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Abstract

Polysaccharides were modified with selected polgmén the grafting technique. Both
anionic and cationic polysaccharides were prepafdndom and crosslinked graft
copolymers were also prepared. The percentageirgraftas determined by gravimetric
analysis and results were confirmed by cross-pmfidn magic angle spinning carbon-13
nuclear magnetic resonance microscopy (CP/MZSNMR). These modified biodegradable
polymers were then used to flocculate precipitat@idium carbonate (PCC). The effects of
pH, percentage grafting, crosslinker concentraind polysaccharide concentration on PCC
flocculation were evaluated. Furthermore, the eéferf anionic and cationic starch, either
added to PCC sequentially or simultaneously, on BiG€ulation were also investigated.
Generally, anionically modified starch showed eberdl flocculation properties, which are
desirable for the end application of PCC retention.

The effect of polyacrylic acid (PAA) and polyacnylale (PAM) modified cellulose fibers on
calcium carbonate crystal nucleation and growth ifreadion was investigated. When the
heterogeneous crystallization of Caffdas carried out in the presence of modified cedel
fibers the CaCe crystals were found to be residing on the surfatehe fibers. The
morphologies of the crystallized Cag@olymorph and fiber surface coverage were differe
for cellulose materials grafted with polymers dfelient functionalities, meaning that there is
interaction between the crystal growth modifier amel growing nuclei.

The effect of the modified starch on the crystalii@n of calcium carbonate gave useful
insight into designing CaCQOfiller morphologies. It was found that the fillesize,
morphology and surface properties of fillers cantdior-made by choosing suitable Cag£O
crystallization conditions as well as a suitablgstal growth modifier. The crystallized
CaCQ had a negatively charged surface. Results of dsmence studies showed that the
PAA modified starch (polymeric additive used) residon the surface of the crystals. Thus
the presence of the polysaccharide on the surféce filer could be advantageous for
strengthening fiber—filler bonding in paper appiicas.

Anionic starch materials were also used to preparenic-starch-coated starch particles. Both
the anionic starch and anionic-starch-coated staacticles were evaluated for PCC retention
and other properties of hand sheets. When anidaickscoated starch particles were used
there was generally an improvement in the PCC tietenwhile the other paper properties
remained desirable. The success achieved with #®e ai anionic-starch-coated starch
particles now opens the way for the further prefi@maand testing of various modified starch

particles, for optimization of filler retention.



Opsomming

Wysiging van polisakkariede met ‘n verskeidenhedimere is uitgevoer deur gebruik te
maak van die entkopolimerisasietegniek. Beide k#&ige en anioniese polisakkariede is
berei, sowel as willekeurige kopolimere en gekrmdbé kopolimere. 'Cross-polarization
magic angle spinning carbon-13 nuclear magnetionasce' (CP/MASC NMR) is gebruik
om die persentasie enting, bepaal deur gravimetaeslise, te bevestig. Hierdie gewysigde
afbreekbare polimere is gebruik om neergeslaantitukakarbonaat (NKK) uit te vliok. Die
invioed van pH, persentasie enting, kruisbinderkofssie en polisakkariedkonsentrasie is
ondersoek. Die invioed van opeenvolgend en gelyggydkationiese en anioniese
styseladdisie op NKK is ook ondersoek. Oor die mgen is bevind dat anioniese stysel die
beste uitviokking van NKK tot gevolg het, wat voelid is.

Die effek van poliakrielsuur (PAA) en poliakrielaadi (PAM) gewysigde sellulosevesel op
CaCQ kernvorming en groei modifikasie is ondersoek. Deterogene kristallisering van
CaCQ wat uitgevoer is in die teenwoordigheid van gerfiselerde sellulose vesel het tot
gevolg gehad dat die CaGQristalle op die opperviak van die vesels te vindgas. Die
morfologie, polimorf en vesel oppervlakbedekkingesskillend vir elke tipe entpolimeer wat
aan die polisakkariede geheg is. Dit dui aan dar da interaksie plaasvind tussen die
betrokke entpolimeer en die groeiende vulstofkern.

Die invioed van die natuurlike wateroplosbare geifieeerde polisakkariede op die
kristallisasie van CaCf{het insig gebied op die wyse waarop die vulstdivenp moet word.
Die vulstof kristalgrootte, morfologie en die opyakeienskappe kan voorspel word deur 'n
keuse van die reaksie kondisies sowel as die tipistalgroeimodifiseerder. Die
gekristalliseerde CaCG{toon ‘n negatiewe oppervlakte lading. Fluoresserssigdies het
getoon dat PAA-gewysigde stysel (polimeriese bymidgebuik) op die opperviak van die
kristalle teenwoordig is. Derhalwe kan die teenwagiteid van polisakkariede op die
opperviak van die vulstof voordelig wees om die ekegulstof komponent in
papieraanweding te versterk.

Anioniese stysel is ook gebruik om anioniese shes#tkte styselpartikels te berei en beide
die gewone anioniese stysel sowel as die aniostyselbedekte styselpartikels is gebruik om
die invloed daarvan op vulstofretensie en andersk@ppe in papier handblaaie te ondersoek.
Daar is oor die algemeen gevind dat die byvoegarganioniese styselbedekte styselpartikels
die NKK retensie verbeter het sonder 'n negatiewpak op ander papiereienskappe. Die
sukses wat hier behaal is baan die weg vir verdatse wat uitgevoer kan word op anioniese

styselpartikels onder verskeie toestande met dieopooptimisering van vulstofretensie.
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Chapter 1: Introduction and objectives



1.1: Introduction

Polymeric raw materials can be classified as syittlmlymers and natural polymers. In the early
days, natural polymers were used to fulfill teclogital needs. As the depletion of natural
materials became inevitable, research moved towaxdghetic polymers. Today polymeric
materials are well known for their diversity ancéfidness in modern technology. Polymer products
are found in almost all aspects of technology, fremple household utilities to advanced
polymeric composites in high-tech engineering saglcomputers, space ships, etc.

Synthetic polymers gained momentum over naturajrpets because they can be easily tailored to
offer properties superior to those of natural mater Such properties enable synthetic materials to
be easily processed and thereby readily transfoiimtedoroducts. Notwithstanding this advantage
of synthetic polymers, the disadvantages include fidct that they are expensive and non-
biodegradable, and some are considered ‘toxic’ wbempared to natural polymers. Natural
polymers are limited in their applications mainlgchuse they are difficult to process and the
products have poor properties. Therefore, modiioabf natural polymers is used to obtain
materials with better properties and that are ea®e process. Thus, in modern research,
incorporating natural polymers to improve the perfance of synthetic materials in their required
applications will be cost effective. Moreover, theducts will be biodegradable and safer to the

environment.

1.2: Natural polymers

Natural polymers play critical roles in all animasd plants. Natural polymers include the
following materials, mostly derived from plantsilase, starch and natural rubber and biological
polymers derived from animals: chitin, DNA/RNA apdoteins. Plant derived natural polymers
(e.g. natural rubber, polysaccharides) are mostiyd in abundance and are readily available, and
therefore they are used in many industrial appboat

In this study, the focus is also on the modificat@f naturally occurring plant or cereal derived
polysaccharides, and other related materials, gpti@ations in CaCe@crystal growth modification

and the paper industry.



1.3: Modification of polysaccharides

Various methods are used to modify polysacchaiiesder to obtain useful products. The viscose
process is a widely used method for the modificatwd polysaccharides, especially cellulose, to
make them processakflé)ther methods include esterification and ethexifan of polysaccharides
by simple organic moleculé8,and grafting of polysaccharides with polym&fdn most cases the
nature of the etherifying/esterifying reagent oafggd polymer determines the final properties of
the modified polysaccharide. Ultimately polymer idaswill come into effect to predict the

properties of the final material with respect te thtended application.

1.4: Crystal growth modification

Biominerization is a process by which organisms tlsgsize minerals. In the process of
biominerization, biological systems provide a cheahienvironment that controls the nucleation
and growth of unique mineral phadésOften these minerals exhibit hierarchical strumitarder,
leading to superior physical properties, not fowither in their inorganic counterparts or in
synthetic materials. One particular aspect of ageto the material chemist is the means by which
these biological organisms use organic constituentsiediate the growth of the mineral phases.
Biominerals are grown under environmentally frigndbnditions and have potential industrial and
biomedical application¥. Thus, the controlled synthesis of inorganic materivith specific size
and morphology can contribute to the developmenhe# materials in various fields such as
catalysis-*** medicine** electronics? cosmetics? etc. The biomimetics of CaG@s currently
being studied intensively due to its wide applicasi in industries such as rubBemaper'®
plastics’ and paint® CaCQ fillers are one of the most abundant minerals dikd, most filler

materials, its size, structure, specific surfa@aand morphology are of paramount importance.

1.5: The paper industry

The paper industry uses natural polysaccharidgsrdduce all types of paper materials, mostly
cellulose fiber and starch based materials. Inraimleeduce the cost of raw materials, and theeefor
increasing profits, low cost fillers, such as pp#eited calcium carbonate (PCC) and ground
calcium carbonate (GCC), are added to more expemsilped cellulose fiber during the production

of paper*®



1.6: Fillers

Fillers improve paper properties such as opacitightness and printability, and decrease the
drainage time. However, there is a limit in termshe filler loading to which fillers can be added.
An excess of filler leads to deterioration of papeoperties such as stiffness and strength.
Introduction of filler (above a certain level) iraper thus requires additives to promote paper
strength. Starch based materials are suitabldi®ipurpose. Research is now underway to increase
filler loadings in paper without compromising theperties of paper’?? The use of materials that
promote fiber-fiber bonding, fiber-filler bondingna filler-filler bonding is a key factor in

increasing filler loadings in paper.

1.7: Objectives

The main aim of this study was to increase the R&2@ing in paper without causing detrimental
effects to the properties of the paper. Since palysarides form hydrogen bonds with pulp
cellulose, they can be used as PCC retention i@ wnodification with polymers that can bind to
PCC. Towards this aim, several aspects of polysaatd modification and the effects of their use
for paper application were investigated. The effeof the modified polysaccharides on the
following were investigated: calcium carbonate taygrowth modification during crystallization;

surface properties of the crystallized calcium oadie, which is critical to fiber—filler bonding

strength; and filler retention in paper.

The objectives of the study are as follows:

1. Study the graft copolymerization of cellulose usiglouble initiator system (Ce
KPS) under microwave irradiation so as to shortendrafting reaction times and carry
out conventional grafting of polysaccharides usufifferent initiator systems and
monomers.

2. Study the PCC flocculation properties of the gmhfteolysaccharides. This study
involved determining the effects of different maed polysaccharides, polymer
concentration and pH on the size of the PCC flcousl

3. Study the effect of the modified polysaccharides tha crystallization of calcium
carbonate in terms of crystal morphology and sltes study included investigating the
possibility of using an alternative route for filladdition (alternate to adding already

formed PCC filler to pulp during papermaking), ndyre-situ crystallization of calcium



carbonate (filler) in the presence of modified pwp a starch-derived polymeric
additive.

4. Test the performance of the modified polysaccharide paper. The work involved
preparation of hand sheets and evaluating thetimeguydroperties such as the bending
stiffness, tensile strength, including the deteation of the filler retention in the hand
sheets.

1.8: Layout of the thesis

The document is composed of seven chapters. Fayt@ts describe the experimental work done
on the grafting of polysaccharides, crystallizatafncalcium carbonate, determination of surface
properties and statistical analysis of crystallizattium carbonate, and the use of modified starch

as PCC retention aid in papermaking.
Chapter 1: Introduction and objectives
Chapter 2: Historical and Theoretical background

Chapter 3: Grafting of polysaccharides with vinyl monomers using various initiator systems

The chapter describes the use of microwave in oatipn with cerium (IV)-potassium persulfate
double initiation for graft copolymerization. It sl@ibes the conventional grafting of
polysaccharides with both anionic and cationic nmers, and results on PCC flocculation using

modified polysaccharides are also discussed.

Chapter 4: Crystallization of CaCOs in the presence of polymer template
This chapter describes the effect of the polymerplate on size, polymorph and morphology of
CaCQ crystals. The study evaluates the interactions éetwcalcium carbonate and the modified

polysaccharides.

Chapter 5: Surface studies of the crystallized CaC®
This chapter describes the surface propertiesystaltized calcium carbonate. Fluorescent tagged
crystal growth modifiers and the measurement ofigdarzeta potentials was carried out. The work

also included coating of crystallized calcium cardiie with cationic and fluorescent tagged starch.



Chapter 6: Polymer testing in paper application

Synthesized polysaccharides graft copolymers weeel in papermaking and the results discussed.
The work involved the use of modified starch anddified starch particles in hand sheet making in
order to increase PCC filler retention and improthesl other properties, such as the tensile strength
and the bending stiffness. Thus, a comparison efetfiect of different polymers and modified
starch particles on their performance in papeeims of PCC filler retention and properties of the

hand sheets is reported.

Chapter 7: Conclusions and recommendations for futte work.
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Chapter 2: Historical and theoretical background



2.1: Introduction

2.1.1: Polysaccharides

Polysaccharides are relatively complex carbohydratith the general formula §8100s), where n

is usually between 40 and 3000. The polymer chaiesmade up of monosaccharide units linked
together by glycosidic bonds. The class includeedr and branched, as well as semi-crystalline
and amorphous, types of polysaccharides, which aften insoluble in water at ambient
temperatures. Some polysaccharides contain the satype of polysaccharides
(homopolysaccharides), e.g. starch, and some conthiferent types of polysaccharides
(heteropolysaccharides), e.g. lignin. In naturdygaccharides such as starch and glycogen serve as

energy storage whereas cellulose and chitin aponsible for structural integrity.

2.1.2: Cellulose

Cellulose is the most abundant biopolymer and #isomost abundant polysaccharide. It is made
up of anhydroglucose units (AGUs) joined through-i-Jinkages!™ see Fig. 2.1. Cellulose is the
predominant material in plants which are renewalnlergy sources and can be utilized to produce
vast quantities of cellulosé® The anhydroglucose units have three free hydr¢®H) groups
which serve as reactive centers for chemical meatitn® Some chemical modification results in
cellulose having certain new properties, makinguitable for various applications, depending on

the level of modification as well as the modifyipglymer/reagent.

H H
OH H OH H OH H
VA o "I HO7 h o
g Ho M o H 4 H
H  OH H "% H  oH

Fig. 2.1: The structure of cellulose.

Cellulose fiber consists of crystalline domainshwatmorphous domains between these crystalline
sections. The amorphous regions are capable ofingolalatively large amounts of water by
capillary action, however, water cannot penetrateswell crystalline cellulosg.The amorphous
areas of cellulose can be easily etched away ® lgighly crystalline cellulose, although it results
in the reduction of fiber length. Bonding in fibeis primarily via intra- and intermolecular
hydrogen bonding between anhydroglucose (or othbydropyranose) units. The intermolecular
bonds principally extend from the primary hydroxgdoups on the sixth carbon atom, to the

hydroxyls groups on the third carbon atom on aaaeljt cellulose molecuf8.



