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Summary

Superabsorbent polymewme four in numerousindustrial applications due to their
outstanding swelling abilitfor water Besides swelling capacity, the performance of
absorbent gel materials (AGM) is critically determined byglkstrengthin the swollen
state. If thegel strengthof the hydrogelis low, it is easily deformable, which allows the
occurrence of gel blocking. Gel blocking hampers homogeneous swelling of the AGM
and limits the effective total capacity. The primarily swollen particles gain volume upon
swelling and built upa sealing layer that avoids wetting of the lower AGM layers. For
application of AGM in hygiene products it is therefore highlyiiddde to minimize gel
blocking while not sacrificing any swelling capacity. In order to strengthen AGM
particles either thegel strengthof the bulk polymer may be improved or the surface of
AGM particles may be stiffened by additional crosslinkiwjich results incorei shell

particles.

This work explores the incorporam of stiff inorganic fillers- clay minerals- into the

AGM matrix in order to improve thgel strength of bulk AGM o¥ o u n-gnédslus of
surface shells of AGM particleEnhancement ahe gel strength and o u n-ghaédslus

is thus achieved by designing AGbbmposites. The high ionic strength in combinatio

with low pH of the partially neutralized acrylic acid mixtures used to polymerize AGM
represents the majasbstacle on the way to such AGkbmposites. Clays tend to
agglomeate in such mvironments and resulting aggloraggs might even weaken the
gels. h order to exploit the full potential of clay minerals as fillers in AGM matrices it is
essential to first disperse the clay platelets homogeneously in the suspension of the

partially neutralized monomers.

We were able to obtain stable suspensions of wimerals by modifying them with a
commercial cationic dentrimer, ODD. ODD carries an ethylene glycol brush on a poly
(ethylene iming core and is electrostatically bound to the clayfaig by intrinsic
protonation. A gccessful dispersion of modified gkallowed to explore the influence of
critical parameters like the aspect ratio of the clay platelets on thehamieal
performance of the AGMomposites by comparing synthetic lithium hectorite (aspect
ratio® 10000) andnontmorillonite PGW (aspect rat © 30).



While the hydrogels could be reinforced by incorporating the different fillers, the tradeoff
between swelling capacity amgl strengthof the AGM in fully swollen statecould be
improved only with montmorillonite PGV®, however not with lithium ¢terite
Interestingly, for the high aspect ratio lithium hectorite a crossing of the afaderve
could be observed with better performance of the AGM at low swgel(k 5.5 g/g)
whereas the PGV® AGM composites showed superior properties at anyngvastiree

compared to the reference

With the core’ shell approach high swelling capacity and hggh strengthare spatially
separated. While the core of the particle provides the high swelling athityghell will

grant pressure resistancef shapereducing gel blocking To optimize this concept,
mechanical strengthening of the shell has to be achieved while preserving maximum
flexibility expressed by a high stress at break beyond cetia@shold values for strain

(> 400 %) andY o u n-gnédslus (>100 KPa).Moreover, core and shell have to be kept
chemically compatible. V¢ considereccommercial bulk AGM for thecore, while the

shell should bebuilt up by an AGM composite material incorporating different clay
minerals as filler. The type of clay, tiiler content, the amountf@rganic crosslinker,

the acrylic acidcontent, and the degree of neutralization were varied to optimize the
mechanical properties of the composite shells. For the largetaagiedithium hectorite

both strain at brealandY o u n-gnédsluswere found to be below the threshold values.
For composites of modifieshontmorillonite PGW, however, a significant improvement

in performance of the shells could be achieved. For the best composite shells 800 % strain
at break in combirteon with 600 WPa stress at break aad o u n-gnédslus of 140 kPA

were observed



Zusammenfassung

Superabsorbierende Polymere findmuf Grund ihrer herausragenden Quellfahighkeit
zahlreichen industriellen Produkten Anwendung. Neben der Quellfahigeidie
Effizienz absorbierender GeélMaterialien (AGM) entscheidend von der Starke des Gels

im vollstdndig gequollenen Zustand abhangig. Ist die Gelstarke gering, ist das Hydrogel
| ei cht verformbar, geldbd odlasngAuf ér eckigghi cvhotn.
verhindert ein homogenes Quellen des AGM und beschrénkt dessen effektive maximale
Kapazitat. Die zuerst gequollenen Partikel gewinnen wahrend des Quellens an Volumen
und bilden eine versiegelnde Schicht aus, welche das Durchnassen der unteren AGM
Schchten verhindert. Fir die Anwendung von AGM in Hygiami&eln ist es deshalb
hochst erstrebenswert den gel blocking Effekt zu minimieren ohne dabei an
Quellkapazitat einzubifen. Um AGM zu verstarken kann entweder die Starke des bulk
Polymers verbessertenden oder die Oberfliche der AGM Partikel durch zusatzliche

Quervernetzung versteift werden woraus Kie8chale Partikel resultieren.

Diese Arbeit erforscht die Einlagerunigiéer anorganischer FillstofieSchichtsilicaté

in die AGM Matrix, um dieGdstarke bulk AGM oder a&n Youngschen-Modul von
oberflachlichen Schalen von AGM Partikeln zu verbessern. Eine Erhdhung der Gelstarke
und desYoungschen-Moduls wird also durch das Design von AGM Kompositen
erreicht. Die hohe lonenstarke in Kombination mé&m niedrigen pH Wert der teil
neutralisierten Acrylsaungischungenwelche zur Polymerisation von AGM verwendet
werden stellen das grof3te Hindernis auf dem Weg zu solchen AGM Kompositen dar.
Schichtsilicate tendieren unter derartigen Umstanden dazuaggomerieren und
resultierende Agglomate kénnten das Gel sogar schwachen. Um das volle Potential von
Schichtsilicaten als Fullstoff in AGM Matrizen ausnutzen zu kdnnen, ist es essenziell die
Schichtsilicat Plattchen zundchst homogen in der Suspensiontedeneutralisieten

Monomeren zu dispergieren.

Wir waren in der Lage stabile Suspensionen von Schichtsilicaten zu erhalten, indem diese
mit einem kommerziellen kationischen Dentrimer, ODD, modifiziert wurden. ODD weist
eine Ethylenglykol Birste gebundem einen Polgthylenimini Kern auf und wird
elektrostatisch an die Schichtsilicat Oberflache durch insche Protonierung gebunden.

Das erfolgreiche Dispergieren der modifizierten Schichtsilicate ermdéglichte eine



Untersuchung des Einflusses von kdtisn Parametern wides Aspekterhaltnisses auf
das mechanische Verhalten der AGM Komposite, wobei der synthetis¢chieinii
Hectorit (Aspektverhaltni8 10000) mit Montmorillonite PGV® (Aspektverhaltris30)

verglichen wurde

Wahrend die Hydrogele durchedEinlagerung der verschiedenen Fullstoffe veksta
werden konntenkonnte der Tradeoff aus Quellkapazitat ui@klstarkedes AGM im
vollstandig gequollenen Zustanaur mit Montmorillonit PGV® verbessertwerden,
jedoch nicht mit Lithium Hectorit Interesanterweise wurde fir den Lithium Hectorit mit
hohem Aspektverhaltnis ein Uberkreuzen der Tradeoff Kurve beobasitadi nur bei
einem geringem Quellgrad (< 5.5 g/des AGM eine Verbesserung erreiciturde.
Dahingegen zeigte das PGV® AGM Komposit beidgm Quellgrad bessere

Eigenschaften im Vergleich zur Referenz.

Durch den Kerni Schale Ansatz werden hohe Quellkapazitat und hohe Gelstarke
raumlich voneinander getrennt. Wahrend der Kern des Partikels die hohe Quellkapazitat
bereitstellf garantiert die &hale mechanische Starke welche delsblocking reduziert.

Um dieses Konzept zu optimieren muss eine mechanische Verstarkung der Schale
erreicht werdenwobei eine maximale Flexibilitét erhalten bleiben soll, was durch eine
hohe Rei3spannung oberhalb bastter Grenzwde fir Dehnung (> 400%) und
Youngscher-Modul (> 100 kPa) wiedergegeben wird. AuRRerdemissen Kern und
Schale chemisch kompatibel sein. Waben kommerzielles bulk AGM fiir den Kam
Betracht gezogerwahrend d¢ Schale aus einem AGM Kongity welches verschiedene
Schichtsilicate als Fullstoff enthielt, aufgebawgrden sollte Die Art des Schichtsilicats,

der Schichtsilicat Gehalt, die Menge an oligehem Quervernetzer, der Acrylségebalt

und der Neutralisationsgrad wurden variiert um dechanischen Eigenschaften der
Komposit Schalen zu optimieren. Fir Lithium Hectorite mit hohem Aspektverhéltnis
lagensowohl dieReil3dehnungls auchder YoungscheModul unter den Grenzwerten.

Fir Komposite des modifizierten Montmorillonite PGV® jeddwmnte eine signifikante
Verbesserung des Verhaltens der Schale erreicht werden. Fur die besten Komposit
Schalen wurden 800 Rel3dehnung in Kombination mit 600Pka Reildspannung und

einemYoungshen-Modul von 140 kPa beobachtet.
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1 Introduction

1 Introduction

1.1 Hydrogels

1.1.1 Definition

Hydrogels are hydrophilic polymer networks. The crosslinked polymer chains are natural
or synthetic polymerswhich, due to their hydrophilic natureswell in water without
dissolving. Upon swelling, the polymer netsk maintains its thredimensional structure
and retains a significant fraction of water within its structure. For superabsorbent
materials, the absorption of water can reach more than thousand times of the dry

mat eri al 6s wei ght.

Hydrogels may be class#u regarding the type of hydrophilic group which is responsible

for the swelling behavior. Consequently hydrogels can be divided into five groups:

Non-ionic
Cationic
Anionic

Amphoteric (anionic and cationic monomers)

= =4 A4 A -

Zwitterionic (monomers have both aniomnd cationic groups)

The swelling behavior of absorbent materials is judged regarding swelling in water and in
saline or other salt solutions. Ndaonic polymers do not show any difference in their
swelling behavior in water or salt solutions. The danivforce for swelling in this case is
dipolar interactions. In all other cases, where the polymer carries ionic subunits, swelling
is driven by osmotic pressure. Amphoteric and zwitterionic hydrogels exhibit a higher
absorption for salt solutions than foure water. Additional water is included into the gel
structure by hydration of the free counterions which are associated to the charged
polymer. The free counterions also induce ionic repulsion. Consequently anionic and
cationic hydrogels swell more in puwater, whereas in salt solutions the polymer chains

are partially collapsed. Out of these five different groups of hydrogels onhonanand
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anionic polymers are used in commercial applications due to monomer availability and

more important due to dfir performancé

1.1.2 Commercial applications of hydrogels

Hydrogels attract commercial attention in several fields of applications. Many
applications for hydrogels can be found in the area of biomedicine as they can be
polymerized under mild conditions, for example via photopolymerizationasitikey are
biodegradale. Furthermore, hydrogels are sensitive towards external stimuli and show
respnse to their environment. The response mechanism is based on the chemical
structure of the polymer. In biomedical applications, the response to pH, tempenature
ionic composition are of most importari@eThe stimuliresponsive changes in the
structural network of the hydrogels make them suitable as-dilixery system§™
Furthermore, the mechanical properties of hydrogels, in partihidaglastic modulus and

the deformability, can be tailored to address the specific field of utilization. Gong et al.
synthesized very strong hydrogels with double network structures in order to serve as
articular cartilagé® Additional to the physical properties, also mass transport properties
and biological interaction griirements are to be considerngdydrogels are chosen to
provide a scaffold as space filing matéra in tissue engineering, like bone tissue
engineering or muscle growth” Besides biomedical applications, environmentally
responsive hydrogels are usssilpumps and valves, for example in microfluidic channels
which can be regulated by swelling and deswelling of pH responsive hydfSy&lse
response to external stimuli can furthermore be utilized to construct sensors, for instance
pH or ionic strength sensors or chemical sen$btd.Hydrogels are also used for metal

particle preparation and in miniature biofuel cEffd?!

In addition to the mentioned more academic examples, large quantities of hydrogels also
find use in applications wheredlstimuliresponse plays a minor role. In agriculture and

in hygiene products such as disposable diapers the high water or saline absorption and the
ability of retaining the liquid are the features that attract attention to (superabsorbent)
hydrogels. In griculture hydrogels are used for water storage to slow down wilting of

plants and for controlled release of fertilizer or pesticitfés.



