertilizer.

Figure 4.45: Schematic representation of the envisioned steps of the desalination process. After
swelling of hydrogels in an excess of salt water, the excess solution is removed and the hydrogel
beads are subjected to pH stimulus using sulfuric acid to release water. The water with less salinity
is then extracted after neutralization of the acid solution.
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In this section, commercial polyacrylate hydrogel beads (FAVOR RO, Evonik) as well as
self-synthesized sample were used. Thus, chemically cross-linked polymeric hydrogels
were synthesized via free radical-initiated polymerization of sodium acrylate monomer
with tetra-functional cross-linker (MBAm) (Scheme 4.3). Here, a total monomer
concentration of 10 wt % was used with a cross-linker concentration of 7 wt % with
respect to sodium acrylate.
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Scheme 4.3: Schematic representation of the formation of polyelectrolyte hydrogel via free radical
polymerization reaction of sodium acrylate and MBAm as cross-linker.

It should be noted that the synthesis and the characterization of such polyelectrolyte
hydrogels are well studied in the literature and therefore not discussed here
[239, 257, 258]. For instance, Höpfner has used the same hydrogel materials for
the desalination of seawater by means of swelling and mechanical deswelling. The
feature of the gel samples was investigated in details including the swelling capacity,
the rejection of ions and the mechanical strength of the polymeric networks. Moreover,
several chemical and experimental parameters have been examined and their influence
on the desalination capacity have been also studied [239].

Here, instead of the mechanical deswelling, the utilization of protonation/deprotonation
processes of the highly charged sodium polyacrylate hydrogel was proposed for dewa-
tering. Protonation/deprotonation of polyelectrolyte hydrogel leads to a conformational
changes and hence alteration of swelling capacity or hydrogel volume. Such changes
make the regeneration of hydrogel straightforward and no damage will occur to the gel
as the mechanical dewatering may cause. Therefore, the phase transition behavior of the
hydrogel used in this thesis was explored by measuring the variation of swelling ratios
with pH (Figure 4.46).
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Figure 4.46: Equilibrium swelling ratio (Qeq) of the SA hydrogel as a function of pH in deionized
water. The full symbols represent protonation process (from acidic to basic medium), while the
open symbols represent the deprotonation process. The lines are fit of a sigmoid to the raw data.

The swelling ratios (Qeq) of the synthesized hydrogel were gravimetrically measured in
the pH range from 1 to 11 for 30 min at each individual pH value. As can be seen in
Figure 4.46, the hydrogel displayed a sigmoid curve of swelling ratio versus pH, where
the gel shrinks below the protonation/deprotonation equilibrium that occurred at pH 4-5.
At a pH value lower than the pKa of acrylic acid (4.2) [228], the carboxylic groups are
protonated resulting in a collapsed conformation as the hydrophobic interactions between
the hydrophobic groups of the polymer backbone are predominant (Figure 4.47). While
at higher pH value the pendant carboxylic groups are ionized resulting in an expanded
conformation. As mentioned before, the expanded conformation is resulted from the
electrostatic repulsion between the anionic groups as well as the osmotic pressure of
the counterions, which is the driving force for the charge-based exclusion via hydration
process.

It can also clearly be seen that the swelling/deswelling process has a notable hysteresis
effect. This behavior is attributed to the slow diffusion of protons through the glassy
phase of collapsed hydrogel in an acidic medium over the time scale of measurement.
The pH-driven hysteresis has been also reported by other groups [302, 303].
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Figure 4.47: Schematic illustration of the conformational changes of the polymer chains within
the hydrogel network at the protonation/deprotonation equilibrium.

It worth noting that the pH range inside the hydrogel, at which the transition point is
occurred, may differ from that measured outside.

Figure 4.47 shows that the swelling capacity at equilibrium for the commercial gel in
both deionized water (DI) and brackish water (2 g · L−1 NaCl) is higher than that of the
self-synthesized hydrogel. This can be attributed to the difference in cross-linking degree
between the hydrogels, which is well-known from the literature, as well as the water
content of the monomers solution during the polymerization. Low cross-linked network
is resulting in looser network in the hydrogel, which can incorporate more solution. It
should also be noted that the kinetic has not been carried out in this study.