Natural cellulose (referred as cellulose |) is aastble type of cellulose whose crystal structure
consists of parallel cellulose strands with noristeeet hydrogen bonding. Cellulose | exists in two
phases, namely cellulose (triclinic) and cellulosef (monoclinic). However, the proportions of
each phase are different, and depend on the arfgiellulose I. Cellulosenlis more predominately
found in algae whilstfl is the major form in higher plants. The fiber repdistance (1.043 nm for
the repeat dimer interior to the crystal, 1.029amthe surface) are the same for the two types of
cellulose | but the displacements of their sheststive to one another are differéft.
The structure of cellulose fibers is best repremerity a fibrillar network modéf: The model
considers the cellulose fibers as a network of etgary fibrils with random aggregation into micro
and macro-fibrils. Important structural charactégisf these cellulose fibers include:

i) the size of the crystallites

i) the degree of crystallinity

iii) the molecular length of the polymer chains

iv) the degree of orientation of the fibrils andrfilar aggregation along the fiber axis
Other types of cellulose allomorphs are celluldsanid cellulose Ill. Cellulose Il can be obtained
by mercerization of cellulose | or regenerationnirsolubilized cellulose I. The structure of
cellulose Il has been reported to consist of adhain unit cell and a P21 space group where, the
two chains are in parallel arrangement and aretegypphically independent:** Regeneration of
cellulose | gives the thermodynamically more stat#élulose Il structure, with some inter-sheet
hydrogen-bonding. Cellulose Il contains two differéypes of anhydroglucose units (A and B) with
different backbone structures and the chains cbokig\-A- or -B-B- repeat unitS. Cellulose Ill is
formed from cellulose mercerized in ammonia andiisilar to cellulose Il but with the chains

parallel, as in celluloseiland cellulosef.*®

2.1.3: Starch

Starch consists of two major polymeric componeatsylose and amylopectin, and is mainly
obtained from cereal grains, root crops, leaves,Anhylose is a linear polymer with glucose units
joined together byi(1-4) linkages.” Physical characteristics important to functioryadire starch
granule shape and size. The overall properties tafcls are also a function of the
amylose/amylopectin ratid:*® The two polymers are very different structuraliynylose is linear
and amylopectin is highly branched, and each magstical role in the ultimate functionality ofeh
native starcH/ Some of the properties affected by the amylosel@megtin ratio include solubility,

viscosity, gelatinization, shear resistance, texttackiness, gel stability and cold swelling.
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2.1.3.1: The structure of amylopectin

Amylopectin is a branched polymer with glucose sitittked together by(1-4) glycosidic bonds
with branching taking place after every 24 to 30cgke units, see Fig. 2.2. The branching occurs
througho(1-6) linkages and each amylopectin molecule costap to two million glucose residues

in a compact structur@.

H O H
H
OH H
~o L
OH OH OH
H OH H OH OH O H O N
H H H_ " H H 74
OH H OH H OH H
[o) [o) o OH H O/
H OH H OH H OH H OH

Fig. 2.2: The structure of amylopectin (amylose inear).

The molecules are oriented radially in the stardngle and as the radius increases so does the
number of branches. This results in the formatibicancentric regions of alternating amorphous
and crystalline structures, which contribute tovgtorings. The Fig. 2.3A shows the organization

of the amorphous and crystalline domains of thecsire.

crystalline regions
A
. . socestesses _ P
Reducing m'::‘::.‘:o‘o.om“nu I = o
end Y ‘”':“mtm
b -
: T,
S8 0000000 NS
® a-1,4 linked D-glucose Seseccccesssssses
O a-1,4,6 D-glucose branch
points Amorphous
regions
B
Hilum

Fig. 2.3: A) Schematic representation of the brandhg nature of amylopectin in a starch granule. B) G@entation

of amylopectin molecules in an ideal granulé*
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2.1.3.2: Starch applications
Starch is widely used in different applicationangoof which are tabulated in Table 2.1.

Table 2.1: Applications of starch in various industies?

Adhesives Metal Industry

hot-melt glues foundry core binder
stamps, bookbinding, envelopes sintered metal additive
labels (regular and waterproof) sand casting binder
wood adhesives, laminations Textiles Industry
automotive, engineering warp sizing

pressure sensitive adhesives fabric finishing
corrugation printing

paper sacks Cosmetic and Pharmaceutical Industry
Explosives Industry dusting powder

wide range binding agent make-up

match-head binder soap filler/extender
Paper Industry face creams

internal sizing pill coating, dusting agent
filler retention tablet binder/dispersing agent
surface sizing Mining Industry

paper coating (regular and color) ore flotation

carbonless paper stilt material ore sedimentation
disposable diapers, feminine productil well drilling muds
Construction Industry Miscellaneous

concrete block binder biodegradable plastic film
asbestos, clay/limestone binder dry cell batteries
fire-resistant wallboard printed circuit boards
plywood/chipboard adhesive leather finishing

gypsum board binder

The primary use of starch in papermaking is to aeobathe surface properties for improved
printability and writing. The introduction of a vaty of cost reducing materials in paper, such as
fillers and recycled fibers, and chemicals for impng the papermaking process has resulted in the
wide use of modified starch to avoid a drop in pagpeality. Starch is now being used in the wet-
end together with pulp, to enhance paper propesties as the dry strength. During papermaking,
different types of starch are introduced to theepagt different stages. The addition of starch
depends on the effect of that particular type afcdt on the pulp and other additives. Scheme 2.1

shows the contributions of starch in the paperngimcess.
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Scheme 2.1: The contributions of starch in the papmaking process

2.2: Grafting of polysaccharides

Grafting is one of the most widely used methodscfemically modifying polysaccharidés?® The
availability of a number of monomers that can baftgd onto polysaccharides results in
polysaccharide materials with a wide range of priige The extent of grafting dictates the
ultimate properties of the grafted polysaccharidd® functionality of the grafted polysaccharides
depends on the nature of the polymer grafted. @atiand anionic polysaccharides can be
synthesized by graft polymerizing cationic or amomonomers respectively. Grafting reactions
can be done in homogeneous or heterogeneous systems

2.2.1: Grafting using vinyl monomers

A wide range of vinyl monomers can be grafted otygaccharides to produce a wide range of
biodegradable materials with different chemical phgsical properties. The following methods are
used to initiate free radical graft polymerization:
i) Irradiation
a) 3, y or X-ray irradiation
b) visible or UV light usually in the presence ofactivator, e.g. azo-compounds
c) microwave irradiation

i) Treatment with metal ions with a high oxidatistate such as ¢e Cr'® and Vri®
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iii) Oxidation using reagents such as O, and BHO,
iv) Thermal, usually in the presence of free radin#iators such as potassium persulfate
(KPS) and ammonium persulfate (APS)
Grafting of polysaccharides initiated by variousnsition metal ions via free radical initiation has
been reported in literatufé Grafting of cellulose and its derivatives initidtley ceric (IV) ions has

been widely studied?®?>%

Scheme 2.3: Grafting points on polysaccharides fa2e** initiation (R1 and R2 are polymer chains with different

degrees of polymerization)

The mechanism of initiation is through the formatiof free radicals directly on the cellulose
backbone, by cleaving of the C2—C3 bdiif as shown in Scheme 2.3, and oxidation of cellalosi
chain ends containing hemiacetal linkagiest has been suggested that the"'Gens can also
abstract protons from the hydroxyl groups of thps&/saccharides thereby facilitating grafting
reactions resulting in the formation of ether ligka>**® The Cé&* can also form radicals on the
monomer, which will result in homopolymer formatioRecently it has been shown that the
addition of certain alcohols to Ceinitiated grafting of cellulose resulted in a highpercentage
grafting as well as improved grafting efficiery.

A double initiating system termed TeKPS has been successfully used in the grafting
copolymerization of diallyldimethyl ammonium chide (DADMAC) and acrylamide on starch.
The inclusion of KPS in C& initiated reactions was shown to improve the petage grafting, by
oxidation of C&®to C&"*, which is the active specie in grafting reactiasshown in Scheme 2.4.

ce* + Ry ————= R" + &t + HY

5.05% + 20

280,% + Ce*

Scheme 2.4: The formation of radicals on polysacchide and the regeneration of C&" through the oxidation of

Ce** by potassium persulfate
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Grafting of itaconic acid on cellulose was alsaiear out using KPS as initiator and the mechanism
of radical formation on the cellulose backbone weaplained to be via proton abstraction by
initiator radicals’® Microwave assisted grafting of chitosaand guar guf! has been carried out
with and without the redox system Agh&PS/ascorbic acid. Microwave activation was alsecu

in the homogeneous esterification of cellulds& The use of microwave in grafting reactions
offers shorter reaction times compared to conveatimethods.

In conventional free radical graft copolymerizatidree radical sites are produced along the
polysaccharide backbone either by chemical reastmmnradiatiori®®’ Then the radicals formed
initiate the graft polymerization of vinyl monomeikhe major drawbacks of these methods include
chain degradation of the polysaccharide backbonehgiuhe formation of free radical grafting
sites?*° the presence of a considerable amount of ungraftaerial in the product, as well as
little control over the grafting process in term§ yeld and the molar mass of the graft
copolymers“?'45 The synthesis of grafted block copolymers is alsb possible because the chain
ends of the first block are not reactive. The lyiradical polymerization techniques permit the
synthesis of well-defined cellulosic graft copolymef predetermined molar mass, thus giving us
the opportunity to tailor the surface propertieshaf cellulose for the required properties. Althoug
living polymerization methods such as RAFT medigietymerizatioi® and ATRP**’ can be used

to overcome some of the above-mentioned drawbacksrventional free radical polymerization
systems, the living processes requires multiplpsstd modifying the polysaccharide with either a
RAFT agent, macro initiator or vinyl monomer. Thihe graft density depends very much on the
degree of substitution by these reactive modifi@iise method of choice for polysaccharides
modification thus depends entirely on the end apgihn intended for the material and practical

considerations.

2.2.2: Other grafting techniques

Grafting processes that do not involve the useinylvmonomers are classified in two groups:

grafting by ring opening polymerization and gradtiof a preformed polymer.
2.2.2.1: Grafting by ring opening polymerization

Cyclic monomers can be grafted onto polysaccharidesthe ring opening polymerization
technique’® Four classes of cyclic monomers that can undeéngpapening graft copolymerization
include:

i) epoxides

ii) lactones
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iii) a-amino acid N-carboxy anhydrides

iv) 2-alkyl oxazolines.
Some of the grafting reactions of the monomers alrequire a catalyst to initiate polymerization
via a nonionic insertion mechanism. An example ahg opening graft polymerization is given in
Scheme 2.5.

OH
o H o o
° OH H
-zCO,
H NH

[oC—cHR—NHH
z

Scheme 2.5: Grafting of polysaccharides witli-amino acid N-carboxy anhydrides

2.2.2.2: Grafting of a preformed polymer

Polymer chains are prepared separately and thetecewith the polysaccharide substrate to form a
graft copolymer. The preformed polymer should haveactive end group to facilitate the reaction
of the polymer chains with the hydroxyl groups bé tpolysaccharide. Such reactive end groups
include the following: isocyanate, epoxide, amiaehydride, chloroformyl, etc. Examples of this
type of grafting include: i) grafting of polyuretha via the reaction of the isocyanate end group
(polyurethane) and the hydroxyl group of the potgseride and ii) grafting of aliphatic
polyamides onto partially acetylated cellulose masylation of the C6 hydroxyl group of the

polysaccharide as shown Scheme 2.6.

(o}

YCH3

NH[(CHZ)-NHCO-(CHZ)-quH

R = CH4CO or H

Scheme 2.6: Grafting of aliphatic polyamides onto grtially acetylated cellulose via a mesylation redion

One of the limiting factors of this type of grafgims the molecular weight of the polymer. The ease
of grafting decreases with increasing moleculargheidue to chain end groups being less

accessible for reaction.
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2.3: Biominerization: Crystal growth modification

2.3.1: Origin of biominerization

The literature on biominerization is interdiscigmy; it combines the research in microbiology,
biotechnology, physics, geology, etc. Scientistd angineers have long been inspired by the
beautiful structures and functional properties lé tmaterials formed within living organisms.
These minerals adopt complex and genetically detexinshapes, often aligned to form arrays, and
they fulfill many different functions. These inckidhe mechanical functions of exo- and endo-
skeletons, navigation in the earth's magnetic fieldentation in the gravity field, temporary
storage, stiffening of soft tissues and much nidte.particular, the hard tissues of organisms (e.g.
bone, teeth, mollusk shells) are composed of mis¢hat are typically in close association with an
organic polymeric phase, and thus are biocompo¥itésExamples include silicates in algae,
carbonates in diatoms and invertebrates, and calghosphates and carbonates in vertebrates.
These minerals often form structural features sichea shells and the bone in mammals and birds.
Other examples include copper, iron and gold dépasvolving bacteria. The mineral crystals that
are formed by the organisms, called biominera¢sydently have shapes that are very different from

the crystals produced inorganically.

2.3.2: Nucleation and crystal growth mechanisms

During the nucleation stage of crystallization, raai, newly forming crystal is created. The

nucleation process is relatively slow as the ihitiystal components must interact in the correct
orientation to allow them to adhere and form thgstl. Crystal nucleation can occur either
homogeneously (without the aid of foreign partitles heterogeneously (with the aid of foreign

particles)’® Generally, heterogeneous nucleation is faster usecahe foreign particles act as a
template for crystal growth and thus help to stabithe growing nuclef Thus, heterogeneous

nucleation can take place by several methods, ditddusmall inclusions, or cuts, in the reaction
vessel. This includes scratches on the sides attdnboof glassware, dust particles, polymeric
additives, and other particles that can be volulgtar involuntarily added to the system.

Crystal nucleation and growth each depend on a pumbfactors, including the solution’s super
saturation, temperature, volume and geometry, lamdhterfacial energy of the growing nuclei. The

nucleation ability of additives is correlated tcethature and extent of interaction between the
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additive and the crystallization precursors. Frbmdlassical nucleation theory, the steady stae ra

of nucleation is given by**°

3.3,2
J=dexg - P YV g exg-— B 2.1
278, (ks T)*(InS) T3(InS)

Where J is the number of nuclei formed per unitwgd and unit time,w« is the frequency factor,

B represent a collection of variables charactegizive volume, geometry, and interfacial energy of
the developing nucleif4p_°*y°v?/278,°K ), and S is the solution supersaturaton, wheis the
specific volumeKg is the Boltzmann constant, is the surface energy, T is the temperatfises

the shape factor arfiy is the volume factor.

For calcium carbonat8=y _,.C_..v_,.C_, - /KSp

where the numerator denotes the product of thevigcitoefficients and concentrations for the
calcium and carbonate ions ang} I the solubility product for a particular Cagghase.

It should be noted that 1/J is the time requiretbtn a nucleus per unit volume, and is known as
the induction period®

Crystal growth, which occurs after the nucleatidags, is the major stage of a crystallization
process. It occurs via the addition of new atonm)sior nucleates into the characteristic
arrangement or lattice of a crystal nucléldhe crystal growth is a faster process and spreads
outwards from the nucleating site. Crystal grow#n dollow different pathways highlighted in
Scheme 2.7, with a continuum of structures betweand C being possible.

Scheme 2.7: Crystal growth mechanism (A) classicedn/molecule-mediated crystallization, and (B and £non

classical particle-based crystallization leading tanesocrystal (B) and polycrystal (CY’

Classical ion/molecule-mediated crystallizationdives further growth of a critical nucleus to a

single crystal, as shown in Scheme 2.7A. The nassital particle based crystallization involves
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aggregation of preformed crystals to form a therymaghic stable crystal either through uniform
packing (Scheme 2.7B) or random packing of thegstals (Scheme 2.7C). The driving force for
this packing is the reduction in the surface enesfjyhe system. Kulalet al.>” found that the
polycrystals was favored by high solution supeusdion, whereby rapid nucleation generates a
large number of precursor nanoparticles. The narexussors will then aggregate, forming
polycrystalline structures held together by van Wémals forces. Reduction in super saturation
allows the formation of mesocrystals due to sloaggregation effected by a smaller number of the
nano precursor ions.

