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ABSTRACT
SYNTHESIS AND SWELLING-RELEASE BEHAVIOR OF SUPERABSORBENT
NANOCOMPOSITES

Yesim Menceloglu

Materials Science and Nanoengineering, MSc. Thesis, 2021

Thesis Supervisor: Prof. Dr. Yusuf Ziya Menceloglu

Keywords: Superabsorbent polymers, equilibrium swelling ratios, crosslink density, storage

modulus, Halloysite Nanotubes

Superabsorbent polymers (SAPs) are functional polymers in various application fields from
the hygiene industry to construction and agriculture. As versatility and high water absorption
capacity are significant merits, SAPs usually suffer from low water retention capacity (fast
release) and weak mechanical properties. To address these drawbacks, a set of new
superabsorbent polymer — Halloysite nanotubes (HNT) nanocomposites were synthesized via
free radical polymerization of acrylamide, 2-acrylamido-2-methylpropane-1-sulfonic acid and
acrylic acid in the presence of vinyltrimethoxysilane (VTMS) as the crosslinker. FTIR and
TGA characterizations confirm the polymerization of SAP and the successful incorporation of
HNT into the SAP polymer matrix. The effect of different amounts of HNT nanofiller
addition into nanocomposite polymer matrix was investigated with swelling-release
performance tests, crosslink density calculations, and rheology measurement. It is found out
that equilibrium swelling ratios are correlated, and therefore can be tuned via crosslinking
densities of nanocomposites, while water retention capacities are governed by storage moduli.
A maximum swelling of 537 g/g was observed 5% HNT was incorporated, in which the
crosslinking density is the lowest. Among the SAP nanocomposites prepared, the highest
storage modulus was observed when 1% of nanofiller was included, which coincides with the



longest water retention nanocomposite. The water release duration of SAPs was prolonged up
to 27 days with 1% HNT addition in parallel with the approached maximum storage modulus.
Finally, three different incorporation mechanisms of HNT nanofiller into SAP nanocomposite
structure were proposed and confirmed with rheology measurements. Moreover, another SAP
data set were synthesized with other Poly(ethylene glycol) diacrylate crosslinking agents to
observe the effect of crosslinker chain length and amount on crosslinking density and the
correlation between crosslinking density and equilibrium swelling capacity. This study
provides a rapid synthesis method for SAP nanocomposites with enhanced water retention
capacities and explains the relationship between swelling-crosslink density and water
retention-mechanical properties of SAP nanocomposites. In addition, the second SAP set with
tunable crosslinking densities was prepared with PEGDA crosslinkers and was explained the

swelling-crosslink density correlation in detail.
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OZET
SUPER ABSORBAN NANOKOMPOZIT HIDROJELLERIN SENTEZI VE SiSME-
SALINIM PERFORMANLARININ INCELENMESI

Yesim Menceloglu

Malzeme Bilimi ve Nanomiihendisligi, Yiiksek Lisans Thesis, 2021

Tez danigmani: Prof. Dr. Yusuf Ziya Menceloglu

Anahtar Kelimeler: Siiper emici polimerler, denge sisme oranlari, ¢apraz bag yogunlugu,

depolama modiilii, Halloysit Nanotiipler

Stiper emici polimerler (SAP'ler), hijyen endiistrisinden insaat ve tarima kadar cesitli
uygulama alanlarinda fonksiyonel polimerlerdir. SAP'ler genellikle diisiik su tutma kapasitesi
(hizli salinim) ve zayif mekanik 6zelliklerden muzdarip oldugundan, ¢ok fonksiyonluluk ve
yiikksek su emme kapasitesi Onemli avantajlarindandir. Bu dezavantajlar1 gidermek igin,
viniltrimetoksisilan(VITMS) c¢apraz baglayicist varliginda akrilamid, 2-akrilamido-2-
metilpropan-1-siilfonik asit ve akrilik asidin serbest radikal polimerizasyonu yoluyla bir dizi
yeni siiper emici polimer — Halloysit nanotiipler (HNT) nanokompozitleri sentezlendi. FTIR
ve TGA karakterizasyonlari, SAP'nin polimerizasyonunu ve HNT'nin SAP polimer matrisine
basarili bir sekilde dahil edilmesini onaylar. Nanokompozit polimer matrisine farklh
miktarlarda HNT nanodolgu ilavesinin etkisi sisme-serbest birakma performans testleri,
capraz bag yogunlugu hesaplamalar1 ve reoloji 6l¢limii ile aragtirilmistir. Dengedeki sisme
oranlarinin ¢apraz baglanma yogunluguyla iliskili oldugu ve nanokompozitlerin capraz
baglanma yogunluklar1 ile maksimum sisme kapasitelerinin ayarlanabilecegi, su tutma
kapasitelerinin ise depolama modiilleri tarafindan yonetildigi bulunmustur. Capraz baglama
yogunlugu en diisiik olan % 5 HNT dahil edildiginde , 537 g/g'lik bir maksimum sisme
gbzlemlenmistir. Hazirlanan SAP nanokompozitleri arasinda en yiiksek depolama modiilii, en
uzun su tutma nanokompozitine denk gelen %1 nanofiller dahil edildiginde gdzlenmistir.
Yaklasan maksimum depolama modiiliine paralel olarak SAP'lerin su birakma siiresi %1 HNT

ilavesiyle 27 giine kadar uzatilmistir. Son olarak, HNT nanodolgu maddesinin SAP

vii



nanokompozit yapisina ii¢ farkli dahil etme mekanizmasi onerilmis ve reoloji Ol¢timleri ile
dogrulanmistir. Capraz baglayici zincir uzunlugu ve miktarinin ¢apraz baglama yogunlugu
iizerindeki etkisini ve g¢apraz baglama yogunlugu ile denge sisme kapasitesi arasindaki
korelasyonu gozlemlemek icin diger SAP veri seti Poli(etilen glikol) diakrilat ¢apraz
baglayicilariyla sentezlenmistir. Bu calisma, gelismis su tutma kapasitelerine sahip SAP
nanokompozitleri i¢in hizli bir sentez yontemi saglar ve SAP nanokompozitlerinin sigme-
capraz bag yogunlugu ile su tutma-mekanik Ozellikleri arasindaki iliskiyi aciklamaktadir.
Ayrica PEGDA c¢apraz baglayicilar ile ayarlanabilir ¢apraz baglanma yogunluklarina sahip
ikinci SAP seti hazirlanmis ve sisme-capraz bag yogunlugu korelasyonu detayli olarak

anlatilmistir.
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Chapter 1

1. Introduction

Super-absorbent polymers (SAP) are lightly crosslinked hydrophilic polymers with thousands
of times their weight aqueous adsorption capacity thanks to their three-dimensional
crosslinked polymer structure [1]. The investigation of super-absorbent polymer preparation
had based on the 1930s when W. Kern performed the thermal polymerization of the
poly(acrylic acid) crosslinked with divinylbenzene [2]. First, the enhancement of SAP was
done in the Northern Regional Laboratory of the US Department of Agriculture in the 1970s.
Then, in 1972 patent, Harper and coworkers claimed the use of crosslinked acrylate-based
crosslinked polymers as absorbents in diapers, personal care products. The SAP production
capacities had gradually increased, and at the end of the 1990s reached approximately one

million tons globally [2, 3].

In the beginning, the utilization of SAPs as a water reservoir made them attractive in
agriculture for promoting plant protection under water scarcity. Still, as the personal care
product industry had a more marketplace, the use of SAPs in diapers became more favorable
in a short time. Although 80 % of the super-absorbent polymers are produced for personal
care products like diapers, sanitary pads, during the last years, they have been being used in
various application areas such as notably agriculture [4], tissue engineering [5], food packing
[6], drug delivery [7], adhesives [8], wastewater treatment [9]. The reasons behind the
uniqueness and smartness of hydrogels are their characteristic response to external stimuli
such as pH [10], ionic strength [11], solvent composition, temperature, and light [12, 13]. The
high-water absorption capacity, biocompatibility, softness, and sensitiveness to environmental

stimuli make SAPs preferable for a wide variety of applications.

The water absorption and retention properties of SAPs are results of 3-dimensional
crosslinked polymer structure and the hydrophilic functional end groups on the polymer
chains. They swell right after contact with water due to the differences in osmotic pressure
and the presence of hydrophilic functional groups such as -OH, -COOH, -CONH-, -CHO, -
COONa, -SO3H, -NH2 in the polymer backbone. The reason behind SAPs swelling instead of
dissolution in aqueous medium is the chemical or physical crosslinking introduced into

polymer network structure via a crosslinker during or after the polymerization. This way,



crosslinked SAPs are able to absorb large amount of water and hold in their 3D structure [5,
12, 14].

The preparations of SAPs are based on two different sources decided according to desired
properties and/or application areas. SAPs are classified as natural or synthetic with respect to
their sources. Cellulose [14], starch [15], collagen [16], alginate [17], and chitosan [18] are
some examples of SAPs from natural sources [13]. On the other hand, acrylamide [19, 20],
acrylic acid [19, 21], methacrylic acid [22], hydroxyethyl-methacrylate [23], polyvinyl
alcohol [24], and various acrylates are commonly used in the synthesis of synthetic SAPs. The
maximum swelling capacities, Their higher absorption capacities [25], more durable gel life
[26] and higher mechanical strength [27] properties make synthetic super-absorbent polymers
more preferable than natural ones. In some cases, combined SAPs can be prepared using both
natural and synthetic polymers. [28] These are generally synthesized via graft polymerization
[29].