1 Introduction

1.2 Hydrogel nanocomposites

In the last decades, nanocomipes of polymers have gained more and more importance
also in industrial applications. By incorporating inorganic materiato polymer
matrices, the polymerds chemical propertie
time remarkable improvementa physical properties can be obtained. Consequently,
nanocomposites of hydrogels have also been explored and numerous applications are
reported in several fields of applications
responsive behavior and comioig it with additional features. As mentioned above, the

use of hydrogels is widespread in biomedicine. Eles#masitive hydrogels used for drug
delivery show material fatigue after severat off switching cycles. The fatigue problem

can be overcome bincorporating clay nanoparticles into the hydrd&IBesides for

drugs, hydrogels can also serve as scaffold for metal particlesingtance, silver
nanoparticles, which display antimicrobial activity and show poor binding characteristics
with surfaces, can be embedded in hydrogel networks. The resulting nanocomposite
opens new doors towards antibacterial applicaidhsilica containing nanocomposite
hydrogels are used as inwaular lense8® Hydrogel nanocomposites alsmcur in

several health care products, such as wound dressings. In this case clay minerals are used
in order to strengthen the hydrogel and make it more el&&tisnother example for

metal containing hydrogel nanocomposites can be found in microfluidic valves. Particles
with distinct and strong optical absorption profiles, e.g. gold particles, are entrapped in
the hydrogel aah allow external control of swelling behavior and hence valve operation
with light of specific wavelength as stimuld¥. Further fields 6 applications of

nanocompositdydrogels are dye adsorption and catall7s&’

1.3 Superabsorbent polymers (SAP)

A superabsorbent polymer per definition is a hydrogel that in dry state is able tgtake
10 times or more o4 fluid as compared to its own weight. While taking up itpeidl and
increasing its volumehe hydrogel retains its original form. Due to their excellent
swellingability SAP are applied in agriculture and horticulture and in healthcare products

like disposable diapers and napkihé®
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SAP can be distinguished between natural SAP and synthetic SAP. Natural SAP can be
based on polysaccharides like chitin, cellulose, stamod natural gums. These
polysacchades can be transformed into SAP either by graft copolymerization with
suitable vinyl monomers in the presence of a crosslikeby direct crosknking.
Furthermore, there are poly (amino acid) based natural SAP. T®&Be contain
polypeptides as main part of their structure which are obtained from soybeans!dt fish.
Examples for synthetic SAP are poly (acryl amide), poly (ethylene oxide), poly (acrylo
nitrile), or poly (2hydroxyethyl methacrylate). The most established synthetic SAP are
poly acrylates, especially poly (acrylic acid). Poly (acrylic adigprogels can reach a
maximum swelling of more than 98t% water® In industrial environment SAP are
often referred to agbsorbent gel materighGM). This synonym is used in the remaining
pat of this thesis.

1.3.1 Defining the performance of AGM

As pointed out above, AGMre of importance in industrial applications due to their
excellent swelling properties. To be more precise, the performance of AGM encompasses
three aspects to be considered:

1 Swidling capacity
1 Absorption rate
1 Gel bed permeabilitgndgel strengthof the swollen gel

In other words, AGMhave to be able to take up high amounts of liquids in a reasonable
timeframe and retain this ligdiwithout being easily deformedlow deformabilityand
hence high gel strength of the swollen AGM is necessarpreserve high gel bed

permeability.

In an ideal hydrogel, therosslinking points would be homgenously distributed and the

gel strengthof the gel would increase with the number of crossfigkpoints. Given
constant osmotic pressure, the maximum capacity would be determined by fully stretched
chains between the crosslinking points and would linearly decrease with the number of

crosslinking points. To optimize capacity, soft gels would beltivéce.

In health care products and in agricultural applicationsgétetrengtrshould, however,

be high enough to avoid major deformation or even mashing of the hytfbgrelorder
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to exploit the full capacity of the AGMiigh gel bed permeability is desirable ahd so
call ed nAgel b | o c k iThemgfore,ahmngnunt poessureeresiastanasi d e d
shape represented by thel strengths required.

YL

20
e iy
T2 35

Fig. 1. Schematic description of the gel blocking process

SV«

When the liquid reaches the AGM grains, the dry particles start to swell. Upon swelling,
the AGM particles grow in sizeGel bed permeability depends on the pores and
interconnecting channels in between the swollen AGM particles, which means on the
gel 8s weld?! The softer ghie tswollen material, the more gasile gaps and
channels in between the swollen graiuget porosity)will be closed if pressure is
appliede.g. by aby 6s we i sybllenAGMayer & busitap (i.e.wet porosity
drops drasticallyand blocks further influx of more liquidF(@. 1, right). The adjacent
layers of dry AGM cannot be reached by the liquid directly anymore, but can only be
swollen via transfer of the liquid from swollen particle to dry particle. Swelling of the
lower layers of AGMthenis a dffusion controlled process. A gradient of highly swollen
particles which form the sealing layeto barely or even neswollen particles in the
lower layers is developed. This gradient persists if the liquid supply is stopped before the

fully swollen staé for all AGM particles is reache@f!

In health care products gel blocking is thus highly undesired. High efficiency of the AGM
grains is only achieved if the eabrdinary swelling capacity of all AGM grains present
can be fully exploited. Therefore, the incoming liquid needs to reach all dry particles
without hindrance in order to achieve complete uptake of the liquid in the fastest way.
Fastliquid uptake is onlypossibleif all AGM particles can be reached by the liquid

quickly and diffusion controlled swelling can be avoided.

Consequently, forne performance of specific AGMot only the swelling capacity but
also thegel stengthis essential. Crosslinking leléemust be chosen that show a reduced

capacity in ordeto provide a thresholdel strengthl{Fig. 2).



1 Introduction

The mechanical propées of AGM critically dependon the structure othe polymer, in
particular onthe number and the distribution of crosslinking peiint the networkwhich
are determined bythe chosen method for crosslinkingspeciallythe distribution is
influenced by the method of polymerization.

(0] (o} o

(0] N (e}

M SRR |
>

VLRH (16.2 mm)
0]
i
»

A

o]
o
—_1l

A

-~
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24 28 32 36 40 44
capacity/ g/g

Fig. 2. Trade off ine of partially neutralized polfacrylic acig AGM with varying number of crosslinking
points

The gel strengthn Fig. 2 is reflected by the values derived from VLRH measurements.
Details about the method and the determination of the maximum swedipagity are
given in sectior8.4. The number of crosslinking points has been systematically varied by
increasing concentrations of crosslinker while keeping all other reaction conditions
constant during polymerization. The dependencygelf strengthand capacity on the
crosslinkinglevd is clearly visible. High crosslinker amounts cause high strength
However the maximum swelling capacity of the hydrogel is comparably low. With
decreasingrosslinkinglevel, thegel strengthof the AGM decreases, while at the same
time the maximunswelling increases. In order to further enhance the properties of the
hydrogel and surpass the trade off line resulting from the variation of crosslinker content,

one has to influence and change the structure of the polymer network.

Various methods for ceslinking were explored that influence the distribution of
crosslinking points. Irradiation of a polymer chain leads to excitation and radical
formation whereupon a crosslinked structure devefdp&nother and more common
possibility of network érmation is via chemical reaction. The polymer network is formed
through free radical crosslinking polymerization. The free radical polymerization can
either be done in solution or in inverse suspension. Inverse suspension polymerization

allows easier haritig of the gel product. Furthermore, heat removal from the exothermic
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polymerization process is more efficient and the particle size of the product is easier
definable and more homogeneous compared to solution polymerization. Drawbacks
however are the higer complexity of the process and the additional ingredients which

need to be recycled.

Free radical crosslinking polymerization offers several options to tune the final polymer
structure and consequently the polymers properties. Impgrtaytnerizationvariables

are:9

Monomer type and concentration
Crosslinker type and concentration
Initiator type and concentration

Polymerization temperature

= =2 4 A4 -

Specific solvent

Chen and Zhao give an overview how the above mentipoganerizationconditions
influence the structure of the polymamdhence the polymés propertiegor theexample

of a poly acrylate superabsorbent and itsewabsorbenc§* Increasing the monomer
concentration results in an increase of the kinetic chain length and an éenofetise
crosslinking efficiency. A denser polymer network is obtained, which is less swellable
and the water absorbency decreases. A reduction of the water absorbency is also obtained
with increasing crosslinker concentration. An increase of the initiedoxcentration
causes an increase of the water absorbency. The network gets less homogenous and
contains more chain ends, which have higher swelling ratios. This effect also appears if
the polymerization temperature is increased. Increasing the reactiopertdure
decreases the half life time of the initiator. The number of free radicals per time is

increased and hence the consequence is comparable to an increase of the initiator amount.

Free radical crosslinking polymerizations lead to inhomogeneoustrgetures. This is

due to the fact that the crosslinker exhibits at least two functional groups and hence the
reactivity of the crosslinker is higher than the one of the monomers. As a consequence,
the crosslinker molecules are incorporated into the grgwolymer chains more rapidly

than the monomer molecules so that the final network exhibtsslinkingdensity
distribution with higher crosslinked regions formed in early stages of the polymerization

and less crosslinked regions formed in later stagethe polymerizatioh? At the
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beginning of the polymerization, when conversrates are low, a considerable part of

the crosslinker has already reactadhoth double bonds. Furthermore, a strong tendency
towards cyclization relative to intermolecular crosslinking is found at early stages of the
polymerization. As at the beginning of the polymerization only few polymer chains are
found in the monomer mixture,dhprobability of a free radical at the end of one growing
chain to meet a double bond of another chain and hence intermolecular crosslinking is

low.!

The gel strengthhoweveris a bulk value averaged over the total gel voluifige gel
includes areas of high crosslinking resulting in higdl strengthand low swelling
capacity and areas of low crosslinking resulting in gV strengthand high swellig
capacity In volumes with low crosslinking densitthe gel strengths still below what is
needed to minimizgel blocking Moreover the heterogeneities in crosslinking density
hamper the effective swelling capacity. Consequentlyefperimentally mesured trade

off line (Fig. 2) between capacity agel strengths below what could be expected fin

ideal homogenous network. Factors influencing the quality of a polymer network are

discussed in the next section.

1.3.2 Enhancing the performance of AGM i Optimizing gel strength without

sacrificing swelling capacity

In order to enhance the performance of AGM, higharstrengthineeds to be achieved
without reducing the maximum swelling capacity. The objective of this thesis was to
achieve this goal for an AGMasd on poly (acrylic acidpy applying platy clay fillers.

The fillers are envisaged tamprove the performance of hydrogels by several

mechanisms:

1 Homogenization of the polymer network
1 Incorporation ostiff, reinforcing fillers

1 Attachment of @omposie shell with high mechanical strength

1.3.2.1 Homogenization of the polymer network

As mentioned, optimum swelling ability amgl strengthare found in an ideal network

where allcrosslinkingpoints are uniformly distributed and no irregularities occur. The
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hydrogel in this case is able to swell uniformly in every dimension until every single

polymer chain in between twayosslinkingpoints is maximally stresse#i(. 3, 1).
| a) b)
Il a) b)

Fig. 3. Hydrogel polymer network:
I) homogeneous distribution ofosslinkingpoints, a) norswollen, b) fully swollen
II) inhomogeneous distribution afosslinkingpoints, a) norswollen b) fully swollen

If, however, the polymer network is naoteal the length ofthe polymer chains between
two crosslink points varies. Consequentgme polymer chains within the network are
still coiled also in fully swollen state and not stretch&iy.(3, Il b)). Furthermore,
inhomogeneously polymerizegolymer networks contain irregularities like loops,
entanglements, loose chain ends (dangling chains), or lineagcrassliinked and hence
extractable polymer chainhese irregularitiesestrictthe maximum swelling capacity
anda part of gwhlimg potentiavis togtAls® the optimum mechanical
performance of the hydrogel is not reachad stress in not transferréa the whole
polymer network The spatialinhomogeneitieof the hydrogel are depending on the
crosslinkingdensity and increaswith increasing crosslinker amount, as the extent of
network imperfections, which means regions of high or low concentratiorsslinking

points increase>"

Consegently, swelling ability as well as mechanical properties of the AGM can be

improved by homogenizing the polymer network
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Haraguchi et alprepared AGM composites consisting of pdNrigopropyl acrylamide)

and Laponit® XLG. They observe a stabilizing eféct of theN-isopropyl acrylamide
monomeron a Laponite® dispersion and conclude that the monomers surround the clay
plateletd®*>®! Furthermore, tiey showthat initiation of the polymerization occurs only at
the clay surface and all resulting polymer chains are attached to clay surfaces by ionic or
polar interactions. The clay platelet thus acts as mualtiional crosslinking agent with a
much smaller number ofrosslinking points than comparable AGM with the same
qguantity of an organic crosslinker. Moreover, theserosslinking points are
homogeneously distributed with only few structural inhomogeneifies.chain length in
between thecrosslinkingpoints is equal throughout the AGM composite and large in
comparison to organically crosslinked gels, which leads to higher deformability of the

samplg®]

1.3.2.2 Reinforcementby stiff fillers with high aspect ratio

The incorporation of filler material into AGM was studied intensively i plast years.