The presence of polymeric additives leads to modlifon of the size and shape of the primary
nanoparticles as well as the number of particlexiypced. Thus, aggregation of different nano
precursors gives crystals of different sizes anapsk. Moreover, polymorph selectivity can be
effected by polymeric additives depending on theelleof interaction of the additive and the

calcium carbonate precursors.

2.3.3: Crystallization of calcium carbonate

The aim of biomimetics is to mimic the natural manim which organisms produce miner&©ne
particular area of interest is the molecular cdmmechanisms that biological systems use to form
the well-defined inorganic solid state materialsudd of modern materials science is concerned
with hybrid materials, which leads to some overiaphe techniques used in these fields. One
property of biominerals must be that of low solitpilunder physiological conditions. Calcium
carbonate deposition is generally controlled byequilibrium shift due to the consumption of €0
but there are many processes with greater corgrahg formation of other biomineraf$Careful
control of nucleation and crystal growth of thesecesses can be achieved via highly regulated
active transport mechanisms and via specific mdidumaf surface reactivity?

Calcium carbonate has various applications in thpep textile, paint, rubber and adhesive
industries. Therefore there is a growing interas€aCQ crystallization using polymeric additives
as crystal growth modifiers or nucleating agéﬁ'@.Calcium carbonate exists in three polymorphs:
vaterite, aragonite and calcite (in order of desireathermodynamic stability). The crystal type of
calcite is trigonic, with three common modificattonrhombohedral (cubic), scalenohedral
(columnar), and an intermediary prismatic (barredfged) structure. The density of calcite is 2.72
kg/dn?. The crystal type of aragonite is orthorhombicedie-formed (acircular), forming rhombic
double-pyramids, which are more dense (density xg4int) and harder than calcite. Both

aragonite and calcite are bi-refringent, and tlective index of aragonite is slightly higher than
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that of calcite because of the higher density. katés an unstable hexagonal calcium carbonate,
with a round particle shape.

The presence of polymers with functional groupsrduCaCQ crystallization directs nucleation
and growth of CaC@crystals’™®"® polymeric additives with polar groups influence GCa
crystallization by an adsorption mechanism, throtlgh interaction between the polar groups and
the growing nuclet*®*®®Studies carried out on the crystallization of CaGévealed that crystal
growth and morphology are a function of a numberpafameters, including the pR®®°
temperaturé®®® reaction time®*’%"* stoichiometry of reactant$,®’? concentration of the
polymeric or organic additivé®,>%%*6970737anq the nature of the polymeric additivés>
61.64.06.71.7379n general, some polymeric additives such as poyi acid, carboxymethylcellulose,
and those containing the carboxylate group magsathibitors of CaCgerystal growth’’#°

The use of polymeric or organic additives of diéfier functionalities as crystal growth modifiers for
CaCQcrystallization may result in CaGQ@rystals of different sizes and morphologies, a¥ as
polymorphs. In some cases, polymeric additivesctlitbe synthesis of the less thermodynamic
stable CaC@polymorphs’613.70.738L8% g iguchiet al.® grew CaCQcrystals on the surface of a
cation-exchange membrane and obtained mostly ealgjstals that self-assembled to form tubular
agglomerates. Anionic dendrimers, e.g. poly(amidoain were also used by Nale al.®° to
modify CaCQ crystals and predominantly calcite spherical algstwere obtained. Jada and
Verrae§* obtained spherical particles (1-5.5um) when asiopolyelectrolytes were used to
influence the growth of CaG@nd the polymorphs formed were a mixture of calaid aragonite.
Spherical particles were also synthesized in theseaice of hyperbranched polyest&ranionic
surfactants? modified carbon nanotub&and polyacrylic acid® The effect of polyacrylamide

polymers was studied by Yet al;*

aragonite nanorods were obtained after 12 houra at
crystallization temperature of 8, and pH 7. At pH 10, the crystal morphology chethdo
hexagonal disks that were mostly vaterite, and tesser extent, aragonite. Kiet al.”* also
obtained aragonite nanorods when polyvinyl alcolvek used as crystal growth modifier. The
nanorods were formed through the transformatiovatérite to aragonite after several days. Netka
al.” obtained spherical vaterite crystals when polylacacid was used as polymeric additive. The
synthesis of CaC§was also carried out in microemulsions by Etwal.2” They used surfactants to
stabilize the emulsions. Hexagonal vaterite crgstabre obtained after a day and rod-shaped
prismatic calcite crystals after six days. Biopogmy xanthan, gellan, k-carrageenan, sodium
alginate and pectin were also used as additiveS8a6Q crystallization by Butleret al.*® and
different crystal morphologies were obtained. @hi#l nitrogen containing polysaccharide, was also

used as a crystal growth modifier of Caystallization by Manolkt al.>* and calcite crystals
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were obtained. The rates of crystallization of Ca@Ochitin were evaluated against collagen and
styrene butadiene copolymer functionalized witHaut acid groups and was found to be faster in
the chitin mediated crystallization reaction. Ne@tarrillo et al.®® detected various CaG@rystal
morphologies when chitosan grafted with either potylamide or polyacrylic acid was used.
Studies on the deposition of Cagih cellulose were also carried out by Aliretel . and Dalat
al.® The adsorption of CaG@n cellulose was also investigated by Halab-Kassird Ricard®

Thus, the addition of a polymeric additive to thgstallization solution can modify crystal growth
and effect the following processes by:

i) Complexing the ions and blocking or retardinge thrystal growth via a single
ion/molecule mechanism, making the non-classicgs$tatlization mechanisms more
significant than the classical crystal growth megsian

i) Lowering the interface energy of subcriticaldagritical nuclei, and increasing the
number of primary nanopatrticles

iii) Stabilizing of metastable intermediates sushaanorphous precursor structures

iv) Altering the shape of primary nanoparticlesdgfective adsorption and/or enrichment
onto the specific crystal faces, leading to groimthibition of these crystal faces.

The paper industry uses Cagés a filler during paper production. The interactbetween pulp
fiber and calcium carbonate filler in the paperusity is of paramount importance as it influences
the tear and tensile strength of the paper. Handhis study, modified polysaccharides (cellulose
fibers and starches) were used in crystallizatitdies to evaluate their influence on CaCO
crystallization specifically their effect on theateation, growth, morphology and/or adsorption of
CaCQ crystals on to the fiber.

2.4: Paper production

2.4.1: Pulp cellulose fiber

The cellulose is natively found in the forms cedke | and p, but can be modified into cellulose |

by precipitation or mercerization. Cellulose, lind 11, are formed by recrystallization and have
slight lattice dimensional differences. Heat treatinof cellulose under tension forms cellulose 1V.
The degree of polymerization (DP) for world pulpteréls is typically in the 600-1200, range with

the monomer units being 180 Da.

21



2.4.2: Bonding aspect of fibers

Bonding between untreated cellulosic fibers requiiber-fiber contact. Since hydrogen bonding
and other van der Waals forces are responsiblater-fiber bonding, the fiber surface morphology
becomes critical for fiber-fiber bonding strengBenerally cellulosic surfaces are rough on a scale
of 0.01 to 10um,** hence surface modification is required to imprawer-fiber bonding strength.

In the paper industry the fibers are fibrillatedrogchanical means to form microfibrils on the fiber
surface. The dimensions of primary microfibrils ae@orted to be in the range of 2-5 nm. Larger
fibrils, resulting from partial delamination of @utlayers of the cell wall, are also presént.

Fig. 2.4 illustrates the effect of fiber surfaceigbness on the fiber-fiber contact, which has eadir
relationship with inter-fiber strength. Fig. 2.4Awvs the conventional view of surface roughness
in the wet state, where a series of indentatioahserved on the surface of the fiber. Upon drying
little contact is formed and hence there is a weaRkter-fiber bonding. Fig. 2.4B shows the
fibrillated surfaces of fibers in the wet state. @wing, stronger inter-fiber bonding is formed, as
illustrated in Fig. 2.4C. In the wet state the nealar segments tend to mix with each other before
the drying stage. The random orientation of tharsaygs results in tangling and interpenetration,

and as water is removed during drying the two sedare “welded” together.

Fig. 2.4: The effect of fiber surface roughness athe fiber-fiber contact.**

The fibrillation increases the surface area foeffiiber interaction, and thus hydrogen bonding and
van der Waals forces become more prevalent. Coniimarandom molecular arrangement based on
diffusional theory of bonding, Nanko and Osh&habserved a lining up of microfibrils, flat against
the adjacent fiber surfaces. Thus the micro-fibrikre tending to form fibrillar structures and this
created regular structures within bonded regionShoillated surfaces. Generally inter-fiber bond
strength increases as the fibers become highlyleswalith water either as a result of chemical

treatment or refining.
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2.4.2.1: Capillary forces

Capillary forces were used to explain the develapnoé paper strength during dryifg® The
ability of the wet paper to withstand significaghsile stress is due to capillary forces that tend
pull adjacent fibers together. The forces normahi® plane on the sheet lend strength within the
plane of the sheet. Fig. 2.5 is an illustrationveing a drop of water between two planes of paper
and that the water perfectly wets the surfaces.

_~  _~Planar Solids — ,_.--"/

\Film of water

Fig. 2.5: Schematic representation of a drop of wat between two planes of paper, wetting the surface

completely.

Cambelf® showed that the magnitude of the negative presgiRg within the meniscus can be
estimated using the following equation:

AP=y/r=2y/x 2.2
where y is the water-vapour interfacial tension, r is #mealler radius of curvature at the edge of
the film of water, and is the distance between the solids.
The capillary forces, including the one defined thg equation 2.2, were found to result in a
reduction in the thickness of the wet paper as witeremoved® In general, fiber surface
modification with surface active compounds resulte/eaker paper. There are two explanations for
this: firstly, from equation 2.2, surface modificet with surface active compounds results in a
reduction of y, thus decreasing the capillary forces that draavphper together, and secondly, the
presence of the surface modifiers on the fiberagarimay hinder the formation of hydrogen bonds

between surfaces.
2.4.2.2: Inter-fiber bond strength

The strength of the inter-fiber bonds is of paramdmportance as it contributes to tensile failure.
The tensile strength of paper can be related testitengths of individual fibers as well as to the
inter-fiber bonds. Light scattering techniques hbgen used to determine the relative bonded area

(RBA) of paper®®” The concept is based on the scattering of light passes through the paper
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and thus, the scattering of light is directly prajmmal to the fiber surface area that is diredtly
contact with air. This is so because bonded areastcontribute to light scattering.
The RBA is then given by the following equatith:

RBA = [Shon-bonded— Sest-sampll Snon-bonded 2.3

where Qon-bondedS the scattering coefficient of the paper sheehta from butanol andi&s-sampidS
the scattering coefficient of the test sample. &asumption is that the test sample has an identical
composition to the non-bonded sample. The referenfimed from butanol because butanol does
not swell cellulose and hence the paper formedeiy weak due to lack of fiber-fiber bonding.
Thus, one can assume that each fiber is surrouogled giving maximum scattering of light as it
passes through.
For the kraft pulps, the paper's tensile strengttiétermined using the following equafibn

1/T =9/(82) + 120g/[bPL(RBA)] 2.4

where T is the maximum tensile force before fail(@®pressed as breaking length), Z is zero span
breaking length (giving an indication of fiber stgth), A is the average fiber cross-sectional grea,
is the density of the fiber material, g is the g@ional acceleration, b is shear bond strengtis, P
the perimeter of the fiber, L is the length of fiteer and RBA is the relative bonded area (as a
fraction). The first term in equation 2.4 involvb® breaking of the individual fiber and the second
term involves the separation of inter-fiber bond@ibus, inter-fiber bond strength is the limiting
factor.

2.4.2.3: Enhancement of inter-fiber bonds

Polymeric additives based on polysaccharides armailty used to enhance inter-fiber bonding
strength. Since the inter-fiber bonding strengtlthis weakest link that contributes the most to
tensile failures, improving the inter-fiber bondistgength will result in improved paper properties.
As previously mentioned, the inter-fiber bondingesgth can be improved by fiber refining,
however, there is a limit to which fiber refiningrcbe done. Although extreme fiber refining may
result in improved inter-fiber bonding, it may alsgsult in the loss in the strength of individual
fibers and loss in bulkiness of the paper. Polyedtgdes are widely used to improve the properties
of paper. These polyelectrolytes are mainly based starch, guar guff® and
carboxymethylcellulos&®*%? Cationic polyelectrolytes, anionic polyelectrolytepolyelectrolyte
complexes, and polyampholytes have been found poowe the dry strength of paper when added
to paper’* However, cationic starch is by far the most widesed for improving the dry strength of

paper in industry®>% The charge density of the polyelectrolyte is ofapaount importance in
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order to achieve good dry strength of paper. Whensidering the addition of a cationic
polyelectrolyte to a slurry of refined fiber, itst@raction with fiber and orientation on the suefat

the fiber are critical to the final dry strength mdper. The surface of a refined fiber is negafivel
charged and cationic polymers have a high affifitty the fiber surface. Fig. 2.6 illustrates the
molecular orientation of the cationic polyelecttely of different charge density on the surface of

paper.

Fig. 2.6: Diagrammatic illustration of the adsorption of polyelectrolytes of different charge densityn the surface
of a fiber: A) a high cationic charge density polykectrolyte giving the polymer a flat conformation ;m
the surface of the fiber and B) a low cationic chaye density polyelectrolyte giving the polymer a

greater degree of molecular extension.

The high cationic charge density of the polyeldgteo tends to reduce the amount of
polyelectrolyte adsorbed on the fiber surface amdefs the polymer to lie flat on the surface of the
fiber. Low cationic charge density allows the pddgrolyte to conform in a three dimensional
manner on the surface of the fiber. Overchargirgsystem may result in the surface of the fibers
having an excess of positive charges, which mayitres lower inter-fiber bonding strength due to
fiber-fiber repulsions?

2.4.3: Fillers

The incorporation of fillers in various productsshlaeen a common practice for many years in
different industries. Fillers are used to improbe fperformance of materials and may result in
materials with better mechanical, chemical, eleatriphysical properties, etc., depending on the
nature of the filler. There is a wide range of mats that can be used as fillers with respechért
compatibility with the matrix and the ultimate ajopkion. Some of the filler types include alumina,
calcium phosphate, carbon black, carbon, carbar,fikleramics, glass beads, glass fiber, graphite,
metallic, molybdenum disulfide, silica, calcium lsanate, etc.