1.1. The Main Aim and Objectives

Super-absorbent polymers (SAPs) are functional polymers in a wide range of application
fields from the hygiene industry to construction and agriculture. However, as versatility and
high water absorption capacity are their important merits, SAPs usually suffer from low water
retention capacity (fast release) and weak mechanical properties. Low elastic modulus, low
fracture energies, negligible fatigue resistance are the main problems of super-absorbent
polymers, which effects the swelling / release ratios and aqueous retention performance under
load [30]. The weak and brittle mechanical properties of SAPs are the results of not to be
dissipated energy effectively in the 3D polymer network [31]. In addition to that, molecular
weight between crosslinks is not uniform since the crosslinking points are placed disorderly in
the polymer network. Therefore, the stress cannot be dissipated in the intrinsic structure and
microcracks form [32]. To address these drawbacks, a set of new super-absorbent polymer —
Halloysite nanotubes (HNT) nanocomposites were synthesized via free radical polymerization
of acrylamide, 2-acrylamido-2-methylpropane-1-sulfonic acid and acrylic acid in the presence

of vinyltrimethoxysilane (VTMS) as the crosslinker.

The main objectives of this thesis are the preparation of mechanically improved SAP-HNT
nanocomposites, which have higher swelling ratios and longer water retention capacities. The
effect of HNT tubular shape nanofiller integration into the crosslinked polymer structure is
investigated in order to observe the changes in the swelling- release performance and

mechanical properties of SAPs.



To be able to design a super-absorbent polymer, which has the desired swelling and
mechanical performance, the crosslink density of polymer should be tuned in a controlled
manner since the swelling performance of SAPs changes inversely proportional to the
crosslinking density. Therefore, in Chapter 4, the effects of molecular weight and mole
amount of PEGDA crosslinker on the crosslink density of SAPs are investigated with the
synthesis, characterization, and performance tests of SAPs. The crosslink densities of
PEGDA-SAPs were calculated according to two different parameters, the chain length and
mole amount of PEGDA crosslinker. Thus the correlation between crosslinker chain length,

crosslinker amount, and swelling performance are demonstrated, respectively.

1.2. Thesis Outline

The rest of Chapter 1 includes detailed information about the synthesis and crosslinking
mechanisms of SAPs. In Chapter 2, experimental steps of SAPs synthesis and SAP
nanocomposites preparation, equilibrium swelling/release measurements, crosslinking density
determinations are explained in detail. Later in Chapter 2, characterization methods of SAP
nanocomposite and results of characterizations which demonstrate polymerization success,
swelling/release kinetic of SAPs, and rheological behavior of SAP nanocomposites, are
presented. In Chapter 3, firstly synthesis method and characterization results of the PEGDA
crosslinker are provided in detail. Also, Chapter 3 comprises the synthesis methods,
crosslinking density calculations, swelling/release performance test results, and
characterization results of the PEGDA-SAPSs.



1.3.Literature Review

1.3.1. Hydrogels and Super-absorbent Polymer Synthesis

SAPs are a special class of hydrogels with very high absorption capacities. While swelling or
absorption capacity of hydrogels is up to 10 g/g, SAPS are able to swell and absorb water up
to 600-1000 g/g [5, 14]. SAPs or hydrogels are not dissolved in water due to the crosslinked
3-dimensional polymer structure. When SAPs are immersed in an aqueous medium, the
swollen polymer creates a gel by absorbing water, the water uptaken into the polymer network
holds between the crosslinked points. The lightly crosslinked 3D polymer structure is
procured with physically and/or chemically crosslinking of polymer chains. The swelling
mechanism of SAPs are presented in Figure 1.1 [33]. The hydrophilic functional groups such
as -OH, -COOH, -CONH-, -CHO, -COONga, -SO3H, -NH2 in the polymer chains contribute
the absorption of water into the crosslinks between chains. In case of an ionic gel behavior,
the osmotic pressure difference between the inside and outside of the gel will increase with
the increase of dissociated sodium carboxylate groups concentration in the gel. Since the
osmotic pressure difference is a driving force raising the swelling capacity of SAPs, the
absorption capacity of SAPs increases with the osmotic pressure difference. The maximum

swelling capacity is reached in the deionized water medium [25].

Hydrophilic

)i A
polymer
4>\"’ff chains.

Cross-links
between chains
The dissociated sodium
carooxylate groups increase

prevent ‘infinite
swelling
osmotic pressure in the gel.

)Q —COOH Electrical neutrality is
/ / maintained because sodium

ions are trapped in the gel.

Repulsion between
negative charges
expands polymer coils.

—_—

Figure 1.1 The swelling mechanism of super-absorbent polymers [34]

The synthesis procedures of hydrogels are mostly based on crosslinking polymerizations
which can be physical or chemical process. To synthesis hydrogels via physical crosslinking
different methods can be used such as ionic, hydrogen bonding crosslinking which are the
results of temporal junctions, physical interactions, or polymer chain entanglements.
Chemically crosslinking polymerizations of hydrogels can be categorized under three main

polymerization methodologies; addition, condensation, and irradiation polymerizations. A
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crosslinking agent are used in chemical crosslinking polymerization in order to provide
covalent bonding between the polymer chains. The synthesis procedures of hydrogels via
crosslinking polymerization are addressed under the head of crosslinking mechanisms of

SAPs in more detail.

1.3.2. The Classification of SAPs

The different classifications of SAPs are listed in Figure 1.2 according to crosslinking,
sources, electrical charge, physical appearance, degree of biodegradation, polymeric
composition, responsive properties. The description of hydrogels based on preparation

methods, sources and ionic charge are explained in detail.

Biochemical responsive Physically responsive
- Antigens responsive - Temperarature
Chemically responsive - Enzymes responsive - P.ressure
- pH responsive - Ligands responsive - nght'
- Glucose responsive - Electric field
- Oxident responsive - Magnetic field
Response
. ) Physical properties - Smart hydrogels
Physically crosslinked fire s Bl - Conventional hydrogels
Chemically crosslinked foss 5
- Copolymeric hydrogels
-Biodegradable Hydrogels Preparation - Homopolymeric hydrogels
-Non-biodegradable - pegradibilty - Interpenetrating network

i - Cationic hydrogels
Tonic charge - Anionic hydrogels
Source  _ \iatural - Non ionic hydrogels
- Synthetic
- Hybrid

Figure 1.2 The classification of hydrogels according to different properties [35]

3 types of hydrogels are categorized based on polymer composition determined by polymer
preparation method; homopolymeric, copolymeric and interpenetrating polymeric.

- Homopolymeric hydrogels: The polymer network forms from repeating unit of a
single monomer. Therefore, the properties of the crosslinked skeletal polymer
structure depend on the basic structure of single monomer.

- Copolymeric hydrogels: Two or more monomer species with at least one hydrophilic
component are polymerized in order to obtain copolymeric hydrogels. Polymer
network is determined by the arrangement of monomers as a random, block or

alternating configuration.



- Interpenetrating network (IPN) polymeric hydrogels: Two polymer networks are
combined in a network form, at least one polymer is synthesized or crosslinked in the
presence of another polymer network. Pre-polymerized hydrogel is immersed into the
polymerization solution of monomers, crosslinker and initiator. In this way, the
interlocked structure is obtained by the combination of two different polymer
networks. The combination of crosslinked and non-crosslinked polymer networks is
described as semi-IPN hydrogels. [26]

SAPs are classified into two sections, natural and synthetic polymers based on their sources.
Natural polymers consist of proteins, polysaccharides such as collagen, gelatin, agar, starch,
and alginate. Acrylic based monomers used in chemical polymerization such as acrylamide,
acrylic acid, methacrylic acid, vinyl alcohol form synthetic SAPs [26]. In the recent times,
higher absorption capacity [25], more durable gel life [26] and higher mechanical strength
[27] of synthetic SAPs make them more preferable than natural ones since they are more
compatible for industrial production and utilization. In addition, combined SAPs can be
prepared using both natural and synthetic polymers. [28] These are generally synthesized via
graft polymerization. In this way, the limitations of synthetic hydrogel technology such as
non-biodegradability, toxic effect of unreacted monomers and crosslinker are prevented with
the combination of natural and synthetic polymers [35]. More ecofriendly SAPs are obtained
with grafting natural and synthetic sources because combination of two sources provides more
biodegradable SAPs [29].

SAPs are divided into 4 categories regarding to the presence or absence of electrical charge on

the polymers network as follows:

- Non-ionic: Neutral crosslinked polymer network

- lonic: Anionic or cationic crosslinked polymer chains

- Amphoteric electrolyte: Including both acidic and basic groups in crosslinked polymer
chains.

- Zwitterionic: Including anionic and cationic groups together in repeating unit structure
[26].

In ionic hydrogels, the driving force effect of osmotic pressure increase due to the ionic
concentration difference between the inside and outside of the gel. Therefore, the swelling
capacity of SAPs is improved with the presence of ionic groups in the crosslinked polymer
chains [25].



Zwitterionic hydrogels contain both positive and negative ions in every monomeric unit of
polymer chains. Therefore, mechanically strength, salt-tolerant hydrogels are prepared with
the utilization of zwitterionic groups. Mostly, sulfobetaines, carboxybetaines and
phosphorylbetaines monomers are used in order to synthesize zwitterionic betaine polymers.
The most preferred monomer is sulfobetaine because of its economic price, easy accessibility,
and commercial existence [36]. The swelling capacity of hydrogels in saltwater decreases due
to the increasing ion concentration in the outside medium of gel. However, the utilization of
zwitterionic monomers in SAPs backbone gives possess a high ion tolerance in saltwater
thanks to the coexistence of the opposite charges in the crosslinked polymer chains [37].

1.3.3. The Crosslinking Mechanisms of SAPs

The crosslinks in the hydrophilic polymer chains are present to avoid the dissolution of
polymer in an aqueous environment. The three-dimensional hydrogel network has been
formed by chemical or physical crosslinking. The graphical representation of chemical and

physical crosslinking mechanisms is illustrated in Figure 1.3 [38].