It can be clearly seen that the swelling capacity is reduced considerably in saline solution
due to the osmotic potential of the polymer network, which weakens the electrostatic
repulsive forces between the polymer chains resulting in less expanded structure of
hydrogels. Höpfner et al. were reported that polymers with higher degree of cross-linking
exhibit higher desalination efficiency [257].
However, all hydrogels display excellent pH responsive water recovery upon acid-induced
dewatering (5 mol H2SO4) over a period of 30 min at pH = 3.

Figure 4.48 shows the salt rejection of the studied hydrogels for one cycle. The salt
rejection was determined by the difference of ion concentrations of released water and
feed solution after swelling at equilibrium and dewatering. As shown, both hydrogels
demonstrated good rejection of salinity with the self-synthesized hydrogel achieving
higher salt rejection in comparison with the commercial hydrogel. This observation
motivated the study of the effect of the swelling ratio on the rejection of salinity for
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Figure 4.48: Equilibrium swelling ratio of the hydrogels in both deionized water (DI) and salt
water (2 g · L−1 NaCl) at room temperature, and the percentage water recovery after 30 min
dewatering using 5 mol H2SO4 solution.

the commercial hydrogel. Therefore, the water content of hydrogel at irregular time
intervals as well as at fully swollen state were obtained by measuring the weight changes
of hydrogels using new dry hydrogel material for each particular time.

Figure 4.49 shows that the rejection of salinity decreases with increasing the water content
of hydrogel during the swelling process. It should be noted that all hydrogels at different
degree of swelling displayed a water recovery between 85 and 90 % upon acid treatment.
It is clearly seen, that the initial swelling ratio of ∼ 50 is more relevant to the use of
such hydrogel material in the proposed desalination process. Below this critical value of
swelling, most of the salt is rejected due to repulsion with the charged polymer chains
(Coulombic repulsion) and most of the water inside the hydrogel bind to polymer chains
through hydrogen bounding. Above this critical value the swelling continues until the
equilibrium between the two phases (inside and outside the gel) is reached. Hence,
more salt ions will enter into the hydrogel. In other word, the rejection of the salt at
equilibrium swelling ratio may indirectly indicate the amount of charge density within
the polymer network. This rationalization is only valid for hydrogel with low degree
of cross-linking. Because at high degree of cross-linking, the average length of meshes
will be short resulting in a short distance between the polymer chains, which prevents
more ions to enter the hydrogel due to Coulombic repulsion (Figure 4.51). Indeed, the
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Figure 4.49: Salt rejection upon swelling/dewatering process of hydrogels in powder form with 2
g ·L−1 NaCl as feed saline water.
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Figure 4.50: Salt rejection of the commercial hydrogel (FAVOR RO) as a function of the swelling
obtained at different particular time with 2 g ·L−1 NaCl as feed saline water.
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self-synthesized hydrogel, which has higher degree of crosslinking, in comparison to the
commercial one, displayed higher efficiency in terms of salt rejection. It worth noting that,
the degree of neutralization play also important role for the uptake of salt ions as described
by Donnan theory. But the work of Höpfner demonstrated that no major influence of the
degree of neutralization on the desalination capacity was found [257]. However, more
detailed investigations are required for this study and will be discussed in the following
chapter.
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Figure 4.51: Schematic illustration of the influence of swelling ratio or cross-linking density of
the polyelectrolyte hydrogels on the rejection of salt ions because of Coulombic repulsion (see
text for details).
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Chapter 5

Conclusion & Outlook

5.1. Conclusion

The total world water demand is predicted to be a global interdisciplinary research
challenge. This need is primarily driven by rapid growth of population and industries,
which leads to high water consumption. Despite the vast abundance of water, a lot of
effort has to be done for human consumption or other beneficial purpose. Moreover,
available evidence indicates that significant amounts of brackish water exist as aquifers,
which is used even without treatment, especially in poor communities. Advanced
technologies for water purification and desalination are currently in use. Most of these
technologies, such as reverse osmosis, depend on nonrenewable traditional fossil fuels,
which are subject to a rapid decrease with increasing world population. Therefore, aimed
at reducing energy consumption and cost, in addition to minimize environmental impacts,
the search for a viable alternative technology is becoming important.