Fillers of different geometries, like spherical nanoparticles, fibers or platelets were
integrated into divers AGM systems in order to strengthen the material or improve the
liquid uptake. As an example for spherical nanoparticles incorgbmate AGM, metal
nanoparticles or zeolithes can be mentidfiedf Imogolite fibers were used by
Shikinaka et al. to enhance the properties of their poly (acyl amide) AAmongthe

platelet shaped fillers used for the enhancemenfA®M qualities, clay minerals of
different kindsare widely spread. Natural AGM as well as synthetic AG&te used for

the synthesis of nanocomposites including clay minerals like mica, kaolin, gitapul

and montmorillonité**%) However, the studies on the mentioned AGM compesit
incorporating clay minerals mainly focused on swelling capacity. The quality of the
dispersion of the clay minerals used as fillers was not further investigated and discussed.
The quality of the dispersion of the clay mineral and a homogenous disinilisia key
factor on the way to i mproving AGMO6s swelli
enhancement of both swelling capacity and gel strength can be expected when addressing

the optimization of the clay dispersion in the polymer matrix.

The focus ofthis work was set on clay minerals as filler material, as they feature high

moduli and much higher aspect ratios as compared to fibers or spherical patticles.

10
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Reinforcement of a rubbery matrix by incorporation of fillers was already described in
1944 by Smallwood” Smallwood characterizes the implementation of a rigid spherical

particle into a rubbery matrix. The composites exhibit complete adhesion between filler
and matrix. The volume loading of the filler is low and spherical particles are completely

dispersed. The mentioned conditions lead to the Einst8mallwood equation:

O O p cdF (1)

E is the modulus of the composit&;, is the modulus of the rubbery matrix afgds the
volume fraction of the filler. The constant of 2.5 is derived from the spherical shape of the
filler particles. The enforcement is only depending on the shape of the filler and its
volume fraction, whereas the filler size is not of importance in this idealized case. In real
systems, none of the made assumptions is perfectly fulfilled, for whadomemany

authors generalized and expanded the equation.

Rao and Pochan describtve molecular mechanics of the reinforcing effect with the help

of the Moof'©eyogi hhebyy. Mooneyds theory stu
particlesonthe viscosity of a concentrated collaldluid. It can be expated to polymer

matrices and noespherical fillers. In case the modulus of the filler is mbhayher than

the modulus of the matrix, the increase of the modulus of the composite material can be

described by a modified Mooney equation:

déo_ — (2)

with E being the modulus of the nanocomposkg,the modulus of the matrixg the
Einstein coefficient,~/: the volume fraction of the filler an#&:max as the maximum
volume fraction possible for the filler. The Einstein coefficiéntis defined by the
interaction between filler and matrix as well as the aspect ratio of the filler. The value of
ke is the higher the stronger the interactions between filler and matrix are and the higher

the aspect ratio of the filler is.

11
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Another theory concerning the enkarg effect of filler materials on the mechanical
properties of a polymer was developed by Halpin and 4%aihe theory is based on
early works by Hill and Hermar®* Hill assumed a composite cylinder model in which

an embedded phase consists of cylindrical fibers which are continuous and perfectly
aligned. Hermasigeneralizes the model arednsiders a single fiber which is surrounded

by a cylinder of pure matrix. This cylinder is embedded in an infinite loatyexhibits

the properties of the composite. Halpin and Tsai reduced the findings of Hermans to a
simpler analytical form and extead it to a variety of reinforcement geometries,
including also discontinuous filler rdorcement. The resulting Halpifisai equations
enable the calculation of the effect of volume fraction of the filler, the relative moduli of

the componentand the gemetry of the filleron the modulus of the composite.

A general form of the Halp#isai equation is expressed as follows:

0 p —-F
T F )
where
0
5 P
) (4)
— -

P represents one of the three different composite moduli, whiclplane strain bulk
modulus, transverse shear modulus and longitudinal shear modaluss the

corresponding matrix modulus afgdthe corresponding fiber modulus. is the volume
fraction of the fiber andgis a measure for the reinforcement geomefttyich depends on

loading conditions.

As described above, incorporation of clay minerals can be used to enhance mechanical
properties of polymers, such as tensile properties or impact resistance and ductility. Also
several other properties of polymers areaéd by the incorporation of clay minerals. To

be mentioned are thermal properties and fire retardancy, electrical and electrochemical

propertiesand gas and watefi permeation. Furthermore, polymer crystallization and

12
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degradation can be influencBd. Like stated before, the focus in this work is the

mechanical enhancement of AGM by incorporation of clay minerals.

1.3.2.3 Attachment of a shell

Alternativey to improving thegel strengthof bulk AGM, gel blocking can be minimized
by attaching a stiffpermeableshell to a softer particle core. Attaching a shell around the
AGM particle would lead to an enhancement of pinessure resistana# shapeof the
particle. The swelling capacitywould bebarely influered as the shell amounts only a
small part of the total volume of the particléhe strong elastic shell surrounding the soft
core with high capacity forces the particle shape to a sphere upon swEtlergby, wet
porosity andhencegel bed permeabilityvill be improved compared to AGM without
surface treatment. Ideally, the shell shorddistthe tension created upon swelling and
not crack. In practice, cracking of the shell might octue to its na-uniform thickness.
However, this cracking should be limited and oplkee complete swehig capacity to
incoming salinewithout allowing the soft core to escapehe corei shell approab
requires a shell material expandalde beyond the reversible paot the stresstrain
curve.lt is the stress and strain at brehkncethe point when the shell statiseaking,
which determines performance improvemeRtecisely, a threshold value of 400 % of
strain at brealhas to be overcome in combination with ighhY o u n gnédsilus and
hence high stress at bredke threshold is determined by the requirement of sufficient
swelling capacity of the core and high gel bed permeabillitycase the shell is very
strong at low strain at break, the tension created spetiing of the core will not extend

it sufficiently. Consequently, the swelling capacity will be intrinsically limited by the
small volume of the swollen particle. In case the shell is @odl breaks below 300
400% of strain the AGMpatrticle will beeasily deformable and gel bed permeability will

decrease tremendously.

A method already applied commercially is surface crosslinking. In this process,
multifunctional compounds which are capable of reacting with active groups (e.g.
carboxyl groups) of thGM are deposited for example by spraying on the dry AGM
grains. Heat treatment initiates ticeosslinking proces$™ The technique of surface
crosslinking wasapplied in literature for bothpure AGM as well as for AGM

composite$>*>
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The shell ruptee of such surface crosslinked AGM particles is illustrateeign4.

Fig. 4. Shell rupture of surface crosslinked AGM partidigpical particle size ~506m)
left: beginning of shell rupture, right: ruptured shell of fully swollen AGM particles

Due to the low elasticity of the shell created by surface crosslinking of the AGM particle,
shell rupture begins already at comparably low swelling degrees ofotiee With
increasing rupture of the shéi mechanically enhancing effect on the AGM patrticle gets
lost. In order to avoid gel blocking, a highly elastic shell is desirable which postpones

shell rupture to higher swelling degrees of the core.

Alternatively to shellcrosslinking, an additional layer of a stiffer polymer may be applied
as a shell on AGM patrticles. This method is, however, only described in the literature for
poly (N-isopropyl acrylamide). This core was coated for example M4¢B-aminopragyl)
methacrylamide, copolymers of poli-{sopropylacrylamide) and acrylic acid or with 3
Acrylamidophenylboronic acid via solution polymerizatitft®. However, the focus of
these studies was on adjusting the responsive swelling or deswelling behavior of the
hydrogel andts sensitivity towards the environment, for instance in order to control drug

release. Less attention was giverthe task of strengthening the hydrogel.

Generally, with core and shell differing in chemisttglaminatingof the two phases

during swelling might be a possible problem to keep an eye on.

14
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1.4 Challenges concerning the synthesis of clay nanocomposites
of AGM

Aiming to incorporate clay minerals in AGM, several aspects have to be considered. As
mentioned above, the AGM investigated in this work was based on poly (acrylic acid).
The polyme was either synthesized asosslinkedpoly (acrylic acid) orpre-neutilized

to 75 mol%with NaOH Hence, the monomer mixture exhibits an acidicpHoth cases

and high ionic strengttespeciallyin the DN 75 case

Clays tend to agglomate in sich environments. Resultinggglomeates might even
weaken the gelas they exibit lower aspect ratios than single clay platelets and hence
less reinforcement can be achievedorder to exploit the full potential of clay minerals

as fillers in AGM matrices it is essential to first disperse the clay platelets homogeneously

in the sispension of the monomér&®Y

1.4.1 Structure of clay minerals

Due to the particular structural features of clay minerals, it is extremely difficult under the
given conditions oflow pH < 7 and high ionic strengtlto obtain ahomogeneous
suspension of clay minerals which is at least stable on the time scale of processing and

polymerization.

Clay minerals are composedtetrahedral and octahedral sheets. The tetrahedral sheet is
built up by silicon cations which are tetrahdhraoordinated by oxygen. Each SjO
tetrahedron shares threé its corner oxygen atoms with adjacéetrahedraforming a
two-dimensional network which in ideal case exhibits a hexagonal strudtueeforth
oxygen atom is part of the contiguous octabethyer consisting of cations octahedrally
coordinated by oxygerhe octahedravhich are connected via edges, are completed by
hydroxyl groups situatedabove the center of the hexagonal gapeesented by the
tetrahedral layer. The clay mineral is cdlldioctahedraif two thirds ofthe centers of all
octahedreaof the octahedral layer are occupidd ca® all centers of the octahedase
occupied, the clay mineral is called trioctahedral. Furthermore, clay minerals can be
distinguished between 1:1 clayinerals which are built up of one tetrahedral and one
octahedral sheet and 2:1 clay minerals consisting of two tetrahedral sheets and one

octahedral sheé The clay minerals ilized in this work are 2:1 clays.
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2:1 Clay minerals show Hunctional character. The basal planetlodseclay minerals
exhibits a permanent negative charge due to isomospifistitdion of cationswithin the
octahedral and/or tetrahedral layérg catbns with lower valencE® Contrary to the
permanent nature of the charge of the basal pldree,charge ofthe clay edge is
depending on the pH of theuspesion medium. The edges of clay minerals possess
hydroxyl groups. The acidity of these hydroxyl groups is depending on the type okcation
within the tetrahedral and octahedral sheet. In general, the edge charge is positive in
acidicsuspensiomedia and ngative in basisuspensiomedia.

1.4.2 House of cards aglpmeration due to acidicpolymerization medium

Like stated before, the monomer mixture at both degrees of neutralization is acidic.
Consequently, the edges of the clay mineral would be positively chértpdclay was
dispersed in the monomer mixture. The positively charged edges are attracted by the

negatively charged basal pl anes and the so ¢
(Fig. 5).

Fig. 5. House of cards structure of clay tactoids

The clay tactoids agglomste and a homogeneous distribution of the clay in the
monomer mixture is no longer warrantefince for particles of lower aspect ratio the
specific edge surface is higher, the probl@inihouse of cards afmemation is expected

to be worst with clays like Laponige

In order to avoid the formation of house of cards structures, either the charge of the clay
edge needs to be neutralized by modification orstge of thecharge of the bas plane

needs to be reversed (AUmMlI adeno)
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1.4.3 Acid activation of clays

If clays are kept at pH values below the point of zero charge, the edges not only start
carrying a positive charge, the clay also acts as solid buffer system. Consequently, the
octahedralayers start to dissolve as soluble complexes in the suspension medium. This
process is well known as acid activation used to produce bleaching eattihkigh
surface area. The degree of dissolution is highly dependent on the basic nature of the
octahedal cations, the temperature and the reaction time. Furthermore, clay particles with
small diameters offer more exposed specific edge surface and therefore react more
quickly. Laponit® consists of small particles (< 20 nm) and contains basic octahedral
cdions (Li, Mg) and will therefore be most quigkldissolved. Contrary to this,
montmorillonite PGW carries rather acidic Fe and Al cations and comes in larger

particles and will be dissolved comparatively slow.