Physical Crosslinking

NN
Functional group —

Non-covalently bonded

Cross-linker

Figure 1.3 The graphical representation of physical and chemical crosslinking mechanisms
[38]

The physical crosslinking is the results of temporal junctions, which arises from either
physical interactions or polymer chain entanglements. lonic interactions, hydrogen bonds and
hydrophobic interactions are the different methods of physical crosslinking. Crosslinking
agents, which are toxic compounds, are not used in physical crosslinking. The absence of any
crosslinking agent makes the physical crosslinking procedure easy and convenient. The
physically crosslinked gels can be applied directly without any requirement of
removing/extracting toxic compounds such as crosslinkers [39]. The different methods used

in physical crosslinking are listed below.



Freeze-thawing process: In this simple process, organic and bulk solvent or low molecular
weight solutes are crystallized by freezing, the space between polymer chains decreases, and
the polymer concentration increases. As a result, the polymer chains form a network, a
consequence of the polymer chain alignment due to the force of increasing polymer
concentration, and the hydrogen bonds and covalent interactions hold this joined network.
Period of freeze-thawing, pH, freezing temperature, and time are the parameters that affect the
degree of physical crosslinking. Natural materials, cellulose, and cellulose-derived materials
are commonly used in the physical crosslinking process [40, 41]. Zhang et al. have studied the
effect of freeze-thaw cycles on the compressive strength of PVA gel [42]. They demonstrate
that the crosslink density of hydrogels increases with the increase of freeze-thaw processes
because the intra- and intermolecular hydrogen bonds increase with multiple freeze-thaw

cycles. As a result, this causes an enhancement of the compressive strength of hydrogels [42].
Crosslinking by lonic Interaction:

The ionic interactions between two molecules of opposite charges or polyelectrolytes cause
physical crosslinking and construct a crosslinked hydrogel polymer network. Polyelectrolyte
complexes occur between the electrostatic interaction of macromolecules because of the
opposite charges. For example, the natural polycationic biopolymer chitosan quickly
generates polyelectrolyte complexes with anionic polyelectrolytes such as alginate, pectin.
Also, some synthetic polymers such as polyacrylic acid and polyphosphoric acid can easily
form polyelectrolyte complexes due to the electrostatic interactions between cationic amino
groups of chitosan and anionic acid groups [43]. The mixing ratio and charge density of the
polymers, environment of polymer solution are the factors that affect the generation of
polyelectrolyte complexes and physically crosslinking hydrogel structure. The opposite
electric charge groups of two polymers construct the physically crosslinked hydrogels via the

electrostatic ionic interactions.

In chemical crosslinking consists of permanent junctions in other words i.e., covalent bonds
between polymer chains provides crosslinking in the SAP structure. Chemical crosslinking

can be categorized under three significant categories of methodologies:

1. Addition polymerization / Chain growth Polymerization: Similar to the free radical
polymerization
e Solution polymerization

e Suspension polymerization



e Photo-polymerization
2. Condensation polymerization / Step Growth Polymerization

3. Irradiation Polymerization: High energy radiation / photo crosslinking
Surface crosslinking

Bulk or core crosslinking (Self-crosslinking): The crosslinker is inserted into the polymer
backbone as a monomer. Also called bulk crosslinkers, these agents are bifunctional or
multifunctional monomers possessing one or more unsaturated bonds in their chemical
structure and are usually chemically more active than other monomers [44]. In that sense,
alkoxysilanes, having both organic and inorganic functional groups, are characterized as
multifunctional bulk crosslinkers as they are able to form multiple covalent bonds between

inorganic and/or organic species [45, 46].
Crosslinking density calculation

The most widely used method for crosslink density calculation of polymer networks is the
Flory-Rehner model [47]. The number of crosslinked sites or the molecular weight between
crosslinks is a primary parameter to calculate the crosslink density of polymer networks. The
polymer is swollen in a solvent to calculate the molecular weight of polymer chains between
two consecutive junctions. Schweitzer et al. have investigated the crosslinking density
determination of a silicone elastomer [48]. They used the Flory-Rehner model to calculate the
crosslinking density of elastomers, and the molecular weight between crosslinks M is
calculated formula below

(1 — @) + ¢ + x

C

Figure 1.4 The formula for calculation of molecular weight between crosslinks [48]

Here pe is the density of the dry polymer, Vs the molar volume of the solvent (in cm®mol™),
¢ the polymer volume fraction, f the functionality of the crosslink, ¢n the polymer network
fraction in the swollen network, and y the Flory-Huggins polymer-solvent interaction
parameter. The equation above relates the capacity of solvent uptake while swelling a

polymer in a solvent by calculating the molecular weight per crosslink unit.

The formula below defines the polymer volume fraction, ¢ in the swollen equilibrium state as
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)/p,
h =
(mg = mof )/ p + (m = my)/p

silica

{ﬂID . Qf;llica

Figure 1.5 The polymer volume fraction, ¢ calculation formula in the swollen equilibrium
state [48]

The Flory-Huggins polymer-solvent interaction parameter is calculated with the formula

below

_ Vm(é‘e - 55;)2
r= RT

Figure 1.6 The Flory-Huggins polymer-solvent interaction parameter formula [48]

The affinity between the polymer and solvent is stated with the solubility parameter or
Hildrebrand solubility parameter & (in call/2 cm—3/2). The crosslinked polymer swell
effectively when the solubility parameter, 6 similar to the solubility parameter of solvent.
Here Vn is the molar volume of polymer; e and ds are the Hildebrand solubility parameters
(in cal'? cm~?) of the polymer and solvent, respectively; R is the gas constant, and T is the
temperature (with RT = 580 cal moltat 20 °C).

Finally, after calculating the molecular weight between crosslinks, Mc, the crosslink density

of polymer networks is calculated with the formula below

P,
L =
M.

Figure 1.7 The formula for calculating the crosslink density of polymer network [48]

The formula above defines the relation between Mc and crosslinking density. As the
molecular weight of polymer chains between crosslink points decreases, the crosslinking

density increases.

1.3.4. Application areas of SAPs
SAPs in Agriculture

The utilization of SAPs in agriculture comes into prominence day by day due to the rising
need for smart agricultural solutions. SAPs are mainly used as water reservoirs under soil for
plants [49]. The unique swelling and retaining characteristics of super-absorbent polymers

make them suitable for agricultural applications. Water is one of the essential parameters in

10



plant growth to be able to feed plants by nutritive elements [50]. On the other hand, global
warming and climate change cause irregularities in rainfall patterns resulting in long-term
drought in many agricultural lands. Therefore, limited water sources should be used
efficiently to overcome water shortages. Yet, the traditional manual irrigation systems in
agriculture cause inefficient use, resulting in contamination of natural resources and water
loss. Today, 70% percent of freshwater in the global is consumed in agriculture and this
critical amount illustrates that intelligent agricultural products will be an effective solution for
sustainable agriculture by providing less water use [51, 52]. In this sense, SAPs offer smart

solutions to overcome the indiscriminate consumption of water in agricultural irrigation.

Majority of literature examples deal with the effect of SAPs on soil moisture, plant growth
and seedling and indicate that the presence of SAPs near the plant roots increase the water
absorption and retention capacity of soil, improve the plant quality [53]. In addition, the
irrigation frequency and excess water use are reduced by the utilization of hydrogels [54].
Moreover, SAPs enable agriculture in areas under drought stress due to their water holding
capacity [55]. Once SAPs are placed under the soil near the roots, they supply the water
demand of plants by releasing water with the osmatic pressure difference [56]. Mixing super-
absorbent polymers with soil increase the physical properties of soil, plant yield and seed
germination [57].

In addition to providing better water management in soil, fertilizers have been loaded to
super-absorbent polymers for use as nutrient carriers for plants[58]. Recent experimental
studies have presented that fertilizer retention in the soil is increased through the
implementation of fertilizers together with super-absorbent polymers [59]. In another study, it
was focused on the membrane encapsulation technique of fertilizers with super-absorbent
polymers in order to improve the utilization of fertilizers, and a slow release of fertilizers was

provided with the encapsulation technique [60].

A superabsorbent-fertilizer composite is used as a controlled release system for raising the
nutrient and water use efficiency. Hydrogels hold the fertilizer tightly inside. Therefore, the
leaching of nutrients to the soil is reduced, and nutrient elements released with water can be
directly taken by the plant root [53, 54, 56].

SAPs in Tissue Engineering

Biodegradable natural hydrogels have been considered as promising biomaterials in tissue
engineering applications due to their biocompatibility, mechanical-biological properties,
11



hydrophilic nature, controlled degradation profile [61]. Hydrogels exhibit a suitable
environment for faster cell growth to form the three-dimensional tissue scaffolds because they
have the ability to swelling and holding high amounts of water, the possibility of diffusion of
various substances, physical and biological tunability [62]. Biosynthetic hybrid hydrogels,
involving both synthetic and natural polymers in their structure, are favored materials in
scaffolds due to their biomechanical stability and controllable degradation profile. To
synthesis enhanced biosynthetic hybrid hydrogels for cardiac tissue engineering applications,
the graft polymerization of natural polysaccharide alginate and synthetic polyester
polypropylene fumarate were carried out and obtained an enhanced hydrogel with a long-term
cellular growth [61].