In this theses, polymer-based hydrogel materials for an alternative method for the
desalination of brackish water are presented. The desalination approach is achieved by
swelling of hydrogels in salt water followed by dewatering using two different types of
stimulus, thermal and pH stimuli.

The thermal switchable hydrogels were prepared by a combination of polyelectrolyte and
a thermally responsive polymer using the conventional free radical polymerization or with
the help of controlled radical RAFT polymerization for poly(NIPAAm-g-AAc) gel. The
polyelectrolyte (PAAc/PSA) work as a separation barrier against the salt ions via Donnan
exclusion, while the PNIPAAm work as thermo-responsive actuator for squeezing out the
water from hydrogel.
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Varying the structural type of the thermo-responsive comonomer (NIPAAm), four
different types of hydrogels differ in the macromolecular architecture have been designed
as shown in Figure 5.1. The main parameters to achieve good performance of the
hydrogel include the swelling capacity in salt solution, efficient water recovery under
heat treatment as well as efficient salt rejection.
The influence of the macromolecular architecture of hydrogels and other chemical
parameters, including degree of cross-linking, composition and chain length of grafted
polymers on the desalination process were also examined.

The swelling kinetic was found to be strongly dependent on the macromolecular
architecture of the hydrogels. The rheological behavior of hydrogels and the DSC
measurements also supported this effect. Preferable samples are powders with a high
DC.
The efficiency of this desalination process also strongly depends on the macromolecular
architecture of the hydrogels and their composition. In particular, altering the PAAc
content has a major influence on swelling/dewatering behavior as well as the salt expelling
ability of the hydrogels. The recovered water in the dewatering step decreases and
meanwhile the salt rejection increases as the PAAc content increases. In contrast,
hydrogels with the same chemical composition but different PAAc-grafted chain length
(for poly(NIPAAm-g-AAc) gel) reveal a higher swelling capacity as the chain length
increases, while the percentage of released water increases only slightly as a function
of the PAAc-grafted chain length. It was found that the performance of a material with
30 wt % of grafted PAAc and a chain length of 10 kD is the best trade-off with respect
to salt removal and water recovery for the proposed desalination experiment. Using this
material, the total salt depletion of 2 g · L−1 brine can be achieved after four desalination
steps with an efficiency of 0.4 kg hydrogel per square meter freshwater.
A comparative overview for the different kinds of thermally-responsive hydrogels is given
in Figure 5.2, with respect to the desalination parameters mentioned above.
As shown, Poly(NIPAAm-g-AAc) gel is the most preferable working material with
respect to swelling capacity and water recovery, while the Poly(NIPAAm-b-AAc) gel has
the highest salt rejection.

As a conclusion, the required abilities of the thermally-responsive hydrogels as charge-
based separation function in swelling process and easily release absorbed water in
dewatering process are always contradictory. Increasing the salt rejection inevitably limits
the dewatering properties in regeneration process.
With respect to pH-induced swelling/dewatering desalination, the resulted gel
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Figure 5.1: Schematic illustration of the different polymeric network architecture synthesized
by a combination of polyelectrolyte (AAc) and thermoresponsive comonomer (NIPAAm) in the
presence of a cross-linker (MBAm) for the thermally-induced swelling/dewatering desalination
process.

poly(AAc-g-NIPAAm)

poly(AAc-co-NIPAAm)

poly(AAc-b-NIPAAm)

poly(NIPAAm-g-AAc)

Figure 5.2: Overview on the four types of thermally-responsive hydrogels with respect to the
main desalination parameters.
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demonstrates significant efficiency in both water recovery and salt rejection. The
salt rejection was found to be strongly dependent on the swelling ratio. Swelling ratio at
initial stage is more relevant to the utilization of such hydrogel material.

However, other aspects that are of major importance prior to real application still have
to be addressed including real brackish water samples, which may contain divalent ions,
heavy metals and biocontaminants.

The introduced desalination process, in terms of energy consumption and time required,
by no means comparable with the technologies already exist in this field, which can be
considered advanced. Yet there is still interest in developing new options and methods for
brackish or seawater desalination.
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5.2. Outlook

Desalination of salt water using stimuli-responsive hydrogels is still a new topic in this
field, and new trends should be explored.