For this reason we did not attempt to proelanylLaponite® based AGM composites but
rather concentrated efforts omontmorillonite PGW and synthetic lithium hectorite

showing particle diameters of10 um.

1.4.4 Lamellar agglomeration due to high ionic strength

A third obgacle on the way to homogenoasd stable clay suspensions in the monomer
mixture is the high ionic strength. High ionic strength leaddh¢oformation of lamellar

agglomeates Fig. 6).

Fig. 6. Lamellar agtpmerates of clay tactoids

In general, clay dispersions in electrolyte free environment like deionized water are
stabilized via repulsive forces between the electric double layers on the surface of the clay
tactoids. With increasing electrolyte concentration, the thickness ofetiaglic double

layer decreases and hence the electronic repulsion decféaethe thickness of the
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electronic double layer falls below certain limit, the attractivean der Waals forces
between the clay tactoids dominate the repulsive force and the clay tactoids coagulate and
trigger formation of lamellar adgmerates. The tendency towhithe formation of
lamellar agglometes increases with increasing diameter of the clay mineral since the
absolute area of parallel overlap and hence the absolute attractive force between parallel

platelets increases with diameter.

The formdion of lamellr agglomeates can be avoided by adding steric stabilization of

the clay tactoids with the help of suitable maastgi

18
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2 Objective

The objectiveof this work is inproving the performance of AGM faheir application in
hygiene products. The most importapatures of AGM in these applications are high
maximum swelling capacity and pressure resistancaf shape represented by thgel
strength The material does not only have to absorb largeunts of liquids, ialso needs
to retain its shapm order to preent gel blocking, which would restrict the liquid uptake

dramatically.

As pdnted out, in commercial AGMnaximum swellng capacity andjel strengthare
manipulated by changing the portion of organic crosslinker in the polymerization process.
The hgher the amount of crosslinkethe loweris the maximum swelling capacijtgand

the highers the gel strengthMost frequentlycommercial products are crosslinked with
amounts between 0.1 and 0.5 mol% in respect to the monomer. However, the crosslinking
pointsin AGM networksthatcontain organic crosslinkeandwhich arepolymerized via

free radical crosslinking polymerization are inhomogeneously distripagegreviously
discussed in sectidh3.1

The AGM investigated in this wk consisted of polyacrylic acidg, which was either
applied in nomeutralized condition or neutralized to 75 % with sodibydroxide
Consequently, the pH of the monomer mixture in any case was acidic. The amount of
acrylic acid in the polymerization mture was 15 wt% of the total mass or higher. This

mears, the monomer mixture possessduigh ionic strength.

We attempted to strengthen the AGM without restricting its extraordinary swelling ability
by two approaches. First, clay minerals were incorpdrato the bulk polymer network.

By this mean, a homogeneous distributiorcafsslinkingpoints should be provided and
the gel strengthof the material should be enhancéda second approach, ctagked gel
formulas were envisaged to serve as shalsteimers in a corghell context.Taking
commercialAGM as core, the composition of the shell had to be optimizedatamize

the mechanidastrength, in particulary o u n gmbdulus and strain at break. Two

different clay minerals with different aspectioatwere chosen for these investigations.
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Before any AGM composite materials could be fabricated, first and foremost the difficult
task of producing stable and homogenous suspensions in the hostile polymerization

environmenneeded to be tackled

2.1 Disperson of clay minerals in the polymerization mixture

The conditions of the polymerization mixture prohibit the formation of stable clay particle
suspensions and may lead touke of card and lamellar agglomeration. House of card
agglomeation is caused by thdifferent charge of clay edge and basal plane and hence
the pH dependent charge of the clay edge plays a decisive role. Consequently, the pH
dependency of the edge charge was investigated and a method to estimate the point of
zero charge of the clay edgi@ streaming potential titration was developed. As the edge
amounts only a small percentage of the total clay surface, it was addressed first for charge
neutralization or charge reversion in erdo avoid house of cards agglosigrn as the
amount of addd modifer will be kept at low contents. Elimination of the positive edge
charge was approached by charge neutralization via fluorination and charge reversion via
phosphorylation. Lamellar agglona¢ion can be suppressed by electrostatnding of
sterially demandingnodifiers to thenegatively chargetiasal plane of the clay platelet.

The charge of the basal plane is neutralized and thus house of card formation is avoided at
once. A suitable mod#r for the basal plane had to be identified and subsdiyuthe
minimum amounthad to be quantifieth order to stabilize the clay mineral suspensions

while keeping norabsorbent content minimal

2.2 Mechanical enhancement of bulk AGM

After succeeding in homogeneously and stablispending the clay minerals in the
monomer mixture the suspensions were polymerized and samples contanimgs
types and amounts afay minerals were prepared. As a comparison, reference samples
without filler and varying amounts of organic crosslinker were prepared. Initially, all
samples were investigated at fully swollen state and the swelling capasBlinewas
calculated. In order tevaluate thegel strengthof the AGM, the VLRH method was
establisked and validated as an alternative to the more ‘mom@sumingrheological

measirementsof G-modulus In order to identify possible dilution effects which might
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occur with increasing swelling degree of the hydrogels the synthesized AGM samples

were also investigated at intermediate swelling degrees.

2.3 Core i Shell concept: Enhancement stress at break and

strain at break

For the composition of the shell in a cérshell particle a clay mineral composite based

on commercial AGM was chosem order to optimizestrain at breakkndY oun-g 0 s
modulusin the above described way, the comtehacrylic acid, organic crosslinker and

clay mineral as well as the type of clay mineral and the degree of neutralization were
varied and in each case compared to a reference sample without filler. The tensile
properties of each sample were examinedstri@ss strain measurements. Therefores t
procedure of the measureméaid to be optimized and adjusted to the features of the soft
hydrogels. The exact position of the clamps during the measurements had to be
considered to eliminate undesr overestnation of the results. Furthermore, slippage of
the sample had to be avoided without damaging the sample prior to the measurement.
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3 Material sand methods

3.1 Synthesis of AGM and AGM composites in the glass reactor

3.1.1 Synthesis of AGM

AGM is a copolymer from aglic acid and sodium acrylate, crosslinked with an organic

crosslinker. The ratio between acrylic acid and sodium acrylate is variable, as it is

determined by the amount of sodium hydroxide added to the polymerization mixture to

partially neutralize the aglic acid. Consequently, for AGM any composition frapure

acrylic acid polymer to pure sodium alate polymer is possible. lthis work, AGM

polymers ofacrylic acid and of acrylic acideutralized tor5 % with sodium hydroxide

were prepared.

For thesynthesis of AGMhefollowing eductsvereused

Acrylic acid

= =4 4 A -4 -2

Deionized water

Sodium hydroxide

Methylene bis acrylamide (MBAA) as crosslinker
Potassium persulfate (KPS) as initiator

Tetra methyl ethylene diamine (TEMED) as catalyst

The required amounts afducts for the synthesis of AGM used in this work were

calculated according to following conditions

Tablel. Calculation of the required amounts of educts for the synthesis of AGM

Acrylic acid
Sodium hydroxide
MBAA

KPS

TEMED

= =2 =4 A =2
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Chosen values:

wt% refered to batch size

157 25 wt%

mol% referredo acrylic acid

0 or 75 mol%

0.371 1.3 mol%

0.1 mol%

0.05 mol%
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The synthesis procedure consisted of the following steipieh hal to beexecutedn the
listed order. During all steps thgolymerizationmixture was stirredThe synthesis was
accomplished via aubsequent stegf initiation as soon as the reaction mixture appeared

visually homogeneous.

The crosslinker MBAAwas dissolved in acrylic acid.

The mixturewas diutedwith deionized waterabout 10 mbf the deionized water
was put aside

The mixturewas cooled with an ice bath

The sodium hydroxide solution was added dropwise to the acrylicraxidre
Initiator and catalyst were dissolved in the remairil@gml| of deionized water

and added to the mixture

The monomer mixture was injecteth a syringeinto the reacto(described further in
section3.1.3 which was thermpurged with argorthrough theneedle for approximately
five minutes. he glass reactor containing the polymerization mixture thvas placedn
an ultrasonic bath for three minutesfore it waskept in an oven at 60 °Gver nightto

completepolymerization.

3.1.2 Synthesis of AGM composites

AGM compasites in general incorporateorganic filles in the acrylic acidi sodium
acrylate copolymer, either additionally to or instead of an organic crosslinker. In this
work, clay minerals were chosen as inorganic filler. AGM compesiteluding either the
natural nontmorillonite PGV® otthe synthetic lithium hectorite were prepared. The clay

mineral was incorporated into the polymer matrix additionally to an organic crosslinker.
For the synthesis of AGM composites the following educts wsed

Clay mineral
Modifier

Acrylid acid

Sodium lydroxide
MBAA as crosslinker

KPS as initiator

= =/ =4 A4 A -2
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1 TEMED as catalyst

9 Deionized water

The calculation of the required amounts of educts for the synthesis of AGM composites

containing clay minerals was done according to the following conditions:

Table2. Calculation of the required amounts of educts for the synthesis of AGM composites

Reference: Chosen values:

1 Clay wt% of solids 07 10 wt%

1 Modifier wt% referred to clay content | 07T 45 wt%

1 Acrylic acid wt% referred to batch size 157 25wt%

1 Sodium hydroxide 0 or 75 mol%

1 MBAA 0.37 1.0mol%
mol% referred tacrylic acid

1 KPS 0.1 mol%

1 TEMED 0.05 mol%

For AGM composits, the order of the steps during synthesis had to be adjusted. Again it
was of vital importance to stick accurately the listedsequence irorder to avoid
agglomeration of clay platelet¥he mixture was stirred during all steps of the synthesis.
The synthesis was pursued withbsequent steps initiated as soon as the reaction mixture

appeared visually homogeneous.

Theclay suspension was presented in a suitable vessel

If possiblethe suspension as diluted with deionized wateapout 10 ml bthe
deionized watewas put aside

Themodifierwas added to the clay suspension

The crosslinker MBAA wa dissolved in acrylicad in a separate vessel

The acrylic acid MBAA mixture was added to the modified clay suspension
The polymerizationmixture was cooled with an ice bath

The sodium hydroxide solution was added dropwise tpohgnerizationmixture

= =4 4 -4 A -2

Initiator and catalystvere dissolved in the remainiri ml of deionized water

and added to the mixture
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The monomer mixture was injected via a syringe into the reactor which was then purged
with argon through the needle for approximately five minufdserwards, he glass
reador containing theolymerization mixture waplaced in an ultrasonic bath for three
minutes before it was kept in an oven at 60 °C over night to complete polymerization.

3.1.3 Geometry of the glass reactor

For the analysis of the hydrogel samples via VLRH, metoy, and stres T strain
measurements, a plasarface of the sample wasededand the hydrogel samples had to

have a certain thickness. Therefoas, appropriatalisk geometry was chosen for the
polymerization chamber. The most suitable material ferctamber was supposed to be
glass. During the initiation of the polymerization oxygen was released by the initiator. It

is important, that the generated gas bubbles are not trapped in the polymer gel to achieve
a homogeneous sample for the subsequent urerasnts. Thedhesionof oxygen on

glass is low, so that the oxygen bubbles should not stick to the glass surfaaesibut
detach

The design of the glass chamber was developed by Procter & Ga#tplé) (

ao oo 220

I
]r:’:‘ E |r 1 i [3:: 1 rubber ring 50
I |

rubber ring

u 260

W
glass plate o /

-0~ -0~ m] Lo o
spacer 12mm wing nut -
o
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0= =©=
cylinder head screw M8x45 for 1 rubber ring base plate

Fig. 7. Geometry of the glass reaction chamber used for the polymerization of hydrogel disks
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The reactor consists of two Plexigkabase plates, two glass plates, a rubber ring with a
diameter of 20 cm, four spacers, four cylinder head screws andwimg nuts.

Furthermore, twdnollow needles were required.