SAPs in Drug Delivery

Natural hydrogels such as collagen, chitosan, alginate are favored materials for drug
protection and delivery due to their unique physical properties providing long-term
continuous drug release. Since the releasing drug content in suited rate into the desired
location in the body, hydrogel-based drug delivery systems develop the effectiveness of drug
release by decreasing dosing intervals with a sustained release [63]. Temperature and pH
sensitive hydrogels exhibit a controllable reversible swelling — deswelling behavior by
changing the temperature or pH stimulus of the environment [64]. Zhang et al. prepared
thermally sensitive semi-interpenetrating network hydrogel by radical polymerization of
poly(N-isopropyl acrylamide) and [-cyclodextrin-grafted polyethyleneimine. As the
environment temperature elevates above the lower critical temperature, thermally sensitive
hydrogel exhibits a sustained drug release due to faster-shrinking kinetics. A prolonged drug

release was observed with interpenetrating network thermally sensitive hydrogel [65].

This thesis aims to explain the relationship between mechanical properties and water retention
capacity and the correlation between swelling ratios and crosslinking density. Therefore SAP
nanocomposites with enhanced water retention capacities and SAPs with tunable crosslinking
densities were synthesized, respectively. The synthesized SAP nanocomposites were
structurally, thermally, and rheologically characterized with FTIR, TGA, and rheometer,
respectively. Also, the crosslinking densities of SAP nanocomposites were calculated and
compared with swelling performance tests to observe the correlation between crosslink
density and swelling capacities. Finally, the mechanical properties of SAP nanocomposites
were performed via rheology results to see the enhancement in swelling-release kinetics.
Improving mechanical properties and water retention capacities of SAP nanocomposites are
12



fundamental aims since the SAP nanocomposites were synthesized intended for agriculture

applications.

On the other hand, the correlation between crosslink density and swelling capacities was
confirmed by preparing the SAPs with tunable crosslink densities. Therefore, to eliminate the
influencing factors such as nanofiller (HNT), crosslinker type (self-crosslinking) on crosslink
density, different crosslinkers were synthesized to prepare SAPs with tunable crosslink
densities. Then the effect of crosslinker chain length and crosslinker amount on crosslink

density were analyzed.

The obtained results are significant to clarify the effect of nanofiller addition on mechanical
properties and swelling-release capacities. In addition, the tunable crosslink density
mechanism of SAPs was explained via the correlation between crosslinker chains length,
amount, and crosslink density

13



Chapter 2

2. Experimental Methodology

2.1.Materials

Acrylamide (AM, >99% HPLC) and 2-acrylamido-2-methylpropane-1-sulfonic acid (AMPS,
>99%) monomers were purchased from Sigma Aldrich and used without any further
purification. Acrylic acid (AA, analytical grade) was purchased from Alfa Aesar and used as
received. Initiator ammonium persulfate (APS, >99%) and crosslinker vinyltrimethoxysilane
(VMTS, 98%) were obtained from Sigma Aldrich. Sodium hydroxide solution 10 mole/L and
ethanol (EtOH, absolute-99.9%) were purchased from Merck and used without further
purification. Halloysite nanotubes (HNT) was kindly provided by ESAN. All solutions were

prepared with distilled water.

2.2.Super-absorbent Polymer Synthesis

SAP was prepared via free-radical polymerization in deionized water. The random copolymer
was synthesized from acrylic acid (AA), acrylamide (AM) and 2-acrylamido-2-
methylpropane-1-sulfonic acid (AMPS) monomers using ammonium persulfate (APS) as the
free radical initiator, in the presence of vinyltrimethoxysilane (VTMS) as the crosslinking
agent. An amount of AM and AMPS were dissolved in water and then AA was added into the
solution mixture. After complete mixing took place and a clear solution was obtained, the
highly acidic monomer solution, due to the acrylic acid, was neutralized by 12 M sodium
hydroxide to adjust pH to 8. Thereafter, monomer solution was transferred into a three necked
flask connected to a condenser apparatus and purged with Nitrogen to remove excess oxygen
present in reaction environment. After the mixture was bubbled with Nitrogen gas for 15
minutes, VTMS was added to the mixture under vigorous mixing. The mixture was subjected
to further mixing and bubbling for an extra 15 minutes to remove any excess oxygen and air
from reaction medium. In another flask, APS free radical initiator was dissolved in water and
then added to the reaction mixture. The polymerization was carried out under reflux at 78 °C
in an oil bath for 2 hours. The amounts of monomers used in SAP synthesis are given in Table
2.1.

A transparent viscous polymer solution was obtained at the end of the reaction. The three-
necked flask was then taken out from the oil bath and polymer solution was cooled down to
room temperature. Finally, the resulting polymer was precipitated in ethanol in the form of

white powder. The super absorbent polymer was then dried at 70 °C for 2 days.
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Figure 2.1The reaction and crosslinking mechanism of SAP2HNTO

2.3.SAP- HNT Nanocomposite Preparation

After the monomer solution was prepared and pH adjusted to 8 with 10 M NaOH, an amount
of HNT was added to the monomer solution. Then, the polymerization process was continued
as in the SAP synthesis. First, VTMS was added to the inert reaction medium. The initiator
was then added to the reaction mixture, and polymerization was carried out at 78 °C for 2
hours. When the polymerization was finished, an opaque viscous polymer solution was
obtained for the precipitation in ethanol. The precipitated polymer powder was then dried at
70°C or 2 days. The amounts of HNT and monomers used in SAP-HNT nanocomposite
synthesis are given in Table 2.1.

Table 2.1 The amounts of monomers and HNT used in SAP and SAP-HNT nanocomposite

synthesis

Eq. Mole AM AMPS AA VTMS HNT Amount, %

SAP2ZHNTO 0.06 0.005 0.07 0.001 0
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SAPZHNT1 0.06 0.005 0.07 0.001 1
SAPZHNTS 0.06 0.005 0.07 0.001 5
SAPZ2HNTY7 0.06 0.005 0.07 0.001 7
SAPZHNT9 0.06 0.005 0.07 0.001 9

2.4.Equilibrium Swelling Measurement of SAP and SAP- HNT Nanocomposites

The dried powder SAP and SAP-HNT nanocomposite samples are weighted before swelling
in a distilled. The swollen hydrogel was weighed in a periodic interval by filtering out from
the water to calculate the ESR value. The equilibrium swelling ratio (ESR) is calculated

according to Eq (1):
_ Ws—Wgqg
ESR(g/9) = — -~
Equation 1 The equilibrium swelling ratio formula

where W;s is the weight of hydrogel at equilibrium and W4 is the weight of the dry polymer.

The water release ratios were calculated with the same equation (Eq 1); only the ESR mark
was changed to EShR to emphasize the contrast between swelling and release ratios.

2.5.Crosslink Density Calculation of SAPs

The ratios of crosslinked points of hydrogels could not be determined with Nuclear Magnetic
Resonance Spectroscopy (NMR) since the super-absorbent polymers were not dissolved in
any solvent, only swollen in water. However, the number of crosslinked points determines the
equilibrium swelling ratio values because the maximum swelling capability depends on the
average molecular weight between crosslinked points. Therefore, the determination of
crosslinking density through the average molecular weight between crosslinked points is

required to clarify the swelling capacities of SAPs.

Hence, the crosslinking density and the average molecular weight between crosslinks were
calculated by Flory-Rehner's Theory of Swelling [66]. The average molecular weight between

crosslinks is calculated by the equation 2 [67]:

Y/

—_— —pVsV,.'3
M, = L 2
€ In(1-Vp)+ Vi 4y V2 (2)

Equation 2 The formula of average molecular weight between crosslinks
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Where V; and V.. denote the molar volume of solvent (18 g cm™®) and volume fraction of the
SAP in swollen polymer, respectively. p stands for the density of dry SAP and y is the Flory-

Huggins interaction parameter calculated from;

— V1(6,-61)?
RT

©)
Equation 3 Flory-Huggins interaction parameter

Here, I/; denotes the molar volume of the solvent and &, — &, states the Hildebrand solubility
parameters (cal’? cm~2) for water and SAP, respectively. Once M, is obtained from Eq. 2,

the crosslinking density is calculated by;

v = Psap
M,

Equation 4 Crosslink density formula [68]

2.6. Characterization of SAPs
- ATR/ FTIR Spectroscopy

Synthesized SAP and SAP-HNT samples were characterized by Attenuated Total Reflectance
Fourier Transformed Infrared Spectroscopy (FTIR) collected on a Thermo Scientific iS10
ATR-FTIR spectrometer from 550 to 4000 cm—1, with a resolution of 0.5 cm—1. A total of 32

scans were gathered and baseline corrected.
- Thermo Gravimetric Analysis (TGA)

Thermal behavior of powder SAP and SAP-HNT samples were characterized by a Netzsch
STA (Simultaneous Thermal Analysis) 449 C Jupiter differential thermogravimetric analyzer
with 50 mL/min flow from 30 to 1000 °C at a linear heating rate of 10 °C/min under N>

atmosphere.
- Gel Permeation Chromatography (GPC)

The molecular weight of non-crosslinked SAP was determined by using Malvern
Panalytical’s OMNISEC Gel Permeation Chromatography (GPC) device with a light
scattering detector. The non-crosslinked polymer was dissolved in water at 35°C. The flow
rate was 0.7 mL/min, the injected volume was 100 pL, and the sample concentration was 1

mg/mL.

- Density
18



The density of SAP and SAP-HNT nanocomposites was determined using Quantachrome
Ultrapyc 1200e Automatic Gas Pycnometer. The type of gas used is Helium, and purge flow

is 1 min.
-Rheometer

The rheological behavior of synthesized polymers were characterized by an Anton Paar-
Physica oscillatory rheometer (MCR 702 TwinDrive). The rheological measurements were
performed at 25°C with a parallel plate (plate diameter of 25 mm, gap of 1 mm). All
synthesized polymers in SAP2 data set were swollen in distilled water for 24 hours for
rheology measurements. A strain sweep test was performed in order to determine test
conditions in the linear viscoelastic (LVE) range. The shear strain value in the LVE range was

determined at 6.2 Hz frequency and 0.01% amplitude gamma.
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Chapter 3

3. Results and Discussion
3.1. Structural Characterizations

3.1.1. FTIR Spectral Analysis

Since the crosslinked SAPs are not able to be characterized by using NMR, the polymer
structure of SAPs was confirmed via FTIR analysis. The FTIR spectra of synthesized SAP2
polymer set in Figure 3.1 shows that AM, AA, AMPS monomers and VTMS crosslinker have
appeared in the polymer backbone.