1. The efficiency of proposed desalination process can be further enhanced by combine
the thermal-stimulus with the pH-stimulus for the hydrogels synthesized from both
polyelectrolyte and PNIPAm. The combination between both stimuli can be achieved
by only mixing the sulfuric acid with water during the dewatering process. It is
well-known that diluting the concentrated sulfuric acid results in massive heat emission.
Therefore, in addition to trigger the pH-responsive polymer (polyelectrolyte), the
thermo-responsive polymer can also locally be triggered by the heat generated during
the exothermic production of various hydrates from the sulfuric acid. This synergistic
effect will accelerates the process and reduces the amount of chemicals needed during
the dewatering process.

2. In addition to the test of another polyelectrolyte, such as poly(sodium styrene
sulfonate) (PSS), detailed study should also be carried out on the limitation of Coulombic
repulsion concept. Hence a correlation between the degree of cross-linking, as well
as swelling ratio, and salt rejection can be established. This will allow the design of a
gel that may capable of rejecting approximately all salt ions. In this context, computer
simulations are also needed to get a deeper insight into the physics of polyelectrolyte.

4. pH-responsive hydrogels are basically sensitive to electric current also. Therefore,
instead of chemical stimulus, electric current can also be used as stimulus to induce
swelling/dewatering of polyelectrolyte hydrogels.
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5. For continuous process of salt water desalination, a bifunctional polymeric hydrogel
layers can be fabricated using a high water permeability substrate as a barrier or scaffold
between the two layers, such as polyester fabrics (PET) as shown in Figure 5.3. The first
layer will be polyelectrolyte hydrogel to absorb water with less salinity and the other
layer will be thermo-responsive hydrogel, which adsorbs the water from the adsorptive
layer and release it by solar energy. Here, the thickness of the layers will play an
important role in the fast responsive of both functions. Moreover, the thermo-responsive
hydrogel layer can also be replaced with hydrogel-based solar vapor generator under
direct sunlight [304, 305].

Absorptive layer
(polyelectrolyte gel)

          Dewatering layer
(thermo-responsive gel)

          Permeable scaffold 
          (PET fabrics)

Saltwater

Figure 5.3: Desalination process with bilayer polymeric hydrogels.
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Abbreviations and Symbols

AA Allyl acrylate

AAc Acrylic acid

AAL Allyl alcohol

AC Acryloyl chloride

ACPA 4,4′-Azobis-4-cyanopentanoic acid

AIBN Azobisisobutyronitrile

APS Ammonium persulfate

Ca(OH)2 Calcium hydroxide

DC Degree of cross-linking

DI Deionized water

DMSO Dimethyl sulfoxide

DSC Differential scanning calorimetry

FO Forward osmosis

FTIR Fourier–transform infrared spectroscopy

GG Graft gel

GPS Gel permeation chromatography

(H2SO4) Sulfuric acid

HESH 2-Hydroxyethanethiol

HSP Hansen solubility parameters

IC Ion chromatography

IPNs Interpenetrating polymer networks

KCl Potassium chloride

LCST Lower critical solution temperature

MBAm N, N′-Methylenebisacrylamide (cross-linking monomer)

NaCl Sodium chloride

NIPAAm N-isopropylacrylamide

NMR Nuclear magnetic resonance

PAAc Poly(acrylic acid)

PEG Poly(ethylene glycol)

PEO Poly(ethylene oxide)
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PNIPAAm Poly(N-isopropylacrylamide)

PSA Poly(sodium acrylate)

RAFT Reversible addition fragmentation chain transfer

SA Sodium acrylate

SEM Scanning electron microscopy

SR Salt rejection

TEMED N, N, N′, N′-tetramethylethylenediamine

TDS Total dissolved solids

TTCA 2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (RAFT agent)

THF Tetrahydrofuran

UV Ultraviolet

WR Water recovery

G′ Elastic or storage modulus

G′′ Loss modulus

kB Boltzmann constant

pKa Acid dissociation constant at logarithmic scale

pKb Base dissociation constant at logarithmic scale

PDI Polydispersity index (defined as the ratio of Mw to Mn)

Qeq Equilibrium degree of swelling (maximum water content at equilibrium or
the water capacity of hydrogel)

R Gas constant

Mc Average molecular weight of a polymer chains between two junction in
hydrogel network

Mn Number average molecular weight of a polymer

Mr Molecular weight or the molar mass of monomer repeating unit

Mw Weight average molecular weight of a polymer

NA Avogadro number
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tanδ Loss tangent

ξ Average length of meshes for hydrogel network (the mesh size)

ρ Density of a material

υ2 Polymer volume fraction of a hydrogel network

υ2c Polymer volume fraction of a hydrogel network at which the cross-linking
of the network occurred (reference state)
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Appendix

Figure 5.4: storage modulus (G ′), loss modulus (G ′′) and the tangent of the loss angle (tanδ) as
a function of angular frequency (ω) of hydrogels synthesized via redox polymerization.
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Figure 5.5: storage modulus (G ′) and the tangent of the loss angle (tanδ) as a function of angular
frequency (ω) of all hydrogels synthesized via RAFT polymerization.
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und dass die Arbeit in dieser oder ähnlicher Form noch bei keiner anderen Universität
eingereicht wurde.

Essen, im Juli 2019

166




	Kurzfassung
	Abstract
	Acknowledgments
	List of Figures
	List of Schemes
	List of Tables
	Introduction to Hydrogel-Based Desalination Process
	Theory & Description of Polymer-Based Hydrogel
	Classification of Hydrogel
	Stimuli-Responsive Hydrogels
	Temperature-Responsive Hydrogels

	Polymeric Network Formation
	Hydrogel Characterization
	Swelling Behavior of Hydrogel
	Thermodynamic of Hydrogel Swelling

	Applications of Hydrogels
	Separation
	Hydrogels as Draw Agents


	Experiments: Synthesis of Hydrogel Building Blocks& Characterization Methods
	Chemicals and Materials
	General Strategy
	Synthesis of Side-chain Polymers
	Synthesis of PNIPAAm Macromonomer (P1)
	Synthesis of Random Copolymer Poly(N-isopropylacrylamide–co–allyl acrylate) P(NIPAAm–co–AA) Macromonomer (P2)
	Synthesis of the Poly(acrylic acid) Macromolecular RAFT agents (PAAc–TTC)

	Synthesis of Hydrogel Networks
	General Procedure of the Synthesis of Hydrogels via Redox-Polymerization
	Synthesis of Hydrogels via RAFT Polymerization


	Characterization and Measurements
	General Characterization of Macromonomers
	Nuclear Magnetic Resonance Spectroscopy (NMR)
	Gel Permeation Chromatography (GPC)
	Fourier–Transform Infrared Spectroscopy (FTIR)

	General Characterization of Hydrogels
	Morphology Investigation of Hydrogels
	Fourier–Transform Infrared Spectroscopy (FTIR)
	Differential Scanning Calorimetry (DSC)
	Swelling Ratio and Kinetics of Swelling
	Determination of Water Recovery and Salt Rejection
	Rheological Measurement
	Mesh Size Calculation of Hydrogels



	Result and Discussion
	Desalination via Thermally-Induced Swelling/ Deswelling of Hydrogels
	Synthesis and Characterization of the Side-chain Macromonomers
	Thermosensitive Macromonomers P1 & P2
	Polyelectrolyte PAAc–TTC macro-RAFT agents

	Hydrogels with Polyelectrolyte as a Part of the Network Backbone
	Preparation of the Hydrogels
	Morphology of the Hydrogels
	Swelling Properties
	Rheological Investigation and Network Structure
	Dewatering Study and Salt Rejection

	Hydrogels with Polyelectrolyte as a Pendant Chains on the Thermoreversible Backbone
	Preparation of the Hydrogels
	Morphology of the Hydrogels
	Swelling Properties
	Rheological Investigation and Network Structure
	Dewatering Behavior of Hydrogels and Salt Rejection
	Hydrogel Performance and Reversibility


	Desalination via pH-Induced Swelling/Deswelling of Hydrogels

	Conclusion & Outlook
	Conclusion
	Outlook

	Abbreviations and Symbols
	Bibliography
	Appendix
	Publications