The glass reactor had to be mounted according tdotleaving procedure One of the
Plexigla® base planes wasjuipped with the four cylindrical head screws. A glass plate
was cleanedcarefully with deionized water and acetone and was positioned on the
Plexigla® base plane. The rubber ring was put on the glass plate. In between the rubber
ring and the glass plate the two needles vperstioned The second glass plate was put

on the rubber ringfeer cleaning. The spacers weqrat overthe screws to guarantee a
specific distance between the two glass plates. Finally the second Plexutds was
placed on top of the glass plate dhd whole construction was &x with the wing nuts.

The dimensins of the spacers were chosen in a way that tightening of the screws lead to
a slight squeezing of the rubber ririg this way the wholereactorwassealed.

The thickness of the polymerized hydrogel disks is depending on the thickness of the
rubber ringand the dimension of the spacer. In this work, two different thicknesses of the

hydrogel disks were required for the analysis of the specific AGM composites.

Hydrogel disks with a thickness of 3.6 mm weised for samples analyzed WaRH
and via rheomey done by Procter & Gamble. Tazhievea thickness of 3.6 mm for the
as synthesized gel, the spacer had to have a thicknesg ahdband theubber ring had
to have adiameterof 4 mm.

For the stres$ stran measurements thinner hydrogel samplese equired. The as
synthesizedchydrogel disk had to have a thickness of Irfin. Therefore, the spacers

were chosen with dimension of 13.7 mm and tleameterof the rubber ring was 2 mm.

For the synthesis of thick gel disks the size of the batch was 12bGeyeas for the

synthesis of the thin gel disks the batch size was 70 g.
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3.2 Estimation of the point of zero net proton charge of clay

minerals

3.2.1 Problem statement

In order to gain full access to the benefitting teimution of the clay as fillem AGM a
homogeneous distribution of the clay within the polymer matrix is mand&tofy
Agglomerationof the clay platelets within the polymer mathas to be avoided during

the mixing of all educts as well as during the polymerization.

In order to prevent agglomeration of clay platelets within the polymer the chemistry of
both basal planes and edges of the clay have to be considered. Manyheffertseen
made investigating and nm8% The ghargegof thehbasalc | ay 6
plane is permanently negative and results from isomorphic substitution of cations within
the octahedral andfdetrahedral sheets by cations with lower valéfi¢®y electrostatic
binding of suitablecationic modifiers to the basal plane the surface tension of g c
particle can be adjusted to the polarity of the polymer matrix. The influEnbe edges

on theagglomerationbehavior of the clay has attracted less attention. The clay edge
exhibits hydroxyl groups and its charge therefore is dependinigeopH ofthe dispersion
medium In general, it is negative at high pH and positive at low pH. The exact charge of
the clay edge is depending on the type of cations within the tetrahedral and octahedral
shees, more precisely on the mineral acid groups at the etlge. Common tetrahedral
and octahedral cations are Al Si**, Fe”', F&', Mg® and Li''*® As a first
approximation, thg@oint of zero charge (PZC) of the oxides may be considévbéreas

for alumina the PZC is well documented at a pH of approximately 9, the values for silica
are rather scattered. However the reported PZCesadwe always found at a pH lower
than 3. Iron oxides generally showPZC around pH 8 8.5. The PZC of magnesia is
listed at about pH 15 For lithium ocide no PZC value is reported becauderapid
hydrolysisin water. In order teestimatethe charge of the wholelay edge onewould

have to average the PZC of the oxides of the constituting structural catiooghedral

and tetrahedral shegfBable3).

27



3 Materials and methods

Table3. PZC of oxides of elements constituting typical clay minerals

Material PzC
Al,O3 ~9
SiO, <3
FeOs ~8.5
Fe0, ~8
MgO ~12

Especially ifin-situ polymerizatios comparableto those introdoed by Haraguchi and
Takehisa arecarried out in aqueous media the pH of the reaction mixture has to be
considered™ If the solutions of monomers show a fpidlow the PZC of the clay edge
the then positively charged edgeill be attracted to the negatilyecharged basal plane
and so called house of cardtructures are formedvhich means the clay particles
agglomeraté’™

While comparison with PZC values of oxides already suggests that edge swface
hectorites will change sign and become positively charged at higher pH values as
compared to montmorillonite, exact values for tt@y edge under consideration nee
needed.In literature several approaches to determine the acidity of the clay edge
theoretically by modeling are reporté#’? Especially for mtural kentonite type of clays
various attempts have been made to determine the acidity of the clay edge experimentally
via potentiometric titratio>"® The results of these studies were picked up and several
groups tried to determine the, Kalue of the clay edges by fitting the experimental
potentiometric titration datd®’® Dueto different experimental setups and the presence

of many fitting parameters, such as charge density on edge and basal surface, surface
potential, edge surface area etc., these studies resulted in a variety of different models and
therefore result in ambigpus and unclear interpretations. Bourg et al. gives an overview

of various models used to describemtmorillonite edge surface chemistry and the results

for the acidity of the surface groups ofontmorillonite consequently are extremely
variable®®” Kaufhold et al. approached the pKf the clay edge by recalculating the
titration data into proto affinity distributions®! An effect all these studies have in
common is the dependency of the resulting point of zero edge charge on the electrolyte

background. This means a point of zero salt effeZiSE) does not exist. As tiRZCis
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defined as the common intersection point between PZSE and the point of zero net proton
charge (PZNPC), its determination is not possible for 2:1 clays. Instead, the PZNPC,
which is the intersection point between the rétnation curve for the blank and the
suspension, is used to evaluate the acidity of clay eé6ffésA shift of the acidbase
titration curve to lower pH values with increasing iosteength occurs for all type of
clays used by the different workgroups. This shift can be attributed to the effect of a
Aspill overo of the electrostatic potenti al
spillover is mentioned by Bourg et al. afuather reason for the diversity of models
trying to describe the acidity of clay edd® The spillover was describeitdt in 1985

by Secor and Radkand later picked up by Chang and Sposito and is observed at low
concentration of electrolytes and in case the thickness of the electric double layer of the
basal plane is larger than the thicknesthe lamelld®®4 Confirmation for the spillover

effect was later found in experimental data and is revealed by a shif¢ afcihbase
titration curve of rmontmorillonites to lower pH values with increasing electrolyte

concentration as mentioned abé{/&0 848!

Wanting to determine the point of zero charge of clay edges experimentaliiela
severechallenge emergekooking atthe morphology of aclay plateletjt is clear thathe
edge chargecaountsonly for a minor part of the total charge of the clay. The relative
guantity of the edge charge compared to the overall clay charge esdilegp on the
actualparticle diameter. yipical clay diametes stretchfrom about 10nm for synthetic
Laponite® clays over ® nm for natural montmorilloniteap to 10nm for synthetic
hectorites In Fig. 8, the numbepf Sii1 atomsresidingat the clay edgarereferred to the
total numberof SiT atoms withina clay platelet in dependencytbk particle diameter.
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Fig. 8. Ratioof Sii atomsresidingat the clay edgasreferred to the totalumberof SiT atoms in
dependency dahe particle diameter

It is clear that the edge charge is always superimposed byiubke larger permanently
negativebasal charge. Whereés clays with large diameter the silicon atoms at the clay
edge amounto less than 0.1 %f the total silicon content, for Laponite® clays with a
low diameter of circa 10 nm the silicon atoms at the clay edges amount more #tan 15
Especially for theselay materials with low diameteihe pH dependencyf the clay

e d g e 6 shastb lze capsdered.

Potentiometric titratios of clays are additionally hampered by partial cation exchange.

is oftenimpossible tadistinguishbetweencation exchangef protonsinto the interlayes

or on theexternalbasal planeandthe pH dependent adsorption of anions and cations on
the clay edg€® The competitive adsorption of hydronium ions on theabpkne and in

the interlayer wa also mentioned in connection with the determination of the cation
exchange capacity (CEC). The CEC often is underestimated due to titiwapd”
adsorption during the measurement, especially if it is done at lof”pBuc et al.
examine the contribution of the cation exchange on the proton consumption and state it
can be nglected only under moderate pH and high electrolyte concentrations. The latter
however causes coagulation of the clay suspension which reducesdhbsilaltity of the
surface site¥? Tournassat et al. suggest a discontinuous backtitration technique
combined with CEC measurements in order to differentiate between protons adsorbed to
the basal plane and protons adsorbed to the clga!€l

The method appliedh this thesisallows overcomingthe above mentioned challenges by
irreversibly bindinga polycationto the basal pla Thereby the dominating negative
charge of the basal planensutraized By irreversibly bindingpolyc at i ons t o t
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basal plane its electrostatic potential and a possible spillover effect are eliminated and
hence the detection of the edge chasgeossible independently of any electrolyte effect.

At the same time cation exchangethe basal planis avoidedas the polycations show

much higher affinity to the basal plane than protobelhorme et al. theoretically
investigated the titratable afge of clay minerals using a Monte Carlo metH8dThey
demonstrate that the PZC of clay edgesmdependent of the electrolyte concentration in
case the clay exhibits no structural basal charge or in case the structural basal charge is
neutralized by counterions. Pecini and Avena picked up this idea and neutralized the
charge of their montmorillate samples prior to the determination of the isoelecric point

of the edge surface by using electrophoretic mobility measurefffénts.

3.2.2 Streaming potential titration

Streaming potential measuremaitows examiningthe charge of solid partidesven if
they are not stable towards sedimentatiand thereforeit is perfectly suitable to
investigate clay suspensions. Streaming potential titrations were executed on a

Stabisizer®, a charge titration system of the company Particlemetrix.

The investigated suspension is filled in a cylindrical Teflon chamber with an oscillating
Teflon piston.Both chamber and piston carry only very little charge. A fraction of the
particles contained in the suspension is
The oscillation of the piston causes a flow of the liquid within the gap between chamber
andpistonwhi ch results in mechanical sheering
alternating voltage, the streaming potential, is detectable. Depending on the
characteriscs of the particle suspensiativerse pistons with different notches are
avdlable influencing the degree of sheering. For the investigations described wotkis

the piston with notches of 20fin was chosen.

During the first step the clay suspension is titrated with a solatiaratiors. Suitable
cations aree.g. alkyl ammonium cations, moncor multivalent complexcations or
polymeric polycations. In this workthe polycation Polydiallyl dimethyy ammonium
chloridg (PDADMAC) waschosen. The particular cations eleestatically bind to the
negative basal planes of the clay aeditralizethe basal charge. Byeutralization othe
basal charge the direct detection of the edge cHagemegossible. During the second

step, the pH titration, the PZNPC of the clay edge is revealed.
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Determination of the PZNPC via streaming potential titration was carried out with
montmorillonite PGV® and Laponite® RD suspensions. Thereforenll6f a 0.1 wt%
sugpension of montmorillonite PGV® in deionized wateere ttrated with a 0.001N
solution of PDADMAC. Subsequently, pH titration was carried out with 0.01M
hydrochloric acid. Investigations on Laponite® RD werexecuted witha 1 wt%
suspensionf the clay mmneralin deionized waterlO ml of theLaponite® RDsuspension
were titrated with0.01 N PDADMAC for neutralization of thenegative chargef the

basal planef-ollowing pH titratiors were carried out with 0.01M hydrochloric acid.

3.3 Investigation of the sedientationstability of clay suspemsns

Due to the characterisiof the polymerization mixturelay suspensions were not stable
without the addition of a stabilizing agent. The formgdlameates either settle or float.

In order to investigate the sthbing effect of an addedanodifier on the suspensions of

the clay minerals, different approaches have been applied. First of all, a fast and easy
method for screening a huge amount of samples was required to identify suitable
stabilizing agents qualitaily. In the next step, the identified modié were further
investigated to confirm the findings of the qualitative screening and finally a quantitative

analysis was done.

3.3.1 Preparation of the samples

The sedimentation stabilityof clay suspensions were ted under polymerization

conditions in acrylic acid/acrylate. oT prevent polymerization during the analysis,
however, rither crosslinker nor initiatcaind catalyst were adde@he educts had to be
added in the order described in the following. After thditgon of each reactant the vial
was shaken manually to guaranteerough mixing The nextingredient was added as

soon as the reaction mixture appeared visually homogeneous.