In the paper industry, inorganic materials are ared as essential components of different grades

of papert®® The original purpose of adding filler to the papeatrix was to reduce furnish costs,
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with the amount of filler limited only by strengtionsiderations. Today the principal need for fdler
is to impart specific quality improvements to théest. Depending on the performance
characteristics of the fillers and the amount adttethe paper, these products can improve the
optical, physical, and aesthetic properties offthished sheet. Moreover, the practice of utilizing

fillers is based on choosing materials that wib\pde both cost and quality improvements.
2.4.3.1: Functions of fillers in paper

Fillers are added to paper in various percentatgscally 10-20%, to perform many different

functions'®®%” The choice of which filler or blend of fillers tose depends upon the specific

properties desiretf® While fillers are used in many different gradepaper they find their greatest

utility in printing and writing paper grades. Filkecan contribute the following properties to paper
0 Reduce costs by replacing higher cost fibre witteocost fillers

Improve dimensional stability

Provide a smoother surface

Increase opacity and brightness

o O O o

Provide enhanced printability

o Improve sheet formation by filling in the void asearound fibre crossings.
The properties exhibited by fillers in paper areimya dependent on two factors: i) the
characteristics of the filler and ii) the way iniafit is used. Filler characteristics of importarare
their refractive index, particle morphology, padisize and distribution of size, specific surface
area, brightness/whiteness, particle charge (zgtenpal), and abrasiveness. The manner in which
fillers are incorporated into paper varies consitisr from machine to machine. The pulp species,
type and amount of refining, wet-end furnish congras (such as starch, retention aids, and sizing
agents), and addition point of the fillers can esatln filler to behave quite differently dependorg
the furnish conditions. Certainly the amount ofefil incorporated into the sheet will have a
dramatic impact on sheet properties. More detaiéarmation on the important characteristics of
fillers is presented in Section 2.4.3.2 as welthesspecific properties of the two widely usedkfill

materials: precipitated calcium carbonate (PCC)gmdnd calcium carbonate (GCC).
2.4.3.2: Characteristics of fillers

Refractive index

The refractive index is a fundamental property ofiller, which is governed by its chemical

composition and molecular structure. Atomic struethas a direct influence upon light scattering
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(opacity), because light entering the filler israeted from its principal path several times within
the particle rather than transmitted through ite Qneater the refractive index of a filler the geea

the amount of reflected light, which increasesdpacity of the paper.
Particle morphology

The morphology of filler particles has been showrbé a significant characteristic of fillers. The
shape of the particles will influence the way lightscattered. This in turn will affect the optical
performance of the filler in paper. It has beervproin studies by Gift” Passaretti and Gif’ and
Fairchild® that different morphologies within PCC cause d#fg behaviors, in their ability to
scatter light. It is the size of the air microvoitist optimize light scattering, and not directiet
size of the particle, hence there is a differertinopm for light scattering based on particle size
among the different morphologies.

The Mie theory'! predicts that the maximum scattering of light itained by spherical particles
that are one half the wavelength of light or 0.286Qum in diameter. Particles outside of this size
range scatter light with less efficiency. Howevtte Mie theory only holds true for spherical
particles such as plastic pigments, titanium diexidnd certain types of ‘spherical’ calcium
carbonates. Fillers of a non-spherical nature sisckaolin and talc, and some precipitated forms of
calcium carbonates, do not behave in a way pratlictethe classical Mie theory. Particle shape
also dictates the packing nature of the filler ijpla$s and greatly affects the fiber structure @& th

sheet, influencing sheet bulk and porosif:'?
Particle size and size distribution

The optical properties of all fillers are strongtfluenced by the particle size, size distributiangd

the degree of agglomeration of the filler particl8sudies have shown that a narrow particle size
distribution promotes better light scattering a#fitcy, especially when the filler is uniformly
distributed throughout the sheet. Koppelfanfound that for plate-like particles like kaolithe
optimum opacity was obtained when particles wereveéen 0.70-1.5um equivalent spherical

diameters. Results of independent studies by Z&land Gilf*®

showed that maximum opacity
was obtained when the particle size for prisma@&EPwas 0.40-0.50n equivalent spherical
diameters and 0.9-1uf equivalent spherical diameters for scelenohddl&t. Furthermore, the
more narrow the particle size distribution arouhd pptimum particle size for these fillers the
greater will be their contribution to paper opacity

In the paper mill situation, the use of retenti@saelps to retain fillers within the sheet, hoeev

they also cause the fillers to agglomerate. Agglaitien has been shown to have a negative effect
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on opacity. Filler agglomeration can be controlleg proper use of all wet-end chemicals,
especially retention aids and starches, and optigithe method and order of addition of the filler
with the rest of the papermaking furnish. Someffdlhave a greater tendency to agglomerate than
others.

Specific surface area

The particle size, size distribution and shapéeffiller have a direct impact on the specific anef
area:®®*? The filler's surface area affects light scatterimgd also influences the strength and
printing characteristics of the paper. In genenagjh surface area fillers lend enhanced printabilit
to the sheet but at the expense of strength ara#aszing. The principle cause of this weakening

effect is related to the filler interfering wittbr to fiber bonding within the matrix of the sheet
Particle charge

The electrostatic charge, which surrounds a filrticle, plays an important role both in
maintaining proper dispersion of the filler assifed to the paper machine and in retaining thexfil

within the papef!®

The non-hydrodynamic forces, which affect the h@haof particles, are of
three basic types: van der Waals (always attractelectrostatic (requires unbalanced electrostatic
charge—may be attractive or repulsive) and steetween adsorbed molecules or polymers—usually
repulsive if the molecules or polymers are watdutsde). The balance between these forces (which
varies with inter-particle distance) determines tlike the particles will remain dispersed or
flocculated. Zeta potential is a convenient measafréhe electrostatic charge on the colloidal
particle, which arises from the interaction of feeticle surface with its solution environméht®

It is important to point out here that the cheminature of a particle surface is not given by
knowledge of its bulk composition or is it necefigaconsistent from one sample of a given
material to the next. It is equally important t&eainto account the contribution of the solution
environment around the particle to the zeta paénBoth specific ion concentrations and total

ionic strength affect zeta potential and thereleyetectrostatic contribution to colloidal behavior.
Abrasion

Abrasion is an important characteristic of allefillpigments. Highly abrasive pigments will cause
excess wear of both paper machine wires and pgintiates:®® The abrasiveness of a filler is
principally caused by the crystalline nature ordmass of the filler. The strength of the atomic
bonds, spatial arrangements, impurities, etc.,ttmgevith the filler's physical characteristicszgsj

particle size distribution, shape, surface area) ate key factor§-> Small quantities of impurities
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such as silica and quartz can cause severe abmagiblems, and larger particles tend to be more

abrasive than smaller particles of the same ciystdiorm.
2.4.3.3: The calcium carbonate filler

Calcium carbonates fall into two general classtf@as, the natural product made by grinding
limestone (GCC) and the precipitated product mau¢hstically (PCC). The two types of calcium

carbonate not only differ in their shapes but alsmre importantly, in their surface properties.

Ground calcium carbonate (GCC) is treated withspelisant that imparts a negative charge to it,
whilst precipitated calcium carbonate (PCC) is mftesed without treatment. As a result, their
colloidal behaviors differ: GCC forms a stable srsgon in water (no aggregation) whilst PCC is
unstable and aggregates spontaneously. These fpespenay have a considerable effect on

retention, when filtration is the main mechanisiieeting filler retention during papermaking.
Ground calcium carbonate (GCC)

GCC is a commonly used abbreviation referring tineel, ground grades of calcium carbonates
obtained from chalk, limestone, and marbiet*® Chalk (whiting) is a sedimentary rock of soft
texture, which consists almost exclusively of aacicarbonate in the form of calcite and aragonite.
Typical properties for chalk are softness and poro3he color varies from white to slightly
grey!’

Limestone is a consolidated sedimentary calciunba@ate rock. The exertion of overlying earth
layers has led to compression of the nano-fosgisulting in reshaping, partly dissolving, and
recrystallization of the mineral. Limestone is tiasder and less porous than chalk.

Marble is a metamorphous rock. Owing to high pressand temperature, the original calcite,
aragonite, or dolomite re-crystallized, giving risedense, mainly coarse-grained, highly indurate
masses of calcite or dolomite crystals. Impurisesh as iron oxide and other substances cause

frequent yellow to brownish red streaks in marBfés.
Precipitated calcium carbonate (PCC)

PCC is a fully synthetic product. The propertiesP@C differ considerably from those of natural
calcium carbonates, and PCC can often be used poowa paper quality by tailoring specific
mineral properties (crystal form, size, shape,)ét&.In contrast to most other fillers used in
papermaking, the surface of PCC can possess aicatioarge.

The starting material in the manufacture of PCQiasmally crushed limestone. This is burned

(calcined) in an oven at temperatures around 1@Q0¢€sulting in the formation of calcium oxide
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("burnt lime", CaO). The calcium oxide is slakedhwivater to form a calcium hydroxide slurry into
which carbon dioxide gas is introduced under cdiettio conditions (gas flow, temperature,
concentration, time, additives, etc.) to yield fpétated crystals of calcium carbonaté.

The crystal forms of PCC are aragonite and caldepending upon manufacturing conditions.
Typical aragonite morphology is needle-like andraggtes of needles, whereas calcite precipitates

as scalenohedral or rhombohedral agglomeratesisongtic particles.
2.4.3.4: Filler retention and flocculation

In many paper grades fillers are incorporated thto paper sheets to improve paper properties or
reduce costs. It is essential for the filler toviel dispersed in the matrix to avoid zones of warak
cohesion, which may facilitate defects during stresnditions. The retention of fillers in the sheet
requires retention aids, usually cationic polyetggtes. Usually when a suspension of fibres and
filler is poured on a screen to form a sheet, tigenpnt particles may be too small to be captured
mechanically and therefore pass into the efflu€atimprove retention, the logical approach would
be to introduce a polyelectrolyte. The absorptidnthe fillers to the fibres can either be by
heteroflocculation or heterocoagulation. The formesults in a bridging of the fibres and the faler
and the latter will result in a reduction in theatical charges resulting in high deposits of the
fillers on the fibres. Another solution would beutlize a polymer that would flocculate only the
filler and, owing to the increased sizes, the fldants would be captured more efficiently. Anionic
soluble and colloidal substances should be avoiddte system to prevent interactions with the
cationic polymer, resulting in the greater availabbf the cationic polymer to the filler®

For systems that are heavily contaminated withranieoluble and colloidal substances, non-ionic
polyethylene oxide (PEO) can be used as a reteattbrDue to the non-ionic nature of PEO, it may
act by either flocculating the pigment (homofloatidn), which is retained by filtration, or by
forming a bridge between the fiber and the pignfbateroflocculation). It was shown that GCC is
not affected by PEO or sulfonated kraft lignin (SKlindicating that absorption and bridging
flocculation occur between GCC and the fibre. PE€@ffected marginally by PEO but mainly by
SKL, whereby SKL promotes its stabilit}’

With the increasing speeds of paper machines, ahgplexity of wet-end papermaking due to the
large usage of additives and the high degree oémcirculation, retention aids that overcome
these effects are required. This has resulted ah alud multi-component retention aid systems, one
of which is the combination of a cationic polyeletyte and microparticles (colloidal silica,

bentonite, aluminium hydroxide). The polyelectrelgdsorbs onto the fiber and filler, resulting in
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the formation of aggregates that may provide ariobospots for the microparticles. The
microparticles reflocculate the entire system antl @& a bridge between all the components,
thereby increasing the attachment of filler to dibdt has been shown that at the optimum
concentrations of bentonite increases the bondgitneof cationic polyacrylamide, precipitated
calcium carbonate and fibré.

The flocculation performance of cationic starches aalcite pretreated with anionic sodium
polyacrylate (NaPA) was investigated by measuring mean particle size and the dynamic
mobility of the calcite dispersiol?’ By varying the amount of NaPA (which has a straffinity

for calcium carbonate) one is able to anionicallgdify the particles and reverse the charge
character of the originally cationic calcium carbtn Via this mechanism, flocculation of cationic
starch on calcite was shown to be highly efficiéASimilarly, cationic polyacrylamide was shown
to have little effect on the flocculation of PCCtlme absence of dextran sulphate (DS). The DS
adsorbed on the surface of PCC reverses the gartetl surface charge allowing much enhanced
polyacrylamide (PAM) adsorption and bridging flotation*> Another study investigated the
effect of dextran on PAM—PCC flocculations when thigtures were exposed to anionic colloidal
substances that interfere with the cofactor (detPEO-induced PCC flocculations. Dextran was
shown to enhance PAM-induced PCC flocculation asténtion by increasing the calcium ion
concentration near the PCC water interface, whidiiin facilitates PAM adsorptiofa*

Another option for enhancing filler retention woulte to introduce two oppositely charged
polyelectrolytes which may be necessary for optingizthe filler flocculation and retention of
calcium carbonate in the wet-end of paper machimegas shown that the flocculation behavior of
calcium carbonate was strongly influenced by mixsuof cationic starch and anionic NaPA.
Small quantities of added polyelectrolyte increasled flocculation and ionic strength, more
specifically at lower NaPA to starch ratios. At lmégy concentrations of polyelectrolytes the
increased amounts of deposited complexes at thelpasurfaces overshadowed the effects of the
properties of the individual complex&s.

The presence of other inorganic or organic surtaatere agents, either as additives to the filler
(slurry or dry) or to the papermaking system, aillect the colloidal behavior of the particles if
they are absorbed on the particle surface. Suchtageay modify the zeta potential and/or may
contribute to steric repulsive forces. Low moleculgeight polyelectrolytes (polyphosphates,
polyacrylates) act as strong dispersants by botmgtelectrostatic and steric repulsion. Moderate t
high molecular weight polymeric papermaking addiiv(starches, polyacrylamides) may act as

dispersants or flocculants depending, on the exathods of their use.
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Although filler retention is important, the bondimgtween the fibers and fillers is critical. The
introduction of fillers into paper results in theduction of paper strength mainly due to disruption
of fiber-fiber bonds. The effectiveness of interewllar forces acting between fibers is reduced and
a weaker paper is formed. Thus future additives @@ created to promote filler retention should
be purposefully designed to also promote filleefibbonding, to ensure that paper strength is

maintained or improved.
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Chapter 3: Grafting of polysaccharides with hydrbphlinyl monomers

using various initiator systems
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3.1: Introduction and objectives

3.1.1: Microwave-assisted graft copolymerization

The use of microwave irradiation is viewed as oretle facile ways to make modified
polysaccharides within reasonable time and yietdsppared to conventional grafting methdds.
Microwave irradiation result in radicals being fadon the backbone of the polysaccharide via O—
H bond cleavage. Microwaves are also reported teefothe activation energy of reactiofs.
Microwave assisted grafting of chitoSiand guar gufhas been carried out with and without the
redox system silver nitrate/potassium persulfate §Kascorbic acid. When a redox initiator was
used the reaction times were shorter and the ywkl® higher compared to reactions that were

carried out without a redox initiator.

3.1.2: Conventional free radical grafting techniqus

Grafting of cellulose, starch and related materals be done via free radical polymerization using
various vinyl monomers as well as different inblasystems. The initators used are capable of
creating radicals on the backbone by either C—Cdiygtim bond cleavage or hydrogen abstraction.
The following redox initiators are widely used hetgrafting of polysaccharides: TeKPS (other
metals such as Be CU*, V**, etc. can be used)Ag'—ascorbic acitt and APS—N,N,N',N"-
tetramethylethylenediamine (TEMED). After graftinigj,is necessary to remove homopolymers
from the grafted materials by means of extractiderylic acid has been used to prepare anionic
polysaccharide%! whereas monomers such as diallyldimethyl ammonitioride (DADMACY

and methacrylamido-propyl-trimethyl ammonium chieri (MAPTACY were used to prepare
cationic polysaccharides. Some anionic starcheg lw@en crosslinked during grafting using the
free radical crosslinker N,N-methylene bisacrylaen(@BAM). Acrylamide monomer has also
been used in the graft polymerization of acryliedaend DADMAC. It has been found that the
inclusion of acrylamide in the graft copolymeripatiof DADMAC using a modified batch process
increases the grafting efficien€yThe most important parameter of the modified patgharides is
the percentage grafting (% G). The parameter isiyadlculated from gravimetric analygié® " °

and in some cases, NMR*?