The peaks at 1190 and 1040 cm™ correspond to the stretching vibrations of -Si-O- and Si-O-Si
in the VTMS structure. The broad peak between 3339.20 and 2985.88 cm™ wavelength is
ascribed to the vibration of -OH in AM, AA, AMPS and VTMS. The peak at 3339.20 cm™ is
due to the streching vibration of N-H in AM. The peak at 2934.88 cm™ is attributed to the
stretching vibration peak of -CH at the polymer backbone. The streching vibration peak of -
C=0 in AM, AA and AMPS structure is observed at 1650.88 cm™. The peaks at 1447 and
1411 cm are due to the stretching vibrations of -C-N and -NH, in the acrylamide chemical
structure. The peak at 1190 cm™ is corresponded to the sulfone groups in the AMPS chemical

structure.

In the FTIR spectra of SAP2HNT7and SAP2HNTY, the peak at 2360.83 cm™ is probably just
related to the background CO in the spectrometer. The absorption by carbon dioxide (CO3) in
the environment may be observed near 2350 cm™ since the purging with nitrogen was not

performed enough [69].

The FTIR spectra of synthesized polymers consisting HNT are presented in Figure 3.1. The
vibration peaks of -Si-O-, Si-OH at 1100-1050 cm™ confirm the presence of HNT in the

polymer structure.

According to FTIR results, the polymerization was carried out with the participation of all

monomers, and the presence of HNT in the polymer structure was confirmed.
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Figure 3.1 FTIR results of SAP2 polymers experiment sets

3.2.Thermal Characterizations
TGA Results of Synthesized SAPs

Thermogravimetric analysis results of SAP and SAP-HNT nanocomposites are presented in
Figure 3.2. The trio-random copolymer structure of SAPs and 0, 1, 5, 7 % of HNT addition in
SAP nanocomposite structure are verified in TGA results. 15% mass loss between 50-200°C
stems from water loss in the polymer structure. AM and AMPS monomers in polymer
structure degrade at 200-300°C. After 300°C, the sulphonic groups in the polymer chain start
to degrade. The residual mass in nanocomposites, containing 0, 1, 5, 7 HNT, is 12, 14, 17, 19,
respectively, demonstrating a 2% residual mass increase due to the HNT addition. TGA
results confirm thermal properties of SAPs are enhanced with HNT addition, and the residual

mass of polymer increased in direct proportion to the HNT amount.
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Figure 3.2 Thermogravimetric analysis of SAP and SAP-HNT nanocomposites

3.3.Swelling Behavior of Synthesized SAPs

SAP2 data set consists of 5 different polymers with 0, 1, 5,7 and 9% HNT amount. It is
shown in Figure 3.3-a, addition of 5% HNT provides the maximum swelling, the swelling
ratios decrease in 7-9% HNT amounts. Figure 3.3-b presents the slowest water release was
obtained in 28 days with SAP2HNT1 polymer containing 1% HNT. The release graph (fig
3.3-b) shows after the 10th day, the water amount contained in the polymer structure

significantly increase in SAP2HNTL. It means 1% HNT addition provides a more sustained

water release regarding 5, 7 and 9% HNT addition.
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Figure 3.3 The swelling (a) and water-release (b) test results of SAP2 polymer set involving
different amounts of HNT
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The maximum swelling ratios in SAP2 dataset corresponding to HNT amounts are shown in
Figure 3.4a. SAP2HNTS5 with the addition of 5% HNT reached the maximum swelling ratio
with a 537 g/g value.

The swelling kinetics of SAP2 dataset confirm the highest swelling value was observed in 5%
HNT ratio and all nanocomposite polymers in the dataset swell 300-500 times of their weight

and release the water in their structure for an average of 1 month.

3.4.Molecular Weight, Density and Crosslink Density Determinations

To determine the molecular weight of SAPs, the obtained polymer should be dissolved in a
solvent. Since the crosslinked SAPs cannot be dissolved in any solvent, SAP polymerization
was carried out without crosslinker addition. The obtained polymer was characterized by
using gel permeation chromatography (GPC). The molecular weight of trio-random non-
crosslinked polymer is presented in Table 3.1. Polydispersity index (PDI) value, equal to

Mw/Mn, is 1.276, showing a low polymer chains length distribution.

As the density value of SAP is necessary for crosslinking density calculation, density of SAP
and SAP-HNT nanocomposites were measured by using gas pycnometer. Table 3.1 shows the
density of SAPs increase, as the HNT amount of SAP-nanocomposites increase, except for
SAP2HNTS. The reason for this unexpected difference in SAP2HNTS arises from the inserted
HNT in reaction solution not completely participate to polymer structure, partially aggregate
in the polymer matrix.

Table 3.1 Molecular weight of non-crosslinked SAP and density values of SAP and SAP-
HNT nanocomposites

) ) Density of SAP and SAP-HNT
Molecular Weight of non-crosslinked _
Nanocomposites
SAP
(g/cc)
Mn — (Daltons) 940.971 SAP2HNTO 1.3936
Mw — (Daltons) 1,200 € 6 SAP2HNT1 1.6107
Mz — (Daltons) 1,399e6 SAP2HNTS5 1.5266
Mp — (Daltons) 1419e6 SAP2HNT7 1.6991
Mw / Mn (PDI) 1.276 SAP2HNT9 1.7198
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Swelling experiments are a useful method to determine the crosslink density of network
structures. Measured density (ps4p) Values are presented in Table 3.2, and ps = 1.0 for our
SAP dataset, and the m,, is set as 0.2 g for all swelling experiments. The Hildebrand solubility
parameter of SAPs are determined as 1.49 and 0.086 (kJ cm3)%5 for water and SAP (set to
poly (ethyl acrylate))[68], respectively.
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Figure 3.4 Maximum swelling ratios of SAP2 dataset polymers in water (a), crosslink density
as a function of ESR (b).
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Calculating XL density from the swelling experiments, we demonstrate the linear correlation
between swelling and crosslink density. Furthermore, the inverse proportion between XL and
ESR reveals the dependence of proposes that, although the HNT filler present in the SAP
structure alters the maximum swelling capacities of SAPs (Fig 3.4-a), the XL density is still
proportional to the molar volume of SAP in the nanocomposite structure (Fig 3.4-b). This
means that the swelling is governed by XL density, which is an intrinsic property of
synthesized SAPs.

3.5.Rheological Behavior of Synthesized SAPs

When SAP2 data set was analyzed to see the effect of HNT amount on storage modulus, it
was observed the highest storage modulus value belongs to the SAP2HNT1 nanocomposite
synthesized in the presence of 1% HNT (Figure 3.6). The storage modulus value decreases in
between 5-7% HNT range while increasing in the presence of 1% HNT. The storage modulus
values in between 5-7% HNT range is even lower than SAP2 polymers without HNT. This
situation shows increasing HNT ratios cannot disperse in the gel matrix homogeneously and
generate small aggregations confined into the gel matrix. On the other side, there is a relative
increase in the storage modulus values with the increasing HNT amount (9%). It means that
the addition of higher amounts of HNT increases the aggregate diameter and leads to a
decrease in the integration between aggregate and gel matrix.

As a result, when all rheology measurement results are discussed, storage modulus values in
the SAP2 data set have higher values due to the large amounts of AA monomer in the
polymer structure, and the maximum storage modulus value is reached with the addition of
1% HNT. The non-monotonous trend in G’ is governed by the three different of HNT
incorporation into nanocomposite structure (Figure 3.5). In the first mechanism, the HNT
molecules participate into nanocomposite structure via secondary interactions. The sharp
increase observed in SAP2HNT1 suggests that small amounts of HNT (around 1 wit%)
introduced into SAP structure makes a positive impact on G’. This can be explained by
additional intermolecular interactions formed between HNT and SAP structure, which may
act as physical crosslinking sites and/or entanglement points[67]. In the second mechanism,
As the amount of HNT introduced into SAP structure is increased between 1-7 wit%, the
storage modulus drops because HNT alters crosslinking mechanism of SAP by providing
additional binding sites to silane crosslinker. This gives rise to a competition between self-
crosslinking of SAP polymer chains and SAP grafting onto HNT surface. The more SAP is

grafted on HNT surface, the looser and the less crosslinked the gel becomes, and eventually
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results in lowered storage modulus[70]. And finally in the third mechanism, once a certain
amount of HNT is introduced into nanocomposite structure (>7 wt%), the probability of
individual HNT molecules find each other increases, thus intra-molecular interactions
between HNT-HNT molecules becomes the preferred mechanism of interaction for HNTSs.
This results in HNT agglomerates in SAP nanocomposite, which gives rise to fewer
interfacial interactions between HNT and SAP molecules eventually fluctuates the storage
modulus[71]. As the gel structures undergoes to repeating destruction, reconstruction and
agglomeration processes under constant shear[72], fluctuated shear responses are observed,

particularly after 5% HNT incorporation.
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Figure 3.5 The graphical representation of three different HNT incorporation mechanisms

Mixing monomer solution and HNTs

into SAP nanocomposite structure

As explained in the first mechanism, the maximum storage modulus was reached in
SAP2HN1 with 1% HNT addition due to the physical crosslinking through intermolecular
interaction between HNT and SAP structure. The increase in the storage modulus correlates

with the water release time of SAP2HN1. Figure 3.3-b presents the longest release period was
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observed in SAP2HNTL. This correlation was confirmed with the obtained maximum storage

modulus with 1% HNT addition and the enhancement in water release time of SAP2HNTL1.
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Figure 3.6 Storage modulus results of SAP and SAP-HNT Nanocomposites