The clay suspension was presented in a vial

If possible the suspensioves dilued with deionized water

1

1

1 The modiier was added to the clay suspension

1 The acrylic acid was added to the modified clay suspension
1

Thepolymerizationmixture was cooled with an ice bath
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1 The sodium hydroxide solution was added slowly topilgmerizationmixture

1 The remaining volume of deioinzed water was added

Analysis of the suspension of clay minerals in the polymerization mixture had to be
carried out directly after the sample preparation. The polymerization mixture had a final
pH of about 5. The acidipH causes degradation of clay minerals, known as acid
activation. Additionally, other aging effects of the polymerization mixture were possible,
like beginning polymerization of monomers. Consequently, the composition of the
sample changes with tinmot alowing comparison of samples.

3.3.2 Fastqualitative screening of sedimentation stability via visual testg

Visual sedimentation tests are the easiest method to get a qualitative impression of the
stability of dispersion with little effort. Especially if a rugmount of samples has to be
screenedsisual sedimentation test can be very useful. In this work, visual investigations

were used tononitorboth edge and basal modifications
Visual examinationi edge modification

For the modification of the clay edgether sodium fluorideor sodium pyrophosphate
decahydrate werapplied The number of hydroxyl groups at the clay edge and ttineis
amount of modification reagen¢quired was estimatday considering the density of the
clay material of 2.5 g/cfnthe Sii Si distancg0.303 nn) and the diarater of a single

clay plateletFurthermore, a hexagonal shape of the clay platelets was assumed.

The concentration dhe clay mineral in the investigated monomer mixtures was 5 wt%
of solids, which equal® 2.66 wt%of the total mass. A content of acrylic acid of 20 wt%

of the total mass was chosen and it was neutralized with sodium hydroxide to 75 %.

The proportion of edgesurfaceand henceghe number okexchangeabléydroxyl groups
of the different types of clays pled vary significantly due to the very pronounced
difference in lateral extensionEfficiency of edge modification was tested on
montmorillonite PGV® suspensions. Foontmorillonite PGW a typical side lengthof
150 nmwasassumed in the calculatioBonsequently, @aecessary amount of modifief

about0.16 mmol was assumed.
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Visual investigation of the edge modified clay suspensions suggesggnificant
reduction of agglomation with ircreasing amounts of edge modifie Agdomerates
were no longewisible only for the samples treated wittrda amounts fomodifiers
(17mg/g and 178mg/g of sodium fluoride and sodium pyrophosphate decahydrate,

respectively).

To corroborate and verify the seljive visual impressions, theomtmorillonite PG\W
suspen®ns were additionally checked for house of cagdomerates by determining the
particle size distributionspplying static light scattering.Note tat the investigated
montmorillonite PGW clay platelets have a medium diameter of about 260 nm
Thereforethis clay is well suited for particlezemeasurementga static light scattering
with the devicd.A-950 of the company Retsch

Visual examinationi basal plane modification

27 different modifies for the basal plane weraitially screenedregarding teir

stabilizing effect on the suspension of clay minerals in the AGM polymerization mixture.

The clay mineral mntmorillonite PGV® was usedor the sedimentation tests after
modification of the basal plane. Visual testing of the sedimentation stabilibyptis
applicable for lithium hectorite due to itarge particle size. However the basic
mechanism of stabilizing the clay suspension is the same for both clays as it is achieved
through electrostatical binding of polycations to the negatively charged flasa of
comparable layer chargdhe results regardinghe suitability of a modifie should
therefore be transferabiem montmorillonite PGV® to lithium hectorite.

Sedimentation tests were carried out in 40 ml snap cap Vihé chosen concentratioh
montmorillonite PGV® was 1 wit% ddolids. The amount of modifievas varied from O

to 100 wt% referred to clayeight An acrylic acid content of 20 wt% referred to the total
mass of the sample was chosen and neutralized to 75 % with sodium hydrdkgde. A
preparation, the samples were left to sediment over night. The next day, the samples were
investigated visually to judge the sedimentastability in a qualitative wagnd pictures

were taken.

Visual evaluation of the sedimentatistability is of course highlysubjective and only

gualitative picture is obtained that moreover relates limng period of time&scompared
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to therelevant time scale which requires only stabiiitythe much shorter timeframe of

polymerization.

Therefore, for the most suitable modifies the sedimentation behavior was further
examined in a senguantitative way by applying forced sedimentation measurements
usinga LUMiFuge®.

3.3.3 Quantitative study of sedimentation stability via LUMiFuge® measurements

The screening of 2 modfi ers byvisual sedimentation tests revealed tvodifiers (OD

and ODD to be particularlysuitable to stabilize the clay mineral suspension in the
monomermixture. Forced sedimentation test were restricted to these two msdifhe
semiquantitative LUMiFuge® measurements weresed to optimize sedimentation
stability within a more appropriate shorter timefrarRig(9) as a functia of the amount

of modifier applied. Bth clays of interest, montmorillonite PGV® and lithium loeite,
were studied.
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Fig. 9. Scheme of the working principle bUMiFuge®®

For LUMiFuge® measurementé particle suspension is filledtina cuvette which is
fixed horizontally on a disk. The disk rotated during the measurement with a speed in

the range of 300 rprm 3000 rpm which causderced sedimentatioaf the particles. The
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concentration of the particleemaining in suspensiors detected by measuring the
transmission through the suspemsas a function of time and positiofihe cuvette is
irradiated with parallel light with a wavelength of 880 nm. The light is scattered or
adsorbed by the particles while it can pass unhindered through the clear solvent. The
intensity of the transmitteddht is detected by an optoelectronic charge coupled device
sensor. As result of the measurement, the transmission oilighpendency of the radial
position is displayed. Transmission profiles can be recorded in intervals betgreen
secondsand600 £onds The transmission isomparativelylow for every radial position

as long as theuspension is homogenoWith ongoing centrifugation, the particles settle
and the suspension clarifies. Henibe transmission rise$he chronologicalevolution of
thetransmission profiles during themtrifugation allowshe quantification of dispersion
stability.

The parameters for the measurement have to be adjusted to the characteristics of the
particle suspension. The concentration of the investigated suspensigpeinding on the

index of refraction of the particles and on their size. It has to be adjusted experimentally
to reach a reasohke value for the transmission #e beginning of the measurement to
allow the registration of any change thereof during theasurement. An initial
transmission of about 50 60 % was found to be suitable for the investigation of clay
suspensionsAdditionally, suitablecentrifugation speedand recording intervalhave to

be chosenBoth parameters are of course highly cortetkas faster centrifugation leads

to faster sedimentation of the particles and hence the recording interval needs to be
shorter Themost appropriateentrifugation speeis mostly determined bthe size of the
particlesand hence must differ significaptifor montmorillonite PGV® and lithium
hectorite(Table 4). If centrifugation speed is chosto high the particles settle to fast

even if the smallest recording interval d0 secondsis selected. Changes in the
sedimentation é&haviorrelated to the particular modificatiomill then be harder tde

detecedand tobe quantified

Table4: Parameters of the LUMiFu@emeasurements

Montmorillonite PGV®: Lithium hectorite
1 Concentration 1 wt% 1 wt%
1 Centrifugation speed | 2000 rpm 300 rpm
1 Recording interval 10s 10s
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The clay suspensions were filled into disposable poly carbonate cuvettes with an optical

path length of Znm. The duration of the LUMiFuge® measurement was 25 minutes.

3.4 Judging thagel strengt of hydrogels: VRLH measurement

One of the major goals of this work was mechanical enhancement of the hydrogel without
suffering a loss of swelling capacity. For an efficient approach to this topic a fast an easy
method for evaluating thgel stength of the hydrogel was essential. In general, the
mechani cal strength of AGM i s determined
However, the whole procedure of sample preparation and the execution of the rheometry
measurement itself requires several weeks okwdior this reason, the measurement of
Avery | ow rubber har donserseninog pirposeRedting oivthes c h o s
mechanical strength via the VLRH method reduced the time for a measurement to few
minutes per sample and hence the duration of ta@sarement procedure is determined

by the duration of the sample preparation. Furthermore, the method is easy to handle.
VLRH measurement is a method introduced by the company Bareiss and is certified
according DIN ISO 27588. The setup for this methoduides the VLRH measuring

device which is used in combination with the digi test Il testing defice 10).°”

indenter

Fig. 10. left: digi test Il testing devicand control unit
right: VLRH measurement device with exchangeable indenter

The hardness of a sample is determined by measuring the indentatior{raeptf an

indenter into the test specimeanth an applied force of 10N. Different shapes and
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sizes 6 indenters are available. Thedentercan be exchanged easily and adapted to the
conditions of the sample. The resulting VRLH value is found in the range between 0 and

100 and is generated through the following equation:
VLRH = 1007 0.1 * D (5)
whereD stands for the depth of indentationnim.

For the investigation of AGM and AGM composites synthesized in this work, two
different indenters were chosen. Both were round plates, one with a diameter of 16.2 mm
and the other one with a diameter of 10 mm.

3.4.1 Sample preparationi Swelling of the AGM hydrogels

VLRH measurements were used dqaickly characterizehe mechanical properties of
AGM and AGM composites. The hydrogels were syrtegbas described in sectiBrilL
For VLRH measurements, gel disks withhickness of 3.6 mm were required. AGM and
AGM composites were examined lith fully swollen and in partially swollen state. For
this purpose, the asynthesized gel disks were cut irgoadratic pieces &.5 cm * 2.5

cmsize

These sampls were swolén individually in saline with a salinity of 0.9 wt% and a
conductivity 0f16.05 mS/cm + 0.20

The sample preparation for fully swollen and partially swollen state differed from one
another.

Fully swollen AGM hydrogels

The samples were put into a closedtainer and covered completely with the saline. The
AGM hydrogels were left to swell comgikly to equilibrium. To ensuequilibration, the
samples were allowed to equilibrate &drleast 10 dayat ambient temperatur®uring

this period, the closed ctainer was swung several times to avoid sticking of the
hydrogel sample to the walls of the contaimérich mightlead to noruniform swelling.
During the swelling process, the hydrogel increased dramatically in size. Therefore, the
amount of saline in theessel was controlled in order to ensure that the sample was fully

covered at any time.
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Partially swollen AGM hydrogels

The exactdegree oswelling of the asynthesized samples was not knopvacisely In

order to be able to adjustdefinedswelling dgree, the hydrogel piecdsst had to be

dried completely anthenswollen to the desired dege. For a complete dehydratitre

gel pieces were dried in an oven at 60 °C for three days. The weight before and after
drying was measured and the solid contgas calculated for at least three different gel
pieces of one sampl&/hen therelative deviation of theolid contentof the individual
sampleswvas less than 1.5 ¥he samples were considered as dry. The dry gel pieces were
weighedand put into zidock bags. A specific amount of saline was added to achieve the
desired degree of swelling, given in gram saline per gram solid AGM. In this work,
swelling degrees of 3 g/g, 6 g/g and 12 g/g were chosen and three samples of each
swelling degree were preparethe dry gel pieces were arranged lying flat on a plain
surface in the zip lock bags in order to allow homogeneous swelling. Furthermore, long
equilibration times (> 10 days) were chosenensureequilibration and thusiniform
swelling. During this periodthe position of the gel piece in the saline was regularly
controlled. To minimize alterations of the degree of swelling by evaporation of water,
handling times were keptsshortas possibleThe gel pieces were removed from the zip
lock bag weighedto ddermine the exact swelling degree, andRH was immediately

measured.

3.4.2 Method validation

In order to ensure that the VLRH method is reproducible independently of the location
and the person executing it, a method validation was dgrmaeasuring the samally
swollen hydrogelsat Procter & Gamble and Bayreutlata analysis byProcter &

Gamblerevealed the following trends:

1 The variability of VLRH values was higher for soft hydrogel samples, mga
low VLRH values.

1 Nevertheless, for low VLRH values trsensitivity of the method was higher,
meaning that the difference between samples was more pronounced as compared

to values measured for stiffer samples.
It is advantageous to use a smaller indenter for stiffer samples.

In order toreduce errorat leassix measurements should be done per sample.
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1 The data gained with VLRH measurement correlated well to the storage modulus
GO .

1 The sample preparation wésund to becrucial. In particular, fiction caused by
lubrication with salineremaining at the surfaceas detrimental antiad to be

strictly avoided

Summarizing, VLRH measurement is a suitable method to estimatendlchanical
strengthof hydrogelsamples. The indenter with a diameter of 16.2 mm is restricted to
samples that deliver a VLRH value smalleert 85. For samples of higher stiffness, it is
recommended to exchange the indenter for another one with smaller diameter, which
leads to higher sensitivitipr stiffer samples. The VLRH data showed a good correlation
to storage modul ienti€bsanpledyermeometmyeidch is onost i d
frequently used to judge the mechanical strength of hydrogels.