3.1.3: The choice of monomer

The choice of monomers to be grafted depends oretideuse of the modified polysaccharide.
Gupta and KhandekHr grafted N-isopropyl acrylamide (NIPAM) onto celdse to form a

temperature responsive gel. The poly(NIPAM) showsh@mally reversible soluble-insoluble
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change in response at its lower critical solutiemperature (LCST) of 3% in aqueous solution.
The phase transition behavior has applicationsrug dlelivery systems. Ethyl methacrylate has

been used by Gupta and Sahaothe synthesis of cellulose based antimicrohiakerials since

|.14

polyethylmethacrylate has some antimicrobial proesr Yenget al.™ synthesized starch based

coatings by grafting polyacrylamide (PAM) onto starThe grafted PAM increased the viscosity as
well as the stability of the coating. PAM was als®ed to synthesize guar gum based hydrogels for

controlled drug release applications by Soppirmatd Aminabhavi® Navarroet al.'®

grafted
polyethyleneimine onto cellulose to produce chetaidsorbents for metal ions. Polyacrylic (PAA)
grafted cellulose and other polysaccharide mag@aé widely used as super adsorbents (water
retention)®’

be used as dry-strength additivVé&s®

Starch modified with polymers such as PAM, PAA aadhe cationic polymers can

3.1.4: Objectives

In this study, a new redox initiator system undeicrowave irradiation was studied. Graft
copolymerization of N-isopropyl acrylamide and mythcrylate ona-cellulose was carried out
under microwave irradiation with cerium (IV) ammomi nitrate and KPS as the initiating system.
The role of KPS was to oxidize &ao Cé*, which is the active species in radical formatidhe
monomers were chosen as they have charactéri6tiiMR peaks that are easy to identify and this
simplifies characterization. The redox system wassen on the basis of the action of Cen
polysaccharides during conventional grafting, whgreadicals are created on the backbone of the
polysaccharide via C2-C3 bond cleavage. Thus, thetegl polymers are linked to the
polysaccharide polymer backbone through strong @e@ds in addition to ether linkages.
Conventional grafting of polysaccharides using Vmpnomers was also carried out using different
initiators and initiator systems. The materials avédren tested for their ability to flocculate PCC.
The PCC flocculation is important for paper apglmas, whereby the interaction of modified
polysaccharides with PCC and pulp is essentiatiferretention of PCC. The focus of this chapter
was also on the synthesis of grafted polysaccharide calcium carbonate crystal growth

modification and PCC retention in paper application
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3.2: Experimental

Materials

Methyl acrylate (MA) (Aldrich) was purified by fitsextracting stabilizers with aqueous sodium
hydroxide (0.3 M), drying over magnesium sulfated ahen distilling under vacuum. The purified
MA was stored below 8C until use. NIPAM (Sigma) was recrystallized fronethanol and stored
below 5 °C. Cerium (IV) ammonium nitrate (CAN) (Fluka), KP@ldrich), APS, TEMED
(Aldrich) were used as received. Acrylic acid (AAgros) was purified by vacuum distillation at
30 °C, and stored below %C. Acrylamide (AM) (Merck) was recrystallized fromethanol and
stored below 5C. MAPTAC (Aldrich), DADMAC (Aldrich), MBAM (Labchen) were used as
receiveda-Cellulose ¢-CE) was washed with water and then ethanol anduraddried at 66C to

a constant weight. Potato starch (Acros) was usadaeived. Nitric acid (55%, R & S Enterprises)
was used as received. PCC and cationic starch (MD2) were provided by Mondi Business

Paper.

3.2.1: Microwave-assisted grafting

Procedure. In a typical reactiong-cellulose (0.5g, 3.08 x10moles of anhydroglucose unit) was
dispersed in 2.5 x 10M HNO; (45 mL), CAN (0.025g, 9.5 xI0Dmoles) was added and the
mixture was stirred for 30 minutes. The two monasngotal moles 5.0 x 1) mole ratio MA:
NIPAM = 1) were then added whilst vigorously stigi The microwave oven was set at the
appropriate microwave power (MWP), temperature, amdtime of 10 minutes and the reaction
mixture was microwaved. After 10 minutes, the prdduvere precipitated from a 1:4 mixture of
water and methanol. The homopolymers were soxleaeted using a 1:4 water/THF mixture until
there was no weight loss, signaling complete rem@fahomopolymers. The resulting graft
copolymer was then dried to constant weight and pleecentage grafting was calculated
gravimetrically and using solid statéC NMR data. The graft copolymers-CE-g-NIPAM-co-
MA) are referred as G1, G2 and G3, in order ofremgasing percentage grafting (% G).

3.2.2: Conventional grafting
3.2.2.1: APS-TEMED initiation

Procedure. The grafting reactions were carried out accordimditerature®®°13152%ith some

modifications. The starch was dissolved in deiothiz@ter at 8GC until the solution became clear
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under nitrogen purging. The starch solution wadembto 60°C and then the monomer(s), initiator
(APS) and co-initiator (TEMED) were added. The t&axs were carried out under nitrogen for 8 h.
In the case of grafting starch/PVA blends, bothrcstaand PVA were dissolved at ST,
simultaneously. For grafting reactions where ciokslg was done, the crosslinker (MBAM) was
added together with the monomer(s). The grafted/gamicharides were precipitated out using
suitable solvents and the homopolymers were soxdetracted using suitable solvents
(methanol/water or morpholine for PAANa and PAAYiuthere was no weight loss of the grafted
material due to homopolymer removal. The quantitieseactants used and the % G are shown in
Tables 3.2 and 3.3.

3.2.2.2: C&" and C&*-KPS initiation

Procedure. The grafting reactions were carried out accordimditerature>?°1352with some

modifications. These reactions were initiated ustmg C&" and/or the CE-KPS initiator system
for both cellulose and potato starch. Cellulose swslled in an aqueous solution of 2.5 X1
HNOs at 50°C whereas the starch was dissolved in deionizednat80°C. Both solutions were
cooled to 30°C before addition of the monomer and initiator. Taactions were carried out under
nitrogen for 4 h. The graft copolymerization of Ailhd DADMAC was done using a modified
batch procedgo avoid copolymer composition drift due to diffet reactivity rations,;= 5 and 5

= 0.04for AM and DADMAC, respectively. The grafted polgsharides were precipitated out
using suitable solvents and the homopolymers werdes extracted using suitable solvents
(methanol/water for PAM, DADMAC and MAPTAC, and nptioline for PAA) until there was no
weight loss in the grafted material due to homop@y removal.

Grafting of partially dissolved starch (PDSt) wagnd using the procedure for grafting fully
dissolved starch. The only difference was that plaetially dissolved starch was prepared by
swelling the starch at 7% for about 45 minutes (or until the viscosity beda increase). The

quantity of reactants used and the % G are showalites 3.4-3.7

3.2.3: Flocculation of precipitated calcium carbonge

The modified starch and other carboxylate polysaddks/polymers were tested for their ability to
flocculate PCC. The effect of modified starch atloeo carboxylated polysaccharides/polymers on
the flocculation of calcium carbonate is of paramdmportant when it comes to paper application.
Flocculation is required for the retention of PC@ridg papermaking. However, the size of the
flocculants is critical and it should therefore tptimized. Too much flocculation may have a

detrimental effect on the quality of paper. Thirg dlistribution of PCC in paper should be uniform
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and hence the PCC should be well dispersed. Irsthidy, PCC flocculation is used as an indicative
measure of the binding efficiency of modified palgsharides on PCC, and does not necessarily

mean that the larger the size of flocculants thebéhe polymeric additive in paper application.

Procedure. The grafted materials were used in flocculatiopeziments. Samples of different
polymer content were prepared in distilled deiodizeater in order to investigate the effect of
polymer concentration on the flocculant size. Ausoh of polymer sample of known mass was
placed into glass bottles and then 20% PCC (10 wdg added whilst stirring, using a magnetic
stirrer. The final volume of the samples after ptjuatment was 20 mL. The mixture was then

stirred for 48 h, after which flocculant sizes wareasured.

3.3: Analysis

3.3.1: Gravimetric analysis

The weight of the grafted cellulose after homopdayrextraction was used to calculate the % G as

well as the grafting efficiency (% GE), using tledldwing equations:

(%G) = %xloo (3.1)
(%G.E):%xloo (3.2)

2
Where W, W; and W, denote the weight of the originatcellulose, graftedu-cellulose and

monomer used respectively.

3.3.2: Cationic degree of graft copolymers

The degree was calculated from chlorine analysie Thlorine content was determined by the
titration method reported by Let al.® In a typical titration, a dry sample (0.2 g) wassdlved in
distilled water then 1 mL of aqueous potassium gtate solution (0.5 M) was added. The latter
was then titrated using 0.5 M silver nitrate saatuntil the color of solution turned brick red.

The cationic degree (DC) was then calculated frioenfollowing equation:

DC=M, .. x0.052 2 x100 (3.3)
' 1000

where My, monomeriS the molecular weight of the cationic monomeras \; are the volumes of

silver nitrate consumed for the sample and blasgeetively, and Ws the weight of the sample.
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3.3.3: FT-IR spectroscopy

A Perkin Elmer FT-IR transmission spectrophotomedeging from 400-4500 cfwas used. KBr

was used to prepare the sample discs for analysis.

3.3.4: Thermogravimetric analysis

Thermogravimetric analysis (TGA) curves of all teemples were obtained using a Shimadzu

analyzer, with a heating rate of 4D per minute.

3.3.5: Cross polarization magic angle spinninfC NMR analysis

The anomeric and carbonyiC NMR peak intensities were used to estimate th&.9@he **C
intensities from cross polarization magic anglensjrig (CP/MAS)'*C NMR spectra are not
quantitative because the peak intensities depertie@nate of cross polarization, which is usually
different for different carbon atont$.Thus, direct integration of'C peaks of different carbon
nuclei types may give misleading peak ratios. keotto quantify peaks usifdC peak intensities,
the following equations were us&d.

S(T) _ 1 _ -\t -1
S_o _X{l ex;{ T ﬂex;{_rlp (lH)j’ (3.4)

Tis _ Ts
T,(°c) T,(H)

A=1+

(3.5)

where S is the “true” area of resonance,zrJ(is the area of resonancg, (lH) and T, (13C) are

the proton and carbon spin lattice relaxation tinmethe rotating frameT g is the cross relaxation
time between protons and carbons ands the contact time. By fitting the experimentaltal
obtained from a plot of the area of resonance oh ltbe anomeric carbon and carbonyl carbon
versus contact time (Fig. 3.2) to equation &4,and T, (1H) for the three graft copolymers were
calculated.

In the >C CP/MAS spectra there are two side bands [SBlaf&) SB2 (C)], which are due to the
carbonyl carbon. The two side bands were also stk calculation, with an assumption that the
carbonyl carbon relaxation data is the same fositle bands as for the main carbonyl peak. The %

G was then calculated using equation 3.6.
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Corrected NMR % G= ﬂ><100 (3.6)
S, (D)

(o]

ands,(T) =S, (A) +S,(B) +S,(C) (3.7)
whereS, (T)is the sum of the true area of resona8¢@A — , v@@h B denoting the main peak of
the carbonyl carbon, and A and C denoting the Batels SB1 and SB2, respectively, eédD) is

the true area of resonance for the anomeric carbon.

However, besides using the corrected areas of assenof the carbon peaks, direct integration of
the °C peaks was done and the ratio of the carbonylpéakin peak and the side bands) to the
anomeric carbon ai-cellulose was used to calculate % G. The resuttsi NMR were compared

with results from gravimetric analysis.

3.3.6: Flocculation

Flocculation of PCC was measured using a SaturiSizigr 5200 V1.10. The refractive index of

PCC is used to evaluate the flocculant size.

3.4: Results and discussion

3.4.1: Microwave assisted grafting of polysaccharieb

The use of microwave irradiation on eKPS initiated grafting of cellulose was carriedt ou
successfully; the reaction times were reduced tonirlutes from at least 3 h for the conventional
method. Fig. 3.1 shows tHEC NMR spectra of three graft copolymers G1, G2 &% which
synthesized at different microwave power. The caybpeaks (a, b and ¢ ) of grafted polymers and
the anomeric carbon peak (d) of cellulose were wseazhlculate % G whilst the MA peak (f) and
NIPAM peak (h) were used to estimate the percenitag@poration of each monomer in the graft
copolymer. Carbon peaks (e) and (g) are from thlalose and the grafted polymers, respectively.
In order to correlate the intensities of the anamearbon and carbonyl carbon peaks, the proton
and carbon spin-lattice relaxation times were deiteed. A series of spectra were recorded with the
contact time ranging from 0 to 12 ms and are show(Fig. 3.2). The proton relaxation times
measured on the anomeric carbon and carbonyl caFipn3.2 were similar. Similar proton
relaxation time means that the system can be ttesehomogeneod$The % G calculated by (i)

direct integration of*C NMR peaks and by (ii) correction of the area e$anance of thé’C
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CP/MAS peaks gave results that were similar todhmistained from the gravimetric method. This

showed that solid state NMR can be used to estifbafeofa-cellulose.

CE

I ' 1

0

[ ' I ' I ' I '

250 200 150 100 50
PpmM

Fig. 3.1: *C CP-MAS NMR spectra of a-CE and the graft copolymers G1, G2 and G3: a) and) carbonyl side
bands, b) carbonyl peak, d) anomeric carbon, e) CZ6 of cellulose, f) CH carbon peak of MA, g) the

carbon peaks of the grafted copolymer (NIPAM-co-MA) h) 2x CH; carbons of NIPAM.
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Fig. 3.2: Correlation between area of resonance QAnomeric carbon) of a-cellulose and the area of resonance
C* (NIPAM/MA) of the two monomers used and the coract time for the three graft copolymers G1,

G2 and G3.

Table 3.1: A comparison of the percentage graftingf cellulose as calculated from three
different methods, and the percentage incorporatiorof each monomer

MWP . %G %G %G
Sample Carbonyl SB1 SB2 Anomeric % MA % NIPAM
CP/MAS Calc. (WG)
G3 800 28.33 0.968 0.7113 50.86 52 49 55 66 34
G2 600 20.65 0.782 0.881 62.71 36 38 42 64 36
Gl 400 20.65 0.725 0.82 63.9 34 37 38 67 33
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The percentage incorporation of each monomer wss ddtermined from CP/MAS spectra: MA
incorporation was much higher than that of NIPAMlfle 3.1). This is expected, as MA has higher
polymerization constant (kp) than NIPAM. The miceoxg power had no effect on the percentage
incorporation of the monomers and only a small @ffen % G. The FT-IR spectra of the graft
copolymers (Fig. 3.3) show the MA and NIPAM carbbabsorption peaks of the grafted
copolymers polymers at 1736 and 1650’crespectively. The peak at 2900 tiis due to shC—H
(stretch) of cellulose and grafted polymers. Thakpat 1638 cm for cellulose is due to C-O
(bending) for adsorbed water. In the region 1300016m" is where the C-O (stretch) absorption
peaks of cellulose and grafted the polymers.
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Fig. 3.3: A comparison of the FT-IR spectra ofu-CE and the graft copolymers G1, G2 and G3, showinthe
carbonyl peaks due to the grafted polymers.

The TGA curves (Fig. 3.4) show an increase in tlarstability with an increase in percentage
grafting.

Weight loss %

; . ; . ;
280 320 360 400
Temp °C

Fig. 3.4: TGA curves ofa-CE and the graft copolymers G1, G2 and G3, showingn increase in thermal stability
with an increase in % G.
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Solid state NMR spectra (Fig. 3.5) for analogousctiens carried out at microwave reaction
temperature set at 8C for graftinga-cellulose with monomers, NIPAM and MA, showed that
there was no grafting. The NMR results were in Gonfvith the results from TGA, where there
was an increase in thermal stability of the grafteaterials (Fig. 3.5A), which is typical for gradte
materials. However, the carbonyl peak of the pokgmeas also not observed in th€ NMR
spectrum (Fig. 3.5B) as well as in FT-IR spectrgmettrum not shown).
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Fig. 3.5: A) TGA curves ofa-CE and a-CE grafted with NIPAM showing the thermally more gable ungrafted
material. C and B) **C NMR of a-CE and a-CE grafted with NIPAM and MA ( a-CE-g-NIPAM-co-

MA), respectively.