3.6.Application of SAP2HNT5 on Different Types of Soils

In order to observe the effect of Soygel on different soil types, an experimental setup was
prepared in three different soil types, sandy, loamy, and clay soils, with 0.5% and 5% SAP by
weight and the control group at three different doses. First, soil water saturation capacities of
sandy, loamy, and clay soil types were determined by calculating the amount of water given.
After weighing equal amounts, 60 g of 3 different soil types, the maximum soil water
capacities were calculated as 18, 33, and 33 mL for sandy, loamy, and clay soil, respectively.
The experimental setup, in Figure 3.7-a was prepared with four repetitions of control, 0.5%
and 5% SAP doses for three different soil types. The moisture measurement probe is
immersed in the soil, and the soil moisture level is measured in the range of 1-10 values

(Figure 3.7-b)
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Figure 3.7 The experimental setup of loamy, clay, and sandyoil with ontrol, 0.5% and 5%
SAP doses(a) and procedure of soil moisture measurement with moisture probe (b)

In the first three days, the SAPs in the soil were irrigated with the amount of water calculated
according to 80% of the maximum soil water holding capacity. As a result, the soil moisture
level with control and SAP groups reached their maximum value, and SAPs in the soil
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achieved the maximum swelling capacity. At the end of the 3rd day, irrigation was stopped,

and only the soil moisture level was measured.
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Clay Soil Moisture Measurement
I N I N I N I

4 (C

12 (©) [ control
[ ]0.5% sAP
B 5% SAP

10 —

(o0}
1

Moisture Level (Clay Soil)
D
1

1 2 3 4 8 12 15 18 22 26 31 36 40
Day

Figure 3.8 The results of soil moisture level measurement in sandy (a), loamy (b), and clay
(c) soil with control, 0.5%, and 5% SAP doses

In Figures 3.8 a, b and c, the maximum moisture level was reached at doses containing 0.5%
and 5% SAP in 3 different soil types on the 4th day. Then the soil moisture level decreased
over time as irrigation was stopped. On the 12th day, the soil blended to mix soil and swollen
SAPs. Thus the moisture level increased in the clay soil containing 0.5% SAP and in sandy,

loamy, and clay soil containing 5% SAP.

On the 4th day, at the maximum soil moisture level, the moisture level increased 5 times with
0.5% SAP and 7 times with 5% SAP compared to the control group in the sandy soil, which is
unsuitable for agriculture. After reaching the maximum moisture level in the sandy soil, the
moisture level was preserved for 12 and 28 times longer with 0.5% and 5% SAP doses than
the control group. Maximum soil moisture level in loamy soil was increased 1.3 and 1.6 times
with 0.5% and 5% SAP, respectively. In addition to the increase in the maximum moisture
level, it was observed that the soil moisture level was maintained 3.5 times longer with 0.5%
SAP and 9 times longer with 5% SAP compared to the control group. This increase in the
preservation of the maximum moisture level in the soil is the prolonged slow water release

due to the presence of SAPs.
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Although a significant increase was not observed in the maximum soil moisture level of clay
soil, the moisture level was maintained for 1.5 times longer with 0.5% SAP compared to the
control group. Also, with 5% SAP, the maximum soil moisture level was increased 1.5 times.
On the other hand, at the end of the 40th day, it was observed that the soil moisture level was
preserved the longest time in the loamy soil containing 5% SAP. Therefore, the soil moisture

level was maintained 3 times longer than the control group.

3.7. Conclusions

Nanocomposite hydrogels with varying nanofiller content, high swelling capacities, and
longer release times were designed and synthesized by the free radical copolymerization of
AM, AA, and AMPS in water. The crosslinked hydrogels and nanocomposite hydrogels were
characterized by structural, thermal, mechanical, and swelling properties. It was confirmed
from FTIR results all monomers participated in the polymerization, and HNT is available in
the polymer matrix. TGA measurements demonstrate an increase in thermal degradation
temperatures of nanocomposites concerning nanofiller addition, while the residual mass
increase is directly proportional to the amount of added HNT. The highest swelling value is
observed in the SAP2HNT5 sample, which has the lowest calculated crosslink density. The
rheological characterization of swollen SAPs reached the maximum storage modulus of 2815
Pa at 25 °C when 1% HNT and an additional amount of AA monomer were added into the
polymer structure. In line with this, as it was found in the swelling/release performance test,
the water release time was prolonged up to 27 days with the addition of 1-5% HNT. The
highest water retention profile, particularly after day 10 is observed in SAP2HNT1, which
also demonstrates the best storage modulus value. Based on all these results, the maximum
swelling ratios of nanocomposite SAPs correlate with the crosslinked density of SAPs, while
water retention capacities correlate with storage moduli. The rheology investigation
suggested a 3-phase mechanism of HNT nanofiller-SAP interaction. In the first phase,
nanoparticles are incorporated into the nanocomposite structure via secondary interactions. In
the second phase, the additional amount of nanofiller induced grafting, resulting in a reduced
amount of crosslinking. In the third phase, nanofiller agglomerates take place; and the
modulus responses becomes fluctuated. A similar non-monotonous trend is observed in
calculated in swelling experiments of SAP-HNT nanocomposites, but this time the trend is

governed by crosslink densities rather than the HNT nanofiller.

In line with soil moisture results, it has been observed that the soil moisture level is preserved

for a long time in drought regions thanks to the long-term water release of SAP-HNT

32



nanocomposites. In addition, unsuitable soils such as sandy soil can be made suitable for
agriculture. The current study is a valuable explanation structure-function relationship for
SAP-based nanocomposites and provides insights for the future designs of smart hydrogels.
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Chapter 4

Chapter 4 comprises the investigation of the swelling performance of hydrogels synthesized
with tunable crosslink densities. First, to see the effect of crosslinker amount on the swelling
performance of hydrogels clearly, poly(ethylene glycol) diacrylate (PEGDA) monomer was
synthesized to be used as a crosslinking agent. In the next step, the synthesis of SAPs was
carried out with different amounts and chain lengths of PEGDA crosslinkers instead of
vinyltrimethoxy silane (VTMS) crosslinker.

4. Experimental Methodology

4.1. Materials

Polyethylene glycol 4000, 2000, and 1000 (PEG4000, PEG2000 PEG1000) were purchased
from Sigma Aldrich. Acryloyl chloride, 96%, stab. with phenothiazine, was purchased from
Gute Chemie and used as received. Triethylamine (TEA) for synthesis and toluene were

obtained from Merck Millipore and used without any further purification.

4.2. Synthesis of PEGDA Crosslinker

PEG 4000, 2000 and 1000 were used to synthesis three different crosslinkers in different
chain lengths. First, to synthesis PEGDA1 crosslinker with the reaction of PEG 4000 and
acryloyl chloride, PEG4000 was stirred in toluene at 120°C for 24 hours under azeotropic
distillation to remove water in the reaction environment. To capture the HCI gas, which is the
result of the PEG and acryloyl chloride reaction, triethylamine was added to PEG-toluene
solution after the solution temperature reached to room temperature. After stirred PEG-TEA-
toluene solution for 5 minutes, acryloyl chloride was dropped to mixture slowly and
continued stirring solution for 24 hours at room temperature. The equivalent mole ratios of
PEG molecules to acryloyl chloride were determined 1:2 to react acryloyl chloride with both
hydroxyl end groups of PEG chains. The equivalent mole amounts of reactants are presented
in Table 4.1. At the end of the 24 hours, the reaction was completed and PEGDA monomer
was obtained as a precipitating white powder. The precipitated part was washed a few times
with toluene and hexane, respectively under vacuum filtration. The filtered PEGDA monomer
was dried at room temperature to remove any residual solvent. PEGDA2 and PEGDA3
monomers were synthesized with PEG 2000 and PEG 1000, respectively with the same

method. The reaction mechanism of PEGDA monomer synthesis is presented in Figure 4.1.

Table 4.1 The equivalent mole amount of reactants for the PEGDA crosslinker monomer

synthesis
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Sample Reactants Equivalent Mol Amount
PEG 4000 0.01
Acryloyl chloride 0.02
PEDA1 i i
Triethylamine 0.02
Toluene 1.5
PEG 2000 0.01
Acryloyl chloride 0.02
PEGDA2 i i
Triethylamine 0.02
Toluene 1.5
PEG 1000 0.01
Acryloyl chloride 0.02
PEGDA3 i i
Triethylamine 0.02
Toluene 1.5

0
HO\t\/\OJ(H . s \j)\ . /\H/O\‘\/\OW
" Cl 1 n

Poly(ethylene glycol) Acryloyl chloride Poly(ethylene glycol) diacrylate

Figure 4.1 The reaction mechanism of PEGDA monomer synthesis

4.3. H NMR Characterization of Synthesized Crosslinker
1H-NMR (Nuclear Magnetic Resonance) spectra of prepared PEGDA monomers were
obtained using Varian Inova Nuclear Magnetic Resonance spectrometer (500 MHz). Obtained

Data was processed by MestreNova v.14 Software [73].