3.5 Stresg Strainmeasurement

The diameter of the sample is the most crucial paramaténé evaluation of the stress
strain data. Therefore, a dbgne shaped knife, conform RIN 53504 S3awas used to
cut the hydrogelsHig. 11).

16 mm
—

Fig. 11. Diameters of dog bone shaped sample, cut with knife conform to DIN 53504 S3a

The decisive diameters of tlikwg bone shaped sample are width and length of the thin
zone and the thickness of the sample. The width and the length of the thin zone are
determined by the choice of the cutting knife. For the chosen kil $3504 S35 the

width was 4 mm and the letigis 16 mm. The thickness of the sample was depending on
the composition and swelling degree of each samyhéch are in turn determined by
sample preparation. The thickness vas&dhtly for each hydrogepreparedand had to

be measured individuallyof each sample prior to the strésstrain measuremerior

accurate determination of cressction area and tensile modulus
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Stressi strain measurements were carried out with a universal tester, model 5565
(Instron). Theuniversal tester was equipped lwvid 10 N load cell. The stregsstrain
measurements were carried out with a velocity of 100 mm per minute of straining. The

pressure of thaydraulic clamps was chosen between 0.5 and 1 bar.

Tensile testing via stredsstrain measurements allows theeatatination ofY o ung 6 s
modulus, tensile stress and tensile strain of a matguiab failure Characteristic points

of a typical stres$ strain curve ar¢ensile stress at break and tensile strain at biidak.

Y o u n gnbdulus quantifies the stiffnessf @ material undergoing tension (or
compr essi on) :modiliisecanYe caltidated by dividing tensile stress by

tensile strain in the linear elastic region of the strestsain curve at low elongation.

Not e, t hat ASTM st anidlag dse | arsga ttihoen 0t earnnds #f
while 1SO standards use the ter ms At ensi |

parameterdn this work, the ISO terminology issed

3.5.1 Preparation of the samples

All samples investigated via stressstrain measrements werentermediatelyswollen
samples with a known swelling degree. Consequently, the preparation of the samples was
comparable to the preparation of intermedjateswollen samples for VLRH
measurements. The hydrogels were syntlkesas describedhisection3.1 For stress

strain measurements, the thinner gel disks with a thickness of 1.6 mm were required.

The gel disks were cut in 6 cm * 6 cm big piecls.stated beforehe exact swelling
degree ofthe assynthesized samples was not knowhherefore, identical and
homogeneousveelling degrees for all samplékat allow comparison of the datauld

only be assured by drying and controlled rehydration as described in the VLRH section.
For stressi stran measurements, swelling degrees of 3 g/g and 6 g/g were chosen.
During the swellingperiod the position of the gel piece in the saline was regularly
controlled.To minimize dehydration effects, again handling times were kept as short as
possible The aveage handling time for one sample including several measurements was

about 20 minutes.
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3.5.2 Method development

As the investigated hydrogel isighly elastomeric andather soft, clamping of the
samples was not trivial. First of all, the hydraulic pressute®tlampdixing the sample

had to beindividually adjusted toeach sample according to its softness. On one hand,
clamping has to be tight enough to avoid sample slippage. On the other hand, too severe
squeezing baring the risk ofamaging the clamped @® of the dog bonerior to the
measuremerttad to be avoidedrurthermore,hie sharp edges of the clantpaded to cut

into the sample inducing fractui the rim Any failure outside the thin zongives
erroneous values as underestimas stress and tgin at break. Thereforespecial
attention was paid teample preparatioand the following modifications were made to

the standard procedure

3.5.2.1 Positioning of the dog bone sample

Ideally, for the evaluation of the data only tel®ngationof the thin zonef the dog bone
should beconsideredTherefore, i is important to pay attention tbhe exact position of

the clamp The thin zones concentrate most of the stress due to their minimal cross
section area compared to the cresstion at théroaderends.The ideal place for the
clamp is in theareawhere the width of the dobone is just starting to narrow down
towards the thin zonélydrogel sampleare, howeverflexible and slipperyandtherefore

hard to position. As a consequentherewas always someariation in the clamping
position Variability in the clamp position introduces error in the overall stress dissipated
by the sample and for precise measurements of elastic properties it is advisory to keep
track of clamp position by means of sample nraykand calculating a corrected
elongation from the measured vali&etypical clamping of the samplat the beginning

of the measurement is shownHig. 12 on the left When applying stress in addition &
alsobg zonesare ¢retched At any given stress,dwever, the broader regions gfdo not
stretch as muchsthe thin zoney. Consequently, the maximum strain meadweuld

beunderestimatd Therefore, the measured strain for each sample had to be corrected.
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Fig. 12. Clamping of the dog bone;
left: before starting the measurementight: during the stresstrain measurement;
red lines: ink marks

3.5.2.2 Calculation of the correction factor for the measured strain

In order to calculate a correctidactor for the measured strain, the thin zone and the
position of the clamps were marked on the san(fpig. 12) after the clamping but prior

to measurement. The length of the zongwas determined. The stregs strain
measurema was started and then stopped at a known degree of strain before the sample
fractured Again the distance in between the ink marks was determingd Tbe
experimentally measuresdrain (straig,p) can then beorrected (straian) by applyingthe
following equations:

N (R ¥
|0|wQsT (6)

i 01 Q¢ ——— (7)
W

o .. OQE pD 0 ®
I 01 WwQe - (8)

The abovementioned procedure of marking the dog bones and determining.,gfrajn
by and i was done for 20 samples of different composition. Evaluatioth® data
revealed that the correlation between the experimental strain and the corrected strain was

expectedlya constant value df.256 (adjusted R= 0.998)regardless of theomposition
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of the hydrogelthe type and amount of filleandthe degree ofswelling (Fig. 13). The

constantepresentshe bias that emerges from the dog bone gegmetr

corr
i
1

strain

o

o {1 o 3 4 5
strainexp

-

Fig. 13. Linear correlation of experimental strain and corrected strain

Consequentlya much simpler empiricalorrection (9) was applied to correct the

experimental straifor all remaining samples

i 01 WwQEi 01 W@PB L @ (9)

3.5.2.3 Taping of the dogbone sample to avoid slippage and damaging

The hydrogel samples were fixed between the clamps with a hydraulic sy&Etem
pressureappliedhad to be adjusted manuatty the individual softness and brittleness of
the samples, as these parameters arerdieted by the composition and the swelling
degree of the AGM. Iwvas noticedhat at apressuresufficientto avoid slippage of the
sampla, the hardedges of the clamgsequentlydamagd the AGM dog bongespecially
for the samples with higher swellingggree or highecrosslinkinglevel. Protecting the
hydrogel sample with a tape the clamping areturned out to be apasy andeliable
solutiontothe problerThe t ape oTes®Gowelre warsd d.
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clamp

=] o

Fig. 14. Mounting of theiape to the hydrogel dog bone

The tape was mounted at the broad area of the dog bone from both sides, as $tigwn in
14. Taping of the hydrogel samples made them less sensitive tootheal pressure
applied by the clampg andmade it easier to adjushe pressure in order to avoid
slippage of the sampl&loreover the dog bonevas less prone tdamage by the rims of

the clamps.

3.6 Lithium hectorite

Lithium hectorite with anominal layer charge of 0.8 was synthesized according d
melt synthesis method developed by Kalo et al. in our labor&tbrjhe synthesis
consists of three steps. Synthesis of a glass precursor with the compositie@12SiO,
2. 9ynthesis of MgGSIO, as sources for MgO and SiGB. Combination of glass
precursor LiO-2Si0, and the MgGSIiO, mixtures withMgF,. Thenominalcomposition
of the lithium hectorite was b.gMg2 2Lio g][Sis]O10F2.

According to Kalo et al. the synthesized lithium hectorite showes following

characteristics:

Powder Xray diffraction (PXRD) traces weredlominated by ta hectorite peaks, while

only traces otrystallineimpurities could be detected.

Colorometric determination of the cation exchange capacitjCoyen)]** 2

gave a
value of 130 meq / 100 .gThis was significantly lower than expected considering the

nominal formulawhich suggestethat some amorphous impuritiesreg@resent
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As judged by a well defined hydration behavior, the material exhibited a uniform intra
crystalline reactivity corroborating a homogeneoharge densityin deionized water the
sample showed osmotic swelling eventually leading to @mplete delaminatioras
confirmed byAFM images.

As synthesizedithium hectorite waspurified and delaminated by suspending iit
deionized waterfollowed by dialysesuntil the conductivity of the surrounding water
decreased to a value less than r@® and its pH stayed at eonstant valug® 8).
Subsequently to dialysis, the lithium hectorgespesion was cocentrated to about
4.5wt% by evaporating water. The concentrated lithium hectstspensiorwas then
milled in a stirred media millin orde to sheer remainingstacks and complete
delaminatior?® For milling zirconium oxide particles coated with yttrium oxide with a
size if 0.6i 0.8 mm were used. The chamber of the mill was filled with the beads to 80 %
of its volume. The pumppeed was 100 rpm arftetagitator speed was kept at 1000 rpm.
Only one cycle of milling was appliedThe prticle size of the lithium hectbe was
finally determined by focused beam reflectance measurement. The average particle size
of lithium hectoriteused for hydrogel compositesas determinetb bel4 nm. Assuming
complete delamination, theverageaspect ratio consequently was foundoe more than
10000.

As described in sectio3.2, the PZNPC of lithium hectorite with Mg and Li in the
octahedral sheet expected to bslightly abovepH = 7.

3.7 Montmorillonite PG\W

3.7.1 Montmorillonite PGV ® i Characteristics of the raw material

Montmorillonite PGW was provided by Nanocor and is describél as high purity
aluminosilicate. As it is a natural product only aeneric formula is given
M™*y(Al 2y M@y)(Sis)O1o(OH), * nH 0. It is pointed outthat dueto variatons in the
degree ofisomorphous substitution of cations the layer charge of the material is
inhomogeneousnd consequently the exact formula variBgspite variations in the

composition, Nanocoattributes the natural clay matertagh phaseurity of more tha
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98% nontmorillonite. The aspect ratio of theomtmorillonite PGW is statedo bel5071

200 The cation exchange capacity of the material is gatéd5 meq / 100 g 10 %.

3.7.2 Purification of montmorillonite PGV®

Montmorillonite PGV is a natural nierial and thus contains different types and amounts
of impurities.Nanocor applies different physical purification steps but accessory minerals
tightly intergrown with the clay platelets can only be removed by a selective chemical
dissolution. Since sucimpurities may influence the polymerization procesbey were
removed. In particulaquenching ofinitiated radicaldoy amorphousron oxyhydroxides
binders could influence the polymerizatidrurthermore, these impurities can act like a

A g | u e bampe didaggregatiorof clay platelets The purification proces$or clay
minerals implies severalselective dissolutionsteps?® which are describedn the

following section

3.7.2.1 Decomposition of Carbonates

During the firstpurification step carbonates are decomposed by adjusting the pH of the
clay suspension to a slightly acidievel. Furthermore, gleased cations, like calcium,
were removed from equdrium by ethylene diamine etra acetate (EDTA).
Montmorillonite PGV® powder wasuspendedh deionized wate(® 5 wt%) and stirred

until no clumps are left and a visually homogenesuspensionvasobtained NauEDTA

was addedn portionsto a final concemtaition of 0.1 M. The claysuspensiowas then
stirred at about 55C for two hours. In order to remove theetalcomplexes formedand
excessive EDTA salt theuspensiorwas dialyzed against deionized water. Progress of
the dialysis was controlled by measg the conductivity of the deionized water. The

dialysis was ended when the conductivity decreased to a value less {if@n 50

The stability of EDTA complexes increases with pH. Femmplete removal of
magnesiuncarbonatea higher pH of around8 is recomnended.Therefore, in the next

step freshNa,EDTA (0.1 M) was added and the pH was adjusted td& clay
dispersion was stirred at about 85 for two hours. The dispersion wagaindialysed
against deionized water in order to remove the EDTA complexacessive EDTA salt.
Progress of the dialysis was controlled by measuring the conductivity of the deionized

water. The dialysis was ended when the conductivity decreased to a value lessitan 50
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3.7.2.2 Dissolution of iron oxyhydroxides

Amorphous iron oxyhyebxide can beselectively removed by the dithionifeitrate
bicarbonate method, suggested by Mehra and Ja€iksee(lll) is reduced to Fe(ll) by
sodium dithionitewhich increases the solubility of iroMoreover citrate can form a
stable and water soluble complex with Fe(Bodium carbonate serves as buffer to
provide a pH of approximately 7.3 in order to prevent dispropationof the dithonite.
Some structural iron of montmorillonite is also reduced in this process but is quickly re
oxidized without any precautiofs!