The reason for the increase in thermal stabilitthefcellulose grafted materials is suggested teere
be due to the crosslinking of cellulose. Previowslies on conventional Ceinitiation, a decrease
in % G and an increase in homopolymer formatiothastemperature was increased to°6Qwas
observed:? It is, therefore, proposed here that thé'@ePS initiation system is not suitable for
microwave reactions above 6% as only homopolymer was formed. The presence whter

soluble initiator, KPS, can also contribute to h@wolgmer formation rather than grafting at this

high temperature.
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3.4.2: Conventional grafting of polysaccharides

Conventional grafting of polysaccharides was dosiagivarious monomers to produce materials
for CaCQ crystal growth modification and paper applicatamfiller retention aids. A number of
factors were observed to affect the % G of start@ble 3.2 shows the effect monomer
concentration as well as the effect of adding a felical crosslinking agent on % G and % GE. It
was shown (Table 3.2) that increasing the monoroecentration results in an increase in the % G.
However, the grafting efficiency decreases witlréasing monomer concentration. The increase in
viscosity of the medium is prevalent at high monoroencentration, and negatively affects the
diffusion of monomers to the active sifeShe % G values are related to the monomer corwersi
and the presence of residual homopolymer may ledugh values. Thus, homopolymer removal is
of paramount importance. It was also observed @&b2) that addition of a crosslinking agent
results in higher % G. Thus, crosslinking will rlésin improved grafting since growing
homopolymer chains (polymeric radicals) have a ibd#y of adding to a grafted polymer via the
double bond of a crosslinker, or vice versa. Moegperosslinked homopolymers will be difficult
to remove using extraction methods due to thein mplecular weight, which favors the formation
of strong entanglements with grafted starch, initemfdto hydrogen bonding. An increase in the
crosslinking agent concentration resulted in angase in the % G values.

Grafting of starch with monomers such as acrylii and sodium acrylate gives superabsorbent
materials. The super absorption property is notiired for some paper products because moisture
absorption will be inevitable, and will compromitee strength of paper. The addition of small
guantities of a free radical crosslinker will rasal a decrease in the absorption of water, as show
in Appendix C, Fig. C1l. The crosslinks prohibit tineaterial from expanding during water
absorption, thereby limiting the amount of wateatthan be absorbed. The more crosslinks there
are the less water is absorbed, and vice vVérdadowever, the solubility of the crosslinked starch
and the mobility of the chains are also reducethkyintroduction of crosslinks.

Table 3.3 shows the effect of increasing the pahylvalcohol) (PVA) concentration in the
starch/PVA blend on the % G and % GE. When the ddefstarch/PVA) were grafted, it was
observed that decreasing the starch to PVA ratsuled in a decrease in the value of % G,
suggesting that it easier to abstract protons filenpolysaccharide than from PVA (Table 3.3). A
similar grafting reaction, with no PVA added, gawdigher % G. This means that it is easier to
graft starch than polyvinyl alcohol.

Graft copolymerization of DADMAC and AM was donevarious monomers feed ratios. Table 3.5

shows the influence of monomer ratios on the D€rdasing the DADMAC concentration whilst
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decreasing the AM concentration resulted in a de@en the DC. This is because inclusion of AM
in DADMAC polymerization results in an improvemeoit conversion of DADMAC to polymer,
and a high molecular weight polymer. However, ththar disagrees that an increase in DADMAC
concentration will result in more inhibition of thgolymerization by the chloride ions of the
DADMAC.® The % G was found to increase with an increageMnconcentrations.

The cationic monomer MAPTAC was also grafted copwyized with AM on starch and Table 3.5
shows the effect of the concentration of MAPTAC D&. DC increased as the MAPTAC
concentration increased. However, the % G did range much with increasing MAPTAC

concentration.

50



TS

Table 3.2: Quantities of reactants and conditionssed to graft potato starch at 60°C

Acrylic Sodium Grafting
Sample | Potato starch acid acrylate MBAM APS TEMED Solids Grafting efficiency
(mol AHGU) (mol) (mol) (mol x10%  (mol x10%) (mol x10% (%) (%) (%)
HM 1 0.06646 0.1102 0.1113 - 1.096 1.747 13.60 66 43
HM 2 0.06657 0.1111 0.1110 - 1.096 1.798 10.42 68 45
HM 3 0.06663 0.0690 0.0710 - 1.104 1.772 6.69 44 48
HM 4 0.06635 0.0282 0.0284 - 1.102 1.730 7.43 27 69
HM 5 0.06630 0.0141 0.0137 - 1.101 1.730 8.80 14 73
HM 6 0.06768 0.1121 0.1109 0 1.132 1.781 12.59 76 51
HM 7 0.06635 0.1107 0.1112 0.6492 1.127 1.764 9.84 117 7 7
HM 8 0.07033 0.1118 0.1111 1.4280 1.109 1.755 7.01 123 5 8
HM 9 0.06657 0.1124 0.1122 2.6620 1.127 1.773 8.15 133 7 8

APS: ammonium persulfate, TEMED: tetramethylethgldiamine, MBAM: methylenebisacrylamide, AHGU: anhydlucose unit, Solids—grafted starch solutionl&lscontent.
Grafting (%) and grafting efficiency (%) were detémed gravimetrically.



[As]

Table 3.3: Quantities of reactants and conditionssed to graft a blend of starch from potato and polyinyl alcohol (viscosity of 62—72 cps) at 6T

Sample | Potato starch PVA AA AANa APS TEMED Solids Grafting Grafting
(mol AHGU) (mol ‘repeat unit’) (mol) (mol) (mol x10%)  (mol x10% (%) (%) efficiency (%)

HM 10 0.01506 0.00511 0.02785 0.02673 1.101 1.764 17.60 9 4 32

HM 11 0.01037 0.01093 0.02715 0.02701 1.108 1.746 9.63 39 21

HM 12 0.00514 0.01502 0.02698 0.02758 1.099 1.755 12.67 7 3 13

HM 13 0.06629 0 0.11150 0.11150 1.100 1.764 14.96 63 40

HM 14 0.13250 0 0.22220 0.22220 2.331 1.781 10.38 69 45

Table 3.4: Quantities of reactants and conditionssed to graft starch from potato using cerium (IV) nitiation at 30 °C

Sample Potato starch AM AA AANa cé* Solids Grafting Grafting
(mol AHGU) (mol) (mol) (mol) (mol) (%) (%) efficiency (%)

HM 15 0.04458 0 0.16660 0 0.003332 12.30 65 44

HM 16 0.08292 0.07042 0.06944 0 0.006386 9.67 57 76

HM 17 0.08323 0 0.16890 0 0.003387 8.12 52 65

HM 18 0.04436 0 0.08333 0.08329 0.003831 15.01 71 4

PVA: polyvinyl alcohol, AA: acrylic acid, AANa: sodim acrylate, APS: ammonium persulfate, TEMED: tettagiethylene diamine, AHGU: anhydro-glucose unit, Atrylamide,
Solids—grafted starch solution's solid cont@afting (%) and grafting efficiency (%) were detémed gravimetrically.
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Table 3.5: Quantities of reactants and conditionssed to graft potato starch with cationic monomers sing Ce&*—KPS initiation at 60 °C

Sample | Potato starch AM DADMAC MAPTAC ce™ KPS Solids Grafting Grafting CDS
(mol AHGU) (mol) (mol) (mol) (mol x10% (mol x10%) (%) (%) efficiency (%) (%)

HM 19 0.06657 0.05835  0.03018 0 4.480 1.921 13.27 49 66

HM 20 0.06635 0.03841  0.05014 0 4.507 1.941 10.79 43 48 6

HM 21 0.06629 0.02307  0.06704 0 4.498 1.937 12.26 35 34 5 |1

HM 22 0.06663 0 0.08851 0 4.496 1.929 8.76 15 13 11

HM 23 0.06646 0.03527 0 0.009185 4.496 1.931 3.95 34 58 8

HM 24 0.06679 0.02673 0 0.018140 4.482 1.927 6.65 38 54 3 |1

HM 25 0.06650 0.00813 0 0.036240 4.469 1.957 4.35 41 59 3

HM 26 0.06646 0 0 0.044330 4.635 1.931 4.48 39 48 36

AM: acrylamide, DADMAC: diallyldimethylammonium chiime, KPS: potassium persulfate, AHGU: anhydro-ghecunit, CDS: cationic degree of substitution,
MAPTAC: methacrylamido-propyl-trimethyl ammonium ohitle. Grafting (%) and grafting efficiency (%) were detémed gravimetrically.
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Table 3.6: Quantities of reactants and conditionssed to graft cellulose AA and AA/AM mixtures usingCe** initiation at 30 °C

Sample Cellulose AA AM cé* Grafting Grafting
Code (mol AHGU) (mol) (mol) (mol) (%) efficiency o)

HM 27 0.02762 0.04166 0 0.002659 42 51
HM 28 0.02767 0.02083 0.02113 0.002746 61 82
HM 29 0.02769 0 0.04296 0.002737 49 81
HM 30 0.02773 0.1042 0 0.006387 90 61
HM 31 0.02765 0.05555 0 0.003649 59 74
HM 32 0.02767 0.02777 0.02817 0.003649 65 82

Table 3.7: Quantities of reactants and conditionssed to graft cellulose and potato starch using Ge-KPS initiation under microwave irradiation

Sample Polysaccharide Polysaccharide AA AM cé KPS Grafting Grafting
Code (mol AHGU)  (mol) (mol)  (mol x16}) (mol x10%) (%)  efficiency (%)
HM 33 CE 0.08834 0.16880 0 1.472 8.962 39 52
HM 34 CE 0.08978 0.08819 0.08464 1.474 9.032 44 58
HM 35 a St 0.09149 0.16660 0 1.461 9.081 47 65
HM 35 b St 0.08956 0.08486 0.08507 1.467 9.103 51 68

AM: acrylamide, AA: acrylic acid, KPS: potassiunrgpaifate, AHGU: anhydro-glucose unit, CE: cellulpSe& starch. MW: microwave power 800W was used.
Grafting (%) and grafting efficiency (%) were detémed gravimetrically.



3.4.3: PCC flocculation using modified starch

3.4.3.1: Flocculation using anionic starch and cadnic starch

Polymeric additives that can flocculate or bind PC& be used as retention aids in paper
production. However, the fiber-filler interactioage also important for the paper strength and thus
the use of polysaccharide based filler surface frewvdiwould enhance fiber-filler bond strength
through hydrogen bonding. The flocculation prodesslves the binding of PCC particles together
to form larger particles. Fig. 3.6 shows the effefctA) anionic starch (HM ) concentration, (B)
difference between cationic and anionic starch,g@pnic and cationic starch complex (1:1 ratio)
and (D) anionic and cationic starch complex (1tbjaon the size of PCC flocculants. Increasing
the polymer content resulted in larger PCC flocoukize, with a subsequent peak broadening, as
shown in Fig. 3.6A. At high polymer content bimodkicculant size distribution was observed.
The bimodality and peak broadening was probablytdueidging of PCC flocculants.
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Fig. 3.6: PCC flocculation using different anionicstarch contents and mixtures of anionic starch anaationic

starch (Mondi Business Paper). (0.00 % is pure PCC)
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A comparison of the effect of cationic starch (C@fpndi Business Paper) and anionic starch on
PCC flocculation, using the same polymer contengshiown in Fig. 3.6B. The results show that the
cationic starch on its own does not cause mucletilation compared to the anionic starch.

A mixture of anionic starch and cationic starch (MbBP) in the ratio of 2:1 (w/w) was used to
flocculate PCC. Samples of different percentaggmel content were prepared and the size of the
flocculants was measured for each sample. Fig. 3t&vs the same effect as seen in the case of
anionic starch (Fig. 3.6A), where an increase iymper content resulted in an increase in
flocculant size. A bimodal distribution was alsosebved, especially for higher polymer content.
When 2.6% of the anionic starch to cationic statch ratio of 1:1 was used (Fig. 3.6D), significant
peak broadening was observed for the higher polynatent, with a substantial increase in the
average size of flocculants. The peak broadenifegietould be due to the bridging of flocculants
via anionic-cationic interactions. Lower polymembtent does not show this effect mainly because
most of the anionic groups are involved in floctiola rather than in anionic-cationic interactions.
These phenomena were then tested in hand shedgsetonine their effects on the properties of the
hand sheets.

Fig 3.7 shows a comparison on the average siz€6f fibcculants at different concentration of the
flocculating agents. The bar graph (Fig. 3.7) dfeshows that a mixture of HM*f and CSt gave
higher average flocculant size than the correspontiM 1*2 at all polymer content levels. (It
must be mentioned again that large PCC flocculardy cause detrimental effects on the paper

properties although they may result in high filetention.)
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Fig. 3.7: The effect of HM #? and two HM 1*%CSt (Mondi Business Paper) blend ratios on the avage particle

size of PCC flocculants.
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3.4.3.2: Effect of pH on Flocculation of PCC

The polymer content was kept constant and the pBl veaied in this set of experiments. PCC
dissolves at very low pH, thus adjusting the pHtted polymer system was done before adding
PCC. Fig. 3.8, shows that as the pH of the polysystem was adjusted to higher values there was
also an increase in the average flocculant sizB@E. This shows that the pH is of paramount
importance in PCC flocculation. Under basic cowdisi (pH>8), the polymer’s carboxylate groups
fully dissociate, thereby enhancing the interactioh the polymer and PCC. Flocculation of PCC
using a complex mixture of anionic and cationiadtawas also sensitive to pH, as shown in Fig.
3.8B.
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Fig. 3.8: The effect of pH on PCC flocculation usig 1.3% total polymer content of (A) HM 22 and (B) HM 2°2
/CSt blend.

3.4.3.3: Partially dissolved grafted anionic starch

PCC flocculation using partially dissolved (PD) fted anionic starch (Fig. 3.9) showed that an
increase in polymer content had a significant ¢ffat peak broadening, with the appearance of
bimodal distribution. The peak at lower flocculaie did not change much with the increase in
polymer content. The broadening of the peak wittraasing polymer content could mean that the
modified starch was bridging flocculants togettleefarm much larger flocculants. Since the grafted
starch material was partially dissolved, the coratlieffect of fully dissolved starch and particulate
starch is causing the huge broadness of the pesgscially at higher polymer content. Comparing
the results obtained with fully dissolved starclg(R3.6A), the partially dissolved starch gave a
broader flocculant size distribution and largerrage flocculant size. PCC flocculation using a
partially dissolved anionic starch /cationic starahxture (1:1 ratio (w/w)) (Fig. 3.9B) gave even

higher average flocculant sizes and size distiiloutvas broader. Thus not only does an increase in
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polymer content and pH have an effect on the aeeflagculant size but also the ratio of anionic
starch (ASt) to CSt. Tri-modality and peak broadgnivere more pronounced when partially

dissolved modified starch/cationic starch mixtusese used.
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Fig. 3.9: PCCflocculation using different concentrations of (A)HM 142 and (B) HM14>*3/CSt (Mondi business
Paper) blends, in the ratio f 1:1 content, at diffeent polymer content. (0.00 % is pure PCC).