First, PEGDAL, PEGDAZ2, and PEGDA3 monomers were prepared by dissolving 2 mg of
each monomer in 600 uL of deuterium water. 1H-NMR spectrums of prepared PEGDAL,
PEGDAZ2, and PEGDA3 monomers in d-H20O are depicted in Figure 4.2-a, b, and c,
respectively. The characteristic peaks corresponding to -CH units (d,e,f and g) of PEG 4000,
PEG 2000 and PEG 1000 are observed around 4.35, 3.85 and 3.55 ppm. The acrylate group
peaks of CH2=CH units, the result of the PEG and acryloyl chloride molecule reaction, are
observed around 6.50-6.00 ppm in the PEGDAL, PEGDA2, and PEGDAS3 proton NMR
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spectrums. The peaks around 3.20 and 1.30 are due to the residue of excess triethylamine.
Proton NMR spectrums of PEGDA1, PEGDA2, and PEGDAS3 crosslinker monomers, the
result of the reaction of PEG 4000, PEG 2000, and PEG 1000 separately with acryloyl
chloride, confirm PEGDA monomers synthesis occurred successfully.
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Figure 4.2 Proton NMR spectrums of PEGDAL (a), PEGDAZ2 (b), and PEGDAS3 (c)

synthesized crosslinker monomer

4.4.Synthesis of SAPs with PEGDA Crosslinker

In the first data set, the effect of the chain length of PEG molecules on the swelling behavior
of synthesized SAPs was investigated with PEGDAL, PEGDAZ2, and PEGDAS crosslinkers.
The tri-random copolymers were synthesized with acrylamide (AM), 2-acrylamide-2-
methylpropane-1-sulphonic acid (AMPS), and acrylic acid (AA) monomers. The synthesized
PEGDA monomers with three different chain lengths were used to synthesize tri-random
copolymer SAPs as a crosslinker. To tune the crosslink density more precisely and prevent
the occurrence of physical crosslinking due to the presence of nanotubes, HNT was not
incorporated into the polymer matrix.

To observe the chain length of PEGDA crosslinker on swelling capacity, monomer,
crosslinker, and initiator mole amount were kept constant. The equivalent mole ratios of
monomers and crosslinker are the same as in the synthesis of SAP2HNTO (Table 2.1). Three
different SAPs, crosslinked with separate PEGDA crosslinkers, were synthesized with the
same synthesis method. The determined mole amount of AM, AMPS monomers (Table 4.2)

was dissolved in distilled water, then added AA monomer and PEGDA crosslinker to the
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mixture. The pH of monomer mixture was adjusted to 7 with the addition of 12 M NaOH
solution. The neutralized monomer solution was placed to 2-neck flask and purged with
nitrogen gas for 15 min to remove oxygen in the reaction environment. Ammonium persulfate
(APS) dissolved in 2 mL of distilled water was added to monomer solution and set the
temperature at 70°C to initiate the reaction. At the end of the 2 hours the reaction terminated,
and SAP-Px polymer are obtained in the gel form. The obtained gel was washed with ethanol
to remove unreacted monomers and dried overnight at 70°C. Three different SAP-P polymers,

presented in Table 4.2 were synthesized with different PEGDA crosslinkers.

Table 4.2 The equivalent mole amount of monomers and crosslinkers of SAPs synthesized
with three different PEGDA crosslinkers

SAP-P1 SAP-P2 SAP-P3
o AM 0.0600 0.0600 0.0600
§ AMPS 0.0050 0.0050 0.0050
c
g AA 0.0700 0.0700 0.0700
. PEGDAL (PEG 4000) 0.0013 . .
g PEGDA2 (PEG 2000) ¥ 0.0013 .
g PEGDA3 (PEG 1000) i ; 0.0013
S
g APS 0.0003 0.0003 0.0003
=

The effect of crosslinker mole amount on the swelling behavior of synthesized SAPs was
investigated with PEGDA1 and PEGDA2 crosslinkers in the second data set. Since the
PEGDAS3 crosslinker self-crosslinked with the reactive end groups over time at room
temperature due to the shorter chain length, the effect of mole amount of PEGDA3 was not

put on the second data set.

The amount of crosslinker was determined according to the ratio of crosslinker mol amount to
the total monomer mol amount. The mol ratio of 1:100 crosslinker / total monomer was
identified as the control sample, referred to as SAP-P1-2. The crosslinker mole amount was
increased and decreased according to the control sample. First, the crosslinker/total monomer

mole ratio was reduced to 1:85, increasing the crosslinker by 25 percent. Second, the

39




crosslinker amount was decreased by 25 and 75 percent, corresponding to a mole ratio of
1:150 and 1:450 crosslinker / total monomer. The determined crosslinker monomer mole
amounts for PEGDAL and PEGDA2 were presented in Table 4.3.

Table 4.3 The crosslinker mol amounts of synthesized SAP-P data sets

SAP-P1-1 | SAP-P1-2 | SAP-P1-3 | SAP-P1-4
" AM 0.0600 0.0600 0.0600 0.0600
£ AMPS 0.0050 0.0050 0.0050 0.0050
o
c
§ AA 0.0700 0.0700 0.0700 0.0700
S
=
= PEGDA1 0.0016 0.0013 0.0009 0.0003
<
O
S
8 APS 0.0003 0.0003 0.0003 0.0003
E

SAP-P2-1 | SAP-P2-2 | SAP-P2-3 | SAP-P2-4
o AM 0.0600 0.0600 0.0600 0.0600
[<5]
% AMPS 0.0050 0.0050 0.0050 0.0050
c
o
p= AA 0.0700 0.0700 0.0700 0.0700
g
% PEGDAZ2 0.0016 0.0013 0.0009 0.0003
o
)
S
A APS 0.0003 0.0003 0.0003 0.0003
=

SAP-P1 and SAP-P2 polymers in Table 4.3 were synthesized with the same polymerization

method, and the dried polymers were ground to prepare for swelling tests.
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4.5. Swelling Performance Test of SAPs
The swelling performances of synthesized SAP-P set with different PEGDA crosslinkers were
investigated using the SAP2 data set equilibrium swelling measurement method in Chapter

2.4. First, the equilibrium swelling ratios were calculated as in Equation 1:

Wq

We—
ESR(9/9) = =,
Where W is the weight of hydrogel at equilibrium and W4y is the weight of the dry polymer.

After the hydrogel reaches the maximum swelling capacity, in other words, the equilibrium
swelling ratio, the gel begins to release water inside the polymer structure. The water release
ratios were calculated with the same equation (Eq 1); only the ESR mark was changed to

EShR to emphasize the difference between swelling and release ratios.

First, to observe the effect of crosslinker chain length on the swelling behavior of SAPs, the
swelling ratios of synthesized SAP-P1, SAP-P2, and SAP-P3 polymers with three different
crosslinkers were measured in distilled water. At the end of the four hours, SAP-P1, SAP-P2,
and SAP-P3 all polymers were reached the maximum swelling ratio values. Furthermore, as
the different crosslinkers were used and HNT was not incorporated into the polymer structure,
the SAP-P data set achieved the maximum swelling ratios faster than the SAP2HNT data set
in Chapter 2.

When the maximum swelling ratios are compared between the SAP-P data set samples, the
maximum swelling ratio was obtained 225 g/g with SAP-P3, presented in Figure 4.3.
However, SAP-P3 was synthesized with the PEGDAS3 crosslinker comprised of the PEG 1000
molecule, the shortest PEG molecule in the data set. As the molecular weight of the PEG
molecule increases, the swelling ratio of hydrogel increases but Figure 4.3 shows an inverse
proportion between molecular weights and swelling ratios. The reason behind this result is
related to the crystallization degree of SAP-Px data set polymers. It can be observed from the
DSC results of SAP-Px polymers (Chapter 4.6), Table 4.4, and Fig 4.9b; the crystallization
enthalpies increase with increasing PEGDA chain length. This is because the chain length of
the PEGDA crosslinker rises with the higher molecular weight of PEG molecules. In this way,
the segmental mobility of PEGDA molecules decreases, and the geometric alignment is more
ordered. Also, the longer chain length of PEGDA crosslinkers is prepared with a higher

molecular weight of PEG molecules. This might cause an increase in the chain entanglements
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of crosslinkers and reduce the stability of longer chains. Therefore, the swelling abilities of

SAP-Px drop away due to the critical entanglement molecular weight of PEG[74].
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Figure 4.3 The equilibrium swelling (a) and water release (b) ratios of SAP-P data set consist
of three different PEDGA crosslinkers
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Figure 4.4 The relationship between crosslinked density (a), molecular weight between

crosslinks, Mc (b), and maximum swelling ratios (c)

SAP-P1-x and SAP-P2-x data sets were prepared to describe the impact of crosslinker mol
amount on swelling capacities. As the crosslinker amount decreases, the crosslink density of
SAP decreases, and as a result, the swelling degrees of SAPs increase. The inverse proportion
between the crosslinker amount and swelling ratios was confirmed with SAP-P1-x .and SAP-
P2-x data sets (Figure 4.5 and Figure 4.6). The minimum swelling ratios were observed with
SAP-P1-1 and SAP-P2-1 since they have maximum crosslink densities due to higher
crosslinker amounts. Furthermore, the maximum swelling capacities were reached with SAP-

P1-4 and SAP-P2-4 because of their minimum crosslinker amount.

No change was observed in the water release time of SAPs synthesized with different chain
length crosslinkers (Fig 4.3-b). However, Figures 4.5-b and 4.6-b show the water release time
alters with the crosslinker amount. As the crosslinker amount increase, the water release time
is longer because the crosslink density of SAP increases.
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Figure 4.5 The swelling (a) and water release (b) results of SAP-P1-x data set synthesized

with different crosslinker mol amounts
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Figure 4.6 The swelling (a) and water release (b) results of SAP-P2-x data set synthesized

with different crosslinker mol amounts
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Figure 4.7 presents the maximum swelling values of SAP-P1-x and SAP-P2-x data sets with
four different crosslinker mol amounts. In all different mol amounts, the SAP-P2-x data set
reached higher swelling ratios than the SAP-P1-x data set due to the chain length difference

between the crosslinkers.
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Figure 4.7 The bar chart comparison between maximum swelling ratios of SAP-P1-x and
SAP-P2-x data sets

4.6.Characterizations

Thermal Characterizations
-TGA

Thermogravimetric analyses of SAP-Px data set were done by a Mettler Toledo STA
(Simultaneous Thermal Analysis) differential thermogravimetric analyzer. All samples were
heated from 30 to 100 °C at a linear heating rate of 10°C/min with a 50 mL/min flow under
N2 atmosphere.