Sodium citrate was added to the R&Suspensiorf0.3 Min citrate. Thesuspensionvas
buffered with 5 ml 1M sodiumbicarbonate per 40 ml 0.3 M citrate solution. The
suspensiorwas heated to 80C. 1 g sodiumdithionite per g clay was added and the
suspensiomwas stirred at 80C for one hour. The color of tr®uspended claghanged

from beige to greenAfter cooling the suspension tmom temperaturejust enough
sodium chloride was added to provoke floccalatof the clay. This allows centrifugation

of the clay.Propersedimentation of the clay particles during the centrifugation is crucial
to not lose a fraction of small particleherefore centrifugation was carried out at 3700
rpm for ten minutes with thdevice Multifuge 1L of the company Heraedde clay
dispersion was washed once via centrifugation to remove naostop the unreacted
dithionateas it can damage the dialysis tube. After centrifugation the dispersion was
dialysed n deionized water inrder to remove the citraomplex and excessiwgtrate

and dithionite Progress of the dialysis was controlled by measuring the conductivity of
the deionized water. The dialysis was ended when the conductivity decreased to a value
lessthan 50nS.

3.7.2.3 Oxidation of organic compounds

During the final purifcation step, organic compounds like humic substaaceemoved

from the dispersion by oxidation.

The PGW suspension was purged with ozone produced by an ozonizer during three

days.
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3.7.2.4 Mechanical disaggregation

Subsequently to the purification process the clay suspemgsnsheered in a stirred
media mill adopting a method described in literature in oriebreak up remaining

aggregates and narrow the particle size distribdtibn.

For the milling zirconium oxide particles coated with yttriexide with a size if 0.6

0.8mm were used. The chamber of the mill was filledhwithte beads to 80 % of its
volume. The pump speed was 100 rpm. The agitator speed was kept at 1000 rpm for 30
minutes, followed by another 15 minutes at 2000 rpm.

3.7.3 Montmorillonite PGV ® i Characteristics of the purified material

As the specifications of thenontmorillonite PGM® changed during the purification

procedure and the milling, its characteristics were determined afterwards.

Particle size distribution was determined via static light scattering. The mean value of the
particle size of purifiednontmorllonite PGV® could be reduced and the particle size
distribution diminishedoy milling in the stirred media mill. The mean value for the
particle size changed from#26 mm to 0.26+ 0.07mm (Fig. 15).

100
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= ]
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Fig. 15. Particle size distribution ghontmorillonitePGM® - - - before milling and b after milling

The typical thickness of sodiumontmorillonitetactoidsin deionized wateis 17 3 nm,

$°¢%] However, even with fighly swelling

which means they consist ofi13 lamella
interlayer cations like sodiuphigh ionicstrengthwill hamper exfoliatiort®® As the ionic
strengthin the AGM polymerization mixture is higtthickertactoidsof 71 10 lamellas

would have to be expecte@iven an average lateral extension of 26Q tiva aspect ratio
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for montmorillonite suspendeith the polymerization mixture waassumedo bein the
range251 35.

Cation exchange capacity (CEC) was analyagolying boththe copper complex method
described # Ammann et a*? andthe barium chloride metho(DIN ISO 11260. Both
methods delivered almost identical results. The cation exchange capacity of purified
montmorillonitePGV® determined by the copper complextimod was 123 meq / 100 g.
The method according to DIN ISO 11260 delivered a CEC of 122 meq / 100g.

Furthermore, the PZNPC of the clay edge was estimated witmdfleod described in
section3.2
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4 Results and Digussion

4.1 Dispersion of clay minerain the polymerization mixture

AGM is a polymer based on acrylic asidth a degree of neutralizatiofbN) thatcan be
chosen from pure acid tailfy neutralized. Consequently, any composition from pure
poly (acrylic acig to pure poly acrylate is possible. Most frequyerior applicatiors in
hygiene products &N of 75 % is chosen Neutralization of the acrylic acid is
accomplished by the addition of sodium hydroxide. For the synthesis of AGM the content
of acrylic acid n the polymerization mixture has to be at least 15 wt%. Furthermore, the
polymerization mixture contains organic crosslinker, initiator and catalyst. For AGM

composites, inorganic fillers and necessary medifare additionally added.

In this work, AGM wih degrees of neutralization for the acrylic acid of 0 % and 75 %
were investigated. Consequently, the pH of the monomer mixture was acidic. The content
of acrylic acid in the polymerization mixture was chosen between 15 wt% and 25 wt%.
The pH of the monoer mixture was determined with colorimetric pH test paper. The
nontneutralized monomer mixture showed a pH of about 2. If the acrylic acid was

neutralized to 75 %, the pH of the monomer mixture was fooiheépH 5.

The scope of this work was to incorprdifferentclay minerals into the AGM polymer

and synthesize a new type of AGM composite. As stated in the introductory section, the
incorporation of clay minerals into the described AGM was not straight forward due to

immanent surface properties day minerals. House of cards agglomton is expected

to beprovoked due to the acidic dispersion medium. Furthermore, the high ionic strength
of the monomer mixire could cause lamellar aggloragon.

4.1.1 Modification of the clay edgei Prevention of house of ards structure

Lithium hectorite has an aspect ratio higher than 10000. Consequently, the clay edge
amountdgo only a small percentage of the whole ctayface namely 0.1 %. Therefore, a
Laponite® clay was chosen to modgr lithium hectoriteto determmne the PZC of the

edges Like the lithium hectorite, Laponi® clays are also synthetic clays. The
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composition of both materials at the clay edgsimilar. However, Laponit® has an
aspect ratio of 10. This means, the ratio of stoms at the clay edgsmmpared to the
total Si- content is much higher in LaponReclays (° 15 % as compared téthium

hectoritewhich improvesietectabilityfor any chemistry selective for edges a great deal.
PZNPC of clay edges

The PZNPCof the clay edge determines thel ppelow which the clay edge exhibiés
positive charge antherefore is decisive for the onset of formationhouse of cards
agglomeation. Montmorillonite PGW® and lithium hectorite differ icomposition of
octahedral sheets and therefore in the acuwfityydroxyl groups located a&dgesWhile

for bothmontmorillonitesandlithium hectoriteghe tetrahedral sheets contain essentially
only Si, the octahedral sheets are composed of Al/Mg and Mg/Li, respectively.
Consequently, th®ZNPCis expected to béound at lowerpH for montmorillonite as

compared to hectorite.
PZNPC of montmorillonite PGV ®

First thepolycation PDADMAC was irreversibly bound to the basal plane of the clay
suspension athb 8. Hencethe charge of the clayhich is dominated by the dace
charge of the basal planas monitored by the streamingptential PDADMAC was
addedo the point where thstreamingpotential approached a value-gf0 mV. Then the
PDADMAC i modified nontmorillonite PGV® suspension was titrated with
hydrochloricacid The pH region with a streaming potentdl® O corresponds to the
PZNPC Fig. 16). The PZNPC for mantmorillonite PGW clay edges is found at pH 5.

30

potential f mV
S

'40 -t v r - 11 11
35 40 45 50 55 6.0 65 7.0
pH

Fig. 16. pH titration of purified PGW afterneutralizing thenegative chargef thebasal planes with
PDADMAC.
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In literature, PZC values for different typesmbéntmorillonite were reported to lxe the

range from pH 5 to pH 8.5. This broadatterns attributed to the absence of a PZSE and
side readbns during the potentiometric titrations, such as cation excH&rf§eBenna et

al. studied the PZC of the clay edge via rheological and electrokinetic measurements at
low electrolyte concentration and suggekd PZC at pH 7.5 8 (glass electrode) or pH 6
(colorimetric test papery® Rozalén et al. investigated the PZNPC via surface titration
and confirm its dependence on the ionic strength of the suspension nf&tithey

found the PZNPC in sange between pH 7.6 and pH 8.1. Wanner et al. detedrtinee
PZNPC at pH 6.1 via alkalimetric and acidimetric titrations at different ionic strefigjths.

Duc et al. investigate the PZNPC via continuous titration and regard the dependence of
the PZNPC on the ionic strendffl. They conclude that by extrapolating the ionic
strength to infinity thePZC of sodiummontmorilonite could be estimatedvenlower

than pH 5.2.This is in good agreement with our findings, assuming an infinite ionic
strength eliminates a possible spillover effect. Howevation exchange can still occur,
which would explain the remaining discrepey. Pecini and Avena neutralized the
structural basal charge by binding either methylene blue or tetraethylenepentamine
copper(ll) and determined the isoelectric point of the edge surface of their
montmorillonite sample within an upper limit of 58 0.2 and a lower limit of

4.0+ 0.2

PZNPC of Laponite® RD

The dominating negatévcharge of the basal plane was neutralized by irreversibly binding
the polycation PDADMAC in order to allow detection of the edge charge of Laf@onite
RD. PDADMAC was addeduntil the streaming potential approached a value of
approximately- 15 mV. Subsequetly, the pH of the surface modified Lapoi®teRD
suspension watstrated with hydrochloric acid. For Laponite Ribe PZNPC of the clay
edge wadound aroundpH 8 (Fig. 17). A polynominal fit was appliedo get a clearer
image ofthe progression of the curve, which confirmed a pH of 8 as PZNPC

Laponite® RD and hencéectorite clay edges.
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Fig. 17. pH titration of Laponit® RD after coverage of the basal plane vVRIDADMAC

As expected, the PZNPC of theaponite® clay edge is less acidic compared to the
montmorillonite To the best obur knowledge & experimentally determindéZNPC for
Laponite® clays was averreported in literature before. Tournassat et al. prapageZC
at an alkaline pH of approxiately 10 for hectorites referring to the structure that mainly

contains magnes(&’

As mentioned previously, the pH of the monomer mixture for the polymerization of
AGM, which is based on acryliecid, was 2 in case of a noeutralized polymer ansl in

case of the 75 % neutralized polymer. Hence, dispetsuotpritesn the polymerization
mixture will definitely charge thedges positivelyfor both degrees of neutralizatiamd
house of cards agglonaionis likely. Consequentlymodification oflithium hectorite is
mandatory to achieve a stable and homogeneogerdisnof the filler in the AGM
composite.

For montmorillonite PGW a PZNPC at pH 5 was estimated. Dispersing the clay in the
nonneutralized acrylic acid mixture for the polymerizatioill still lead to positively
charged clayedges and house of cards agglaatien might occur. The pH of the 75 %
neutralized acrylic acid polymerization mixture of i® similar to the PZNPC of
montmorillonitePGM®. Thereforejt is unclear whether PG® might suffer flom house

of cards agglomation in partially neutralized monomer mixtures
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pure monomer mixture

clay agdomeraes in monomer mixture

Fig. 18. Sedimentation test: amtmorillonite PGW in monomer mixture, DN 75 %

In any case visual sedimentation testig( 18) revealed that the dispersion of
montmorillonite PGW in the monomer mixture with DN 75 % wanot stable After
leaving the vial to rest over night, the upper 30 % of the volume of the vial contained
clear monomer sation. The clay particlesagglomeated and se#d, visible as
voluminous agglomeites in the lower turbid part of the vidldditionally, the particle

size distribution d the formed agglometesin DN 75 % monomer mixtures was
determinedby means of static light scattering mea&soents and compared with
montmorillonite PGW homogeneously disperseddeioized wate(Fig. 19).

Fig.19. Particle size distribution ahontmorillonite PG\®:
d in deionized waterd in monomer mixturd©N 75 %

The measurement of the particle size distributiomohtmorillonite PGW in deionized
water showed a mean value of the particle size of &2607 nm. In the monomer
mixture with DN 75 % the mean value of the particle size waz 6Z nm suggesing

severeagglomeation in the 75 % neutralized polymerization mixture.

At this point itremains howevey urclear whether thebservedagglomeates are forred
by attractive edgé basalplane interactions or by basal plaindasal planenteractions
cawsed by the high ionic strength.
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