Fig. 3.10 shows that a mixture of partially dissmlvanionic starch gave the highest average
flocculant sizes at all three polymer contentsshould be noted that the % G values of these
materials were comparable. It is also importantt thay application of these materials in

papermaking should also take into account the effed these polymeric additives will have on the
flocculant size of the PCC flocculants. Althougbcitulation tests were used as an indirect way to
check whether the additives are active towards RCdhes not follow that (during application of

these materials) the better the flocculation th#ebahe performance of the additives in paper.
Thus, there is every need to determine the optimima of flocculants to produce the best paper

properties.
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Fig. 3.10: A comparison of PCC flocculation usinguily and partially dissolved anionic starches, HM 22 and

HM 1433, and their blends with cationic starch (Mondi Bushess Paper).

58



3.4.3.4: Effect of order of addition of oppositelycharged starch and percentage grafting

Additives are added at different stages during papking depending on their intended function. It
was, therefore, important to study the effect ab wppositely charged polymeric additives on the
size of PCC flocculants. A sequential addition ofymeric additives, starting with the anionic
additives to PCC followed by the cationic additivesulted in higher average PCC flocculant sizes,
as shown in Fig. 3.11A. Fig. 3.11B shows that amease in the % G of anionic starch resulted in
an increase in the sizes of PCC flocculants. Thus,effect of % G is similar to increasing the

concentration of anionic starch, as is seen in EBA.
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Fig. 3.11: The effect of; (A) the order of additionof cationic and anionic polymers to PCC and B) théo G of

starch on the size of PCC flocculants.
3.4.3.5: Flocculation of PCC using carboxylmethylallulose

Carboxylmethyl cellulose (CMC) is a water solublgomic polysaccharide that is already on the
market and it was therefore necessary to compareflticculation efficiency of grafted starch
synthesized in this study with CMC. CMC sodium gAldrich, degree of substitution 0.6-0.9) was
tested for its PCC flocculation properties. Sampiesifferent CMC concentration were prepared
including those of a mixture of CMC and cationiarsh (Mondi Business Paper). The ratios used
(CMC: CSt) were dictated by their application ie faper industry.

PCCflocculation using different CMC and CMC/CSt (w/lends (Fig. 3.12A and B) shows that
neither CMC nor a blend of CMC/CSt had much effeat PCC flocculation. Thus, PCC
flocculation depends on the number of the carbdgytgoups on the polysaccharide, which was
low for CMC. The resulting flocculant sizes wergistly higher than that of PCC without any

flocculating polymer.
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Fig. 3.12: PCCflocculation using different CMC and CMC/CSt (Mondi Business Paper) blends; 0.00% is pure
PCC.

3.4.3.6: Flocculation of PCC using crosslinked PAArafted starch

Fig. 3.13 shows the effect of the crosslinking erdgconcentration on flocculation. The curves
show that crosslinking resulted in bimodality anehk broadening. When 0.65 x 3@nole of
crosslinking agent was used the size distributimadened and there was a clear shift in the peak
maxima to high flocculant size (Fig. 3.13A). Theseage flocculant size increased with increasing

concentration of the crosslinking agent, as shawrig. 3.13B.
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Fig. 3.13: The effect of crosslinking agent MBAM orflocculant size distribution (A) and the average Ibcculant

size (B). (HM 6"*HM 9> were used and polymer content in these experimentsas 0.65%.

An increase in the concentration of the crossliglkagent resulted in an increase in the % G (Table
3.2 which affected the flocculant size. The bimagalbserved when increasing the concentration
of the crosslinking reagent could be due to theatfbf inter-chain networks formed that can bridge
flocculants. A broad distribution of molecular ateltures, ranging from low molecular weight

single chains to high molecular weight branchedrehaesults when a crosslinking agent is used.

Thus, these molecular architectures have diffeeffieicts on PCC flocculation. Hence, the use of
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crosslinked materials for PCC flocculation showeldr@ad distribution of flocculant sizes even at
low doses of the crosslinking reagent. The broatridution in the size of flocculants may have a

detrimental effect on paper properties such apahesity, burst strength tensile strength, etc.
3.4.3.7: Flocculation properties of St/PVA blendsrad cationic starch

Grafting of a blend of starch and PVA was carried and the resulting materials were tested for
flocculation behavior. Fig. 3.14A shows that thetenials were capable of flocculating PCC but, in
comparison to the equivalent starch based matén@flocculation was low. The size of flocculants
increased with decreasing PVA concentration becthes@o G also increased with decreasing PVA
concentration. Fig. 3.14B shows that the prepasdtmic starch materials were also capable of
flocculating PCC. Although PCC is partially poséiand the cationic starch positively charged, the
cationic starch is still able to interact with P@@ an adsorption mechanism. The average surface
charge of PCC is positive but the surface is angsiobecause of the presence ofsC@nd C4",

therefore adsorption of cationic polymers is pdssib

LolA Sl M Polymer content = 2.60% 101B Polymer content = 2.60%
e &4 ——PCC . ——pPCC
> 7l [ ] [5)
2os g -‘A A —A— HM 10*° § 0.8 —0— HM 20*°
s T 4 =HM1¥ g —A— HM25*°
ht ot \ 0.6+
1= < A S
=) ©
g >
el -
3 o4 s,
T s As
£ £ % A
S S 024 R AAL
s G000 O,O%\Q o
= 0.0- ; T =
0 20 40 60 80 100 120 0 10 20 30

Particle size (um) Particle size (um)

Fig. 3.14: Flocculation of PCC using (A) P(AA-co-NAA) grafted starch/PVA blends and (B) cationic staches
HM 20%° and HM 253°

3.5: Conclusions

The grafting of polymers onto cellulose, after themopolymer had been removed via soxlet
extraction, was confirmed by solid state NMR, FTa&well as thermogravimetric analysis. The %
G calculated front*C NMR correlated well with % G calculated from graetric analysis. It was

found that microwave irradiation of cerium initidtgrafting of cellulose is limited to temperatures
lower than 60°C. Higher temperatures resulted in crosslinkinghefcelluloses, as concluded from

TGA curves and®C NMR spectra. The reaction times in microwavestsdigrafting were reduced
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significantly when compared to conventional graftimethods and the effect of microwave
irradiation power on % G was less significant.

Anionic and cationic polysaccharides were synttebiguccessfully via conventional grafting of
anionic and cationic monomers, respectively. Ak tinitiation methods (C'& C&*—KPS, and
APS-TEMED) used yielded grafted materials with ¢desable % G. A comparison between the
initiator systems is, however, not simple as tradtogrg efficiency depends on a number of factors,
including the time of reaction, initiator and remauls concentrations, temperature and even the
purity of the reactants such as the monomers afygbaurharides. Modified polysaccharides of
different % G were obtained by varying the polysec@e to monomer ratio. Inclusion of a
crosslinking agent resulted in higher % G valuasgéneral, any of the initiator systems used and
described in this study can be used to modify @algkarides via the grafting technique.

It was also shown that the prepared anionic staraterials were good flocculating agents for PCC.
The average size of flocculants could be varied/dnying the modified starch concentration and
pH. The effect of % G on the size of PCC floccutamtas equivalent to that of varying the
concentration of the modified starch. Thus, thehbigthe % G of the modified starch and the
concentration of anionic starch, the larger theaye sizes of PCC flocculants.

Selected modified starch materials were used f@@acrystal growth modification (see Chapter
4). Some of the modified polysaccharides were tdsted for PCC retention in paper and were also
used in the preparation of anionic starch coataccktparticles for filler-fiber bonding in paper

application (see Chapter 6).
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Chapter 4: Crystallization of CaG@ the presence of polymeric

additives
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4.1: Introduction

CaCQ is often used as filler in various industries,luling the paper industry. The properties of
the main crystal morphologies of Cagfillers have been highlighted in Chapter 2. Pritatpd
calcium carbonate (PCC) and ground calcium carleo@&CC) are widely used in the paper
industry. The papermaker can improve drainage bpdihg PCC with GCC, which can translate
into increased machine speeds. Inclusion of GCCédssseffect on the bulkiness of the paper but
the paper stiffness and tensile strength are inggtavhen compared to using a 100% PCC filler.
PCC is a mixture of two CaGOpolymorphs, calcite and aragonite, which are more
thermodynamically stable than vaterite. Calcitthes most thermodynamic stable polymorph and is
abundant. The crystal morphologies of calcite amdj@nite in PCC are different. Calcite crystals
exist in two crystal shapes, scalenohedral andmaric, whereas aragonite typically has an
orthorhombic (needle-like) morphology. In geneffdlers should be compatible with the matrix
and, in the case of paper; filler-fiber bondingdlddoe promoted.

The efficiency of a polymeric crystal growth modifiin nucleation is correlated to its binding
capacity towards the @aand this is essential for the formation of sultical nuclei that will then
grow to the required size for crystal growth. Thesgence of a polymeric additive may inhibit
crystal growth during the nucleation stage, resgltin an induction period. The relationship

between the induction period, surface energy apérssaturation for calcite nuclei is given belbw:

BI%y 1
[ = 4.1
o [(2-303@)3} flogs

Where tis the induction time,3 is a shape factor for the calcite nuclei £18 for spherical

shapes)# is the molar volume of calcite (=1.89 x 1), v is the surface energy of the nuclei,
k, is the Boltzmann's constantT is the reaction temperature an8l is the solution

supersaturation.

The induction time depends mainly on the solutiopessaturation and the surface energy of the
growing nuclei. Thus, the induction time is cortethto the effect of the polymeric additive or any
other contaminant present on nucleation and crgstatth.

In this study, crystallization experiments wererieat out to investigate the effect of polymeric
additives on the morphology of Cag@nd the extent of interaction between polymeriditacs
and CaCQ@ The effect of the crystallization temperature the crystal morphology was also
investigated. Thus, CaGQ@rystallization was performed using different ponmc additives. The

study explores the feasibility of performing situ crystallization of calcium carbonate in the
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presence of fibers in order to increase filler mét during papermaking. Further, filler size and
morphology modification using soluble polymeric danes were of special interest, as well as the

surface properties of the crystallized CaQ&ee Chapter 5).

4.2: Experimental

Materials

Materials synthesized as described in Section Gdllulose graft copolymerized with MA and
NIPAM, acrylic acid (AA) grafted cellulose, acrylae (AM) grafted cellulose and acrylic acid
(AA)/sodium acrylate grafted starch were used gstat growth modifiers in the crystallization

experiments. CagINaCOsand NaOH were used as received.

4.2.1: Crystallization of CaCQ;

The grafted materials and their corresponding hantyopers were used as crystal growth modifiers
for CaCQcrystallization. The cellulosic materials were solin deionized water at SC for 1 h.
The starch based materials were dissolved &C8® prepare a stock solution of 1.8 g/L. A stock
solution (0.75 g/L, pH 7) was also prepared for PAMI PAA homopolymers. In a typical CaCO
crystallization reaction, modified polysaccharidé (ml, 1.8 g/L) was dispersed/dissolved in de-
ionized water, stirred under,Nthen a NgCO; solution (10 mL, 0.025 M) was added and the pH
adjusted to pH 8.5. The latter was further stifilrd30 minutes at the required reaction temperature
for equilibration, after which Cag(10 mL, 0.025 M) solutionvas added slowly whilst stirring.
The reactions were carried out at 25 £Qand 80 + 2C for 24 h. The products were filtered
through a 0.22 micron membrane filter paper toemlthe CaC@micro particles and the crystal

growth modifier (if insoluble), then rinsed thremeés using deionized water and dried.

4.2.2: Rates of crystallization

The rates of crystallization were obtained fromdwing the turbidity of reaction solution during
crystallization using a Lambda 20 UV/VIS spectroeneThe wavelength of light used was 500 nm.
In a typical experiment, 2 ml of a solution of ghelymeric crystal growth modifier (0.5 g/L) was
added to a cuvette followed by Ca@blution (1 ml, 0.002 M). Lastly, a solution of &&D; (1 ml,

0.002 M) was added, and the absorbance of the@oloteasured against time.
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4.2.3: Characterization of CaCQ crystals

Scanning electron microscopy (SEM) was used terdehe the morphologies of Cag@rystals.

All samples were gold coated before analysis. filsument was a Leo 1430VP scanning electron
microscope fitted with a field emission source. &atelerating voltage of 15 kV was used.

The X-ray powder diffraction (XRD) measurements evetone using a modified computer-
controlled Philips 1410-diffractometer. The crystlicture was determined using Cu iadiation

(40 kV), 0.2 step and @ range of 15-60 XRD was not used for quantifying the polymorphs
because the less thermodynamically stable polynsonply not be detected by XRD due to high
calcite content. The instability of the less thedymamically stable polymorphs also result in
quantification of the polymorphs being difficultdzise they can be converted to calcite with time

making the quantification time dependant.

4.3: Results and discussion

4.3.1: Crystallization in the presence of PAM and RA homopolymers

PAM and PAA were used in crystallization of Ca{t0 obtain information that is crucial for
comparison with results obtained using modifiedypatcharides under similar conditions. Since
identical crystal growth modifiers can give diffaterates of crystallization, morphologies and
polymorphs depending on the conditions used, it thasefore necessary to study the effect of the
homopolymers on crystallization of Cagi@ order to relate their effects to those of thafigd
polymers.

The efficiency of a polymeric crystal growth modifiis correlated to its ability to reduce the
interfacial energy of subcritical and critical nei¢cl and increase the number of primary
nanoparticled. The rates of crystallization were obtained fronflofsing the turbidity of the
solution during crystallization by measuring thes@iption of the reaction solution with time. The
concentration of the reactants was such that thenmmuen absorption was below 1 (to obey Beer-
Lambert’s law). The absorbance at time (t) = O maiszero (Fig. 4.1) because of the delay between
injecting the second calcium carbonate precursdrth@ measurement. As was expected, Fig. 4.1
showed that the control reaction had no inductioret The introduction of polymeric additives
PAA and PAM lead to two opposing effects, when adgrsng equation 4.1, both affecting the
induction time. Firstly, the surface energy of subcritical nuclei decreases, favoring the reductio
in the induction period and, secondly, the supéunradion decreases, favoring an increase in the

induction time*? The induction time for PAA mediated crystallizatics longer than that of the
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control and PAM mediated crystallization (Fig. 4.This can be explained by considering the
strong interactions of PAA with the metal ions bieféormation of sub-critical crystals, resulting in
reduction in the super saturation leading to are@se in induction time.
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Fig. 4.1: Rate of CaCQ crystallization in the presence of PAA and PAM.

The functional group on the polyacrylamide polyrdees interact with the metal ions but to a much
lesser extent (less effect on super saturationpwlbenpared to the functional group on PAA, hence
a shorter induction time was observed. The solutibsorbance increased with time as crystal
growth occurred with more crystals being formede Hibsorbance reached a plateau, signaling the
completion of the inorganic reactants and the gagiformed were colloidally stable. However,
particle growth continues via Ostwald ripening,utéag in unstable colloids that tend to sediment,
and resulting in a decrease in the absorbanceeotatution. The driving force behind Ostwald
ripening is the decrease in the surface energyhefcolloids. The control reaction showed an
immediate decrease in the absorbance soon aftepléteau compared to the case of PAM and
PAA, indicating that the polymeric additives stamh the colloids with PAA giving more stability
to crystals. Similar experiments were not donetf@ modified polymers due to the particulate
nature of cellulose and the high flocculation ofdified starch. The modified cellulose does not
form a stable suspension and tends to drop to dkterh of the cuvette, distorting the UV signal.
On the other hand, modified starch flocculates@a€Q crystals resulting in large particles that
are colloidally unstable and thus the UV signablistorted as well. However, the effect of the
grafted polymers (PAA and PAM) on Cag@rystallization was expected to be similar to dime

effected by the homopolymers since the functiopgbiblymers that controls the crystallization
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process is the same. It was expected that PAAegtgiolysaccharides will give longer inhibition
periods than PAM grafted polysaccharides. Howetves, is subject to the solution super saturation
and the concentration of the polymeric additivec@nbination of high solution super saturation
and low concentration of polymeric additive (or lawetal ion binding efficiency polymeric
additive) may lead to masking of the induction peéri

Fig 4.2 shows the SEM images of Caf3®ystals synthesized in the absence of polymefitiae
and in the presence of PAM and PAA at Z5 and 80°C. The calcium carbonate crystals
synthesized in the absence of any polymeric additiank) at 25C were rhombohedral in shape

Fig. 4.2(A1) and were mostly calcite, as seen @XRD spectrum in Fig. 4.3 (labeled blank).

Fig. 4.2: SEM images of (A) CaC@crystals, (B) PAM modified CaCQ; and (C) PAA modified CaCQ; crystals.
(polymeric additive concentration 0.32g/L, pH 8.5.)
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When the reaction temperature of the blank reactias raised to 86C the CaC@ crystal were
also calcite (XRD spectrum not shown) but with aslelefined rhombohedral shape and with
secondary crystals on the surface (Fig. 4.2(A2)).

The crystal morphology obtained in the presencePAM at 25°C was a mixture of flat
rhombohedra which appeared to be stacked togetitesiagle cubical crystals (Fig. 4.2(B1)). The
XRD spectrum of CaC@crystals synthesized in the presence of PAM, &ig. (PAM, 25°C),
shows that only calcite was formed. Earlier studieggested that functional groups such as C=0
and >N-H effect the nucleation of Cag®@rystals through their interactions with aons>*
However, it has been found that the addition ofp@ric additives has a stabilization effect on the
amorphous calcium carbonate (ACC) that is initiddiymed?>’ The ACC is then transformed into
thermodynamically more stable polymorphs througk-arystallization process that takes place in
the presence of moistutéhe formation of flat crystals (Fig. 4.2(B1)) oced due to the influence
of PAM on crystal growth through selective adsamptof the PAM on the crystal faces of CazO
forcing the crystals to grow in two dimension. Tplatelets aggregated to form mesocrystals to

reduce their surface energy.
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Fig. 4.3: XRD spectra of CaCQ crystals obtained in the absence and presence oflpmeric additives (c and v
represent calcite and vaterite polymorphs, respeately.)

The single cubes observed in Fig. 4.2(B1) therefyn@mv under no influence of the polymeric

additive, and thus followed the non-classical @ysfrowth mechanisfi.When the terpolymer
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poly(acrylamide-co-2-acrylamido-2-methyl-1-propasedium sulfonate-co-N-vinyl pyrrolidone)
was used as crystal growth modifier by Baal.,* stacks of plate-like crystals were also formed.
When crystallization was done at 8D in the presence of PAM the crystal shapes wenexaure of
rhombohedra and nano-rods (Fig. 4.2(B2)) and oalgite crystals were formed, as shown in Fig.
4.3 (PAM, 80°C).

It was found that a change in the crystal morphplaipes not necessarily mean that the
polymorphism changes as w&INanorods have been previously obtained when poyjdlcohol
(PVA)* and PAM* were used as crystal growth modifiers in Ca@€ystallization. The formation
of the CaCQ@ nano-rods in the presence of PVA as crystal gromtddifier occurred through
vaterite to aragonite phase transformation oveersd\days- In this study, the size and number of
the rod-like crystals is small compared to the rhohedra cubes co-existing with them. The
surface of the rhombohedra crystals have concaveshwnay be due to dissolution of CagO
which then re-crystallizes to form secondary crgstgnano-rods in this case) on the surface of the

1.,** who

crystals, as observed in Fig. 4.2(B2). This phenwnehas been reported by Watial
suggested that the less thermodynamically stabiemmwophs can dissolve from the surface of the
crystals, creating concaves. Dissolution of Ca@©Om the surface may then be followed by re-
crystallization, leading to the formation of a mahermodynamic stable polymorphSecondary
crystallization can also result in a mixture of stgal morphologies and generally smaller crystals
compared to the primary crystals obserted.

The crystals obtained in the presence of PAA at@%ere monodispersed spherical crystals (Fig.
4.2(C1)). The presence of PAA stabilizes the AG&Sulting in the formation of the ACC-PAA gel
that will then crystallize spherulitically into $te crystalline polymorph3The homogeneous size
and morphology of CaCfcrystals shown in Fig. 2(Al) was attributed to téetcontrol of
nucleation and crystal growth by PAA. It has beeggested that monodispersed crystals are
favored if the inorganic reactants (Caand CQ*) are consumed during the early stage of
reactiont**® This will allow the crystals to grow via Oswalcpeining® and thus no secondary
nucleation will take place during crystal growthheToverall effect is elimination of secondary
crystal formation and ultimately monodispersed @igsare formed. The polymorphs formed were
calcite and vaterite, as can be seen in the XRbBtgpa in Fig. 4.3 (PAA, 25C). The presence of
vaterite in CaC@crystals synthesized in the presence of PAA istdube strong interaction of the
carboxylic acid group with the vaterite surfatedhe adsorption of negatively charged polymers
on vaterite surfaces is aided by’Cins that are present on the (100), (101) and)(plhes of
vaterite’® Thus, the phase transformation of vaterite to farmore thermodynamically stable

polymorph is suppressed by the adsorbed PAMorphology and polymorph transformation was
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observed when the CaG@rystals synthesized in the presence of PAA d&C%ere stirred for six
days. The spherical particles obtained after 24ohrgaction were fused together forming 3D net
works (Fig. D2(A), Appendix D). The transformatioan be attributed to a further decrease in the
surface energy by the system through the formaifostable structures and one polymorph (since
calcite only was observed). The crystal morpholamtained at 80°C for PAA mediated
crystallization was a mixture of large sphericklicrystals and smaller regular-shaped crystats tha
were on the surface of the large spherical crystashown in Fig. 4.2(C2). A deviation in crystal
morphology may be due to the shift in the kinetieftnodynamic balance and not necessarily due

1.1 The stabilization

to the binding of the polymer on the crystal fasgastulated by Dickinsagt a
effect of the —-COOH group was also effective ahbigtemperature as vaterite crystals, present at
25°C, were also present at 80, as shown in Fig. 4.3 (PAA, 8C). Vaterite is a meta-stable phase
of calcium carbonate and is the less thermodyndiyistable polymorph, with a higher solubility
than calcite and aragonittGenerally, once vaterite is exposed to wateriitveats to either calcite

at low temperature or aragonite at high temperatdoavever, the dissolution of vaterite may also

1. obtained a

depend on the extent of stabilization effected hey polymeric additivé® Panet al
mixture of calcite and aragonite crystals when PAAs used as crystal growth modifier in the
temperature range 75-9%&. Moreover, they showed that the fraction of ardigo gradually
increased with increasing temperature, indicatimag firagonite is favored at high temperatdre.
Some factors known to influence polymorph selestiiiclude the [COOH]/[CE] ratio, which
affects phase transformation of the polymorphs, andincrease in the ratio resulted in no
transformation of vaterite to calcite at low tengiare?? The [C&"] and [CQ?] were also found to
influence polymorph selectivity, with an exces§@#'] favoring the formation of vaterit€. Since
vaterite is present at 8C, the stabilization of PAA was effective in supgsiag the formation of
aragonite which is favored at high temperaturesisTkhe existence of vaterite at high temperature

is likely to be due to a combination of both thedyiwamic and kinetic effects.

4.3.2: Crystallization of CaCQ; in the presence of cellulose and cellulose graft
copolymerized with MA and NIPAM

When cellulose was used as a crystal growth madifi€aCQ crystallization at 25C, the single

crystals formed were rhombohedral in shape and wbserved on the surface of the cellulose
fibers (Fig. 4.4). XRD analysis showed that thestals were calcite, as shown in Fig. 4.9A (ii).
Results for the crystallization of calcium carb@nghowed that the cellulose grafted with PMA-co-

NIPAM can nucleate CaCGxrystal formation much better than ungrafted dedla can, as shown
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in Fig. 4.4B. Crystals formed in the presence dfutmse were rhombohedral single crystals,
whereas platelet like crystals that stacked togedinel cubical single crystals were formed in the

presence of MA and NIPAM graft copolymerized onldeke.

-

Crystals were synthesized at®5 [C&*] = [ CO,2] = 0.025 M, pH 8.5 and [polymeric additives] =0.g/L and
A2 and B2 are enlargements whereas inserts A3 8rnid B2 and B2 respectively are further enlargement

Fig. 4.4: SEM images of CaC@crystals obtained in the presence of (A) cellulos# different magnifications (Al-
A3).and (B) NIPAM & MA graft copolymerized on CE (G2).

Grafting can also enhance the adsorption of Ga@stals on the surface of the fiber as many
particles were adsorbed on the surface of theegtdibers. However, there was no observed effect
of % G on the morphology of crystals of Ca£®@his could be because the % G values of the
grafted celluloses were close to one another (sd#eT3.1). Calcium carbonate exists as three
polymorphs: vaterite, aragonite and calcite, ineordf their thermodynamic stability and phase
transformation possible. Fig 4.5 shows that theciwalpolymorph was obtained for crystals
synthesized in the presence of cellulose and oskubraft copolymerized with NIPAM and MA.
The peaks at 876 chand 711 crl (Fig. 4.5) are due the calcfttThe absence of the aragonite and
vaterite polymorphs’ characteristic peaks at 106@ 2082 crit, % and 745 cr,?* respectively,
means that the synthesized Ca@Onsisted of mainly the calcite polymorph. Thebaracteristic

peaks are due to the C-O (stretch) of the diffgpehtmorphs.
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Fig. 4.5: FT-IR spectra ofa-CE, a-CE-CaCO; and the graft copolymer G2-CaCQ, showing the peaks due to the

calcite.

4.3.3: Crystallization in the presence of PAA and RM grafted cellulose

The CaCQ crystals synthesized in the presence of PAM gilaftellulose at 25°C were
rhombohedral platelets that aggregated to formegphl’ particles as shown in Fig. 4.6(Al & A2)
and from the XRD spectrum Fig. 4.9A(iii), only tlealcite polymorph was present. The CaCO
crystals formed in the presence of PAA graftedutede at 25°C were spherical in shape (Fig.
4.6(B1 & B2)). However, the XRD spectrum Cagf@ystals synthesized in the presence of PAA
grafted cellulose (Fig. 4.9A (iv)) shows that a tane of calcite and vaterite were present. PAM
and PAA grafted cellulose had more CaCe@ystals on the surface of the fiber compared to
ungrafted cellulose and cellulose graft copolynestizvith NIPAM and MA (comparison of Fig.
4.4A to Fig. 4.4B and Fig. 4.6).

The effect of the concentration of the reactanta™{@nd CQ*) on the crystal morphology and
polymorphism was also studied using PAA graftedutese, at 25°C. When the concentration of
Ca'? was reduced from 0.025 M to 0.0125 M the crystalphology was still the spherical type
(Fig. 6.7 A) and, calcite crystals and vateritestajs were formed, as was observed for théq@d
0.025 M. However, fewer crystals were observedhensurface of the fiber (comparison of Fig. 4.6
B and Fig. 4.7A).
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Crystals were synthesized at®5 [C&*] = [ CO,2] = 0.025 M,
pH 8.5 and [polymeric additives] =0.77 g/L

Fig. 4.6: SEM images of CaC@ crystals obtained in the presence of (A) PAM graéd cellulose (HM 2§°) and
(B) PAA grafted cellulose (HM3%9).

As the concentration of [¢§ was increased to 0.05 M the crystal morphologgncied to
rhombohedra and more crystals were formed (Fig.B{Z7 & 2)). The polymorph present was
mostly calcite, with traces of vaterite. The evmatof the morphology in the manner described
was expected as the effect of polymer on crysteleation and growth is overshadowed by the high
concentration of reactants used. The net effextréxluction in the interactions between the polymer
and growing nuclei. Although nucleation may stdl imduced by the polymer, crystal growth will
be independent of the polymer-growing nuclei intdoas but dependent on the concentration of
the reactants.
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Crystals were synthesized at®5 [C&*] = [ CO,2] = 0.025 M,
pH 8.5 and [polymeric additives] =0.77 g/L

Fig. 4.7: SEM images of CaC@ crystals obtained in the presence of PAA grafted-cellulose (HM 3£%): (A)
[Ca*? = 0.0125 M and B) [C4? = 0.0500 M.

When the reaction temperature was increased t8C8there was a significant change in crystal
morphology for PAM grafted cellulose (polymeric &dat) but the polymorph was still calcite. The
shape of the crystals on the surface of the fibes \ess defined (Fig. 4.8(Al)) than the crystals
obtained at 25°C (Fig. 4.6A1). However, Fig. 4.8(A2) shows thatgk cubical crystals with
secondary crystallites were not located on ther floeface. In the case of PAA grafted cellulose, a
different morphology as well as polymorphs wereniat 80°C compared to those found at %%

Fig. 4.8(B1) shows irregular shaped crystals onstiméace of the fiber and Fig. 4.8(B2) shows the
needle shaped crystals that were not on the sudbtiee fiber. The crystals on the surface of the
fiber were smaller than those not on the fiberaaf The polymorphs formed were now calcite and
aragonite. Very few crystals were cubical and thbical crystals may have formed during the

beginning of the reaction under no influence ofdhgstal growth modifier.
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[Ca?*] =[ CO.2] = 0.025 M, pH 8.5 and [polymeric additives] =Dg/L

Fig. 4.8: SEM images of CaC@crystals obtained in the presence of (A) PAM grafid cellulose (HM 28°) and B)
PAA grafted cellulose (HM 3£ at 80°C. A2 and B2 show CaCQ crystals that were not attached to

the fiber surface

The grafted cellulosic materials showed better eatobn/adsorption of CaGCcrystals on the
surface of the fiber at 2% than at 80C. The modified fiber surface played a stabilizatiole for
both the nucleation and crystal growth of the CaC&abilization is attributed to the interactions
between the polymer functional groups (-N&hd —COOH) with the growing nanocrystals via an
adsorption mechanism. The fact that the two differéunctional groups gave different
morphologies as well as polymorphs shows that ype bf functional groups on the polymer can
critically affect crystal nucleation and growth.

The —COOH and —CONHgroups have different influences on the stabiityhe ACC as well as
the nucleation of crystalline CaG@nd, as such, the resulting crystal morphologiedikely to be
different. The initial stage of crystallization tlse formation of ACC on the surface of the fiber
stabilized by the grafted polymer chains. The ti@mmsation of ACC to crystalline polymorphs will
then occur, to form different morphologies as dieddy the grafted polymers via growth inhibition
of some crystal faces. It has been shown that @@®GH group can also act as an inhibitor of

crystal growtfi?* and hence fewer crystals should have been obsérred
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Fig. 4.9: XRD spectra ofae-cellulose (i), and CaCQ crystals obtained in the presence of (iin-CE, (iii) PAM
grafted cellulose (HM 28 and (iv) PAA grafted cellulose (HM 3£ at A) 25°C and B) 80°C. ([Ca®"]
= [CO4*], pH 8.5, [polymeric additives] = 0.77 g/L.)

The extent of inhibition is dependent on the number~COOH groups on the fiber that can
effectively cause inhibition relative to the contrations of the inorganic reactants which determine
the maximum amount of CaG@hat can be formelf. The presence of vaterite crystals shows that
the PAA grafted cellulose surface stabilized thes lhermodynamically stable Cag@olymorph.
Also, the PAA grafted cellulose surface may