Thermogravimetric analysis was conducted to determine the effect of crosslinker chain length
on thermal degradation. Figure 4.3 presents the mass losses of SAP-Px data set polymers

against the temperature. The mass losses of SAP-P1, SAP-P2, and SAP-3 against heating
46



correlate with the chain length of crosslinkers. Since SAP-P1 was synthesized with the
PEGDAL1 crosslinker comprising PEG4000, the most extended chain length of PEG molecule
in the data set, the maximum rate of weight loss at 400°C belongs to SAP-P1 with 65%
amount. SAP-P1 and SAP-P2 comprising PEG2000 and PEG1000, respectively, exhibited a
similar thermal degradation trend between 250 and 450 °C due to the chain length of
crosslinkers. In addition, a decrease was observed in the thermal stabilities of SAP-Px data set
polymers with the extended chain length of the crosslinker. However, the thermal stability of
SAP-P2 and SAP-P3 exhibited almost no difference as they comprise of the shorter chain
length crosslinker as against SAP-P1.
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Figure 4.8 TGA curves for SAP-Px under nitrogen atmosphere

- DSC

Differential Scanning Calorimetry (DSC) analyses were performed on a TA Q2000
instrument. All measurements were examined in the range of 25 and 350°C with a 50 mL/min
flow rate at a linear heating and cooling rate of 10 °C/min under N2 atmosphere. First, the

heating was started from 25 to 350° C with a heating rate of 10°C/min and cooled from 350 to
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25 °C with a 10°C/min cooling rate. Then, the second heating cycle was done from 25 to
350°C again.

The simultaneous Differential Scanning Calorimetry (DSC) curves of the first heating and
cooling cycles of synthesized SAP-P1, SAP-P2, and SAP-P3 are presented in Figures 4.9-a
and b. Two prominent regions between 30°C -60°C and 200°C -300°C are observed in the
heating curves. The small peaks at 100°C in the SAP-P2 and SAP-P3 curves are attributed to
the loss of adsorbed water. The first melting peaks in the range of 30-60°C correspond to the
melting of PEGDA crosslinkers. Therefore, the melting-peak enthalpy values presented in
Table 4.4 are directly proportional to the chain length of PEGDA crosslinkers. As the
crosslinker chain length increase, the enthalpy of melting-peak increases. This is because

more energy is released when the crosslinkers with longer chain lengths melt.

SAP-Px data set polymers are composed of AA-AM-AMPS random triblock copolymers,
crosslinked with PEGDA crosslinkers in three different chain lengths. The peaks around the
200°C -300°C are related to the functional groups of monomers in the polymer backbone. The
endothermic peaks around 210-230°C correspond to the degradation of amide groups of AM
and AMPS. The sulphonic groups of AMPS begin to degrade around 250°C, and these flow
by the polymer backbone degradation.
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Figure 4.9 First heating (a) and cooling (b) DSC curves for SAP-Px data set under nitrogen

atmosphere

The cooling cycles of SAP-P1, SAP-P2, and SAP-P3 are presented in Figure 4.9-b. Two
exothermic crystalization peaks in the range of -40°C -20°C are related to the crystallization

of PEGDA crosslinkers. The enthalpies of crystallization peaks are directly proportional with

the chain lengths of crosslinkers, similar to the melting peaks in Figure 4.9-a.

Enthalpies—»
Tm (°C) Tc (°C) AHm (J/9) AH¢ (J/9)
Samples l
SAP-P1 52 -23 and 26 20.01 21.86
SAP-P2 24 and 53 -27 and 13 751 4.15
SAP-P3 37 - 0.47 0

Table 4.4 DSC Heating and cooling curves results of SAP-Px data set polymers
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Furthermore, a relationship is observed between crystallization degree and equilibrium
swelling ratios of SAP-Px data set polymers. In Chapter 4.5, the swelling performance test
results of SAP-P1, SAP-P2, and SAP-P3 give an inverse proportion between maximum
swelling ratios and crosslinker chain lengths. However, as the crosslinker chain length
increase, the maximum swelling ratios of SAPs should be higher. The reason behind the
inverse proportion between swelling ratios and chain lengths of SAP-P1, SAP-P2, and SAP-
P3 stems from their crystallization degree. Although SAP-P1 crosslinked with the most
extended chain length PEGDA crosslinker (PEGDAL), it also has the highest crystallization
degree. Therefore, the maximum swelling ratio of SAP-P1 is the least compared to SAP-P2
and SAP-P3. Similarly, since there was almost any crystallization peak observed in the
cooling cycle of SAP-P3, the maximum swelling ratio was reached with SAP-P3.

4.7.Conclusions

This chapter has focused on the effect of chain length and mol amount of PEGDA crosslinker
on the swelling capacities. First, the crosslinker chain length effect was observed with three
different chain lengths of PEG molecules. PEGDAL, PEGDA2, and PEGDA3 crosslinkers
were synthesized with PEG4000, PEG2000, and PEG1000, respectively. After the synthesis
of PEGDA crosslinkers was confirmed by NMR characterization, the SAP-Px data set was
prepared to see the crosslinker chain length effect on swelling capacities. The synthesized
SAP-P1, SAP-P2, and SAP-P3 polymers are consist of the same amount of crosslinker; only
the chain length of crosslinkers was changed. The obtained results from the swelling
performance tests have given an inverse relation between the chain length of the crosslinker
and maximum swelling ratios. The SAP-P3, synthesized with the shortest chain length
crosslinker, reached the highest swelling ratio of 225 g/g compared to SAP-P1 and SAP-P3.
The reason behind this is related to the crystallization degree of SAP-Px and the critical chain
entanglement of the PEG molecule. The maximum swelling ratios were decreased as the
crystallinity degree of SAP-Px increased. This inverse relation was also supported by the
TGA and DSC thermal results. The highest crystallization degree was observed in the DSC
curves of SAP-P1, synthesized with the most extended chain of PEGDA crosslinker. Also,
since the critical chain entanglement increases in the long chain of PEG, the segmental
mobility of the PEGDA crosslinker decreases, and thus the swelling ability of SAP-Px
reduces. After observing the effect of chain length of crosslinker, the impact of crosslinker
amount was investigated. The equilibrium swelling performance test results of SAP-P1-x and

SAP-P2-x data sets give an inverse proportion between crosslinker mol amount and maximum
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swelling ratios. Generally, as the crosslinker mol amount increase, the crosslink density of
SAPs increases. Therefore, the maximum swelling ratios reduce with the increase of
crosslinker mol amount due to the limitation of the swelling ability in higher crosslink
densities. The correlation between crosslinker amount and the maximum swelling ratio was
confirmed in Figure 4.7. The highest swelling ratio was reached with the SAP-P2-4,
comprising the shorter chain length and the least mol amount of PEGDAZ crosslinker.
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Chapter 5

5. Conclusions

This thesis aims to explain the relationship between mechanical properties and water retention
capacity and the correlation between swelling ratios and crosslinking density. Therefore SAP
nanocomposites with enhanced water retention capacities and SAPs with tunable crosslinking
densities were synthesized, respectively. The synthesized SAP nanocomposites were
structurally, thermally, and rheologically characterized with FTIR, TGA, and rheometer,
respectively. Also, the crosslinking densities of SAP nanocomposites were calculated and
compared with swelling performance tests to observe the correlation between crosslink
density and swelling capacities. The incorporation of HNT nanoparticles into the polymer
matrix was confirmed via FTIR, TGA, and rheology results. The synthesized triblock random
AA-AM-AMPS polymers are prepared with different amounts of HNT. The TGA results of
SAP-HNT nanocomposites prove the incorporation of HNT into polymer structure with the
correlation between residue masses and HNT amount. The maximum swelling ratio was
reached with SAP2HNTS, with minimum crosslink density. The water retention capacities
were observed via a release performance test. These test results correlate equilibrium release
ratios (EShR) and storage modulus and rheology results. While the water retention capacity
was prolonged up to 28 days with 1% HNT addition (SAP2HNT1), and maximum storage
modulus of 2815 Pa was also obtained with the rheological characterization of swollen
SAP2HNTL. Based on all these results, while water retention capacities correlate with storage
moduli, the maximum swelling ratios of nanocomposite SAPs correlate with the crosslinked
density of SAPs. SAP-HNT nanofiller interaction was explained with a 3-phase mechanism
according to rheology results. In the first phase, secondary interactions generate between
nanoparticles and polymer structure. In the second phase, crosslinking reduces due to the
graft polymerization with the additional amount of HNT. Finally, the modulus results
fluctuate in the third phase because the HNT nanofiller aggregations form in the

nanocomposite structures.

For future studies, preliminary test results of synthesized SAPs with three different PEGDA
crosslinkers indicate that a detailed swelling performance test should be done at different
temperatures to investigate the effect of crystallinity degree and critical chain entanglement
on swelling ratios. Furthermore, the addition of HNT nanofiller into the polymer matrix may
be repeated with SAP-P data set polymers to observe the PEGDA crosslinker effect on the

HNT-SAP interaction mechanisms. According to the first results of SAPs synthesized with
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PEGDA crosslinker, a tunable crosslink density mechanism can be provided by controlling
the type and amount of crosslinkers. In this way, SAP synthesis with the desired properties is

possible according to the application area.

In light of these results, the current study is a valuable explanation structure-function
relationship for SAP-based nanocomposites and provides insights for the future designs of

smart hydrogels.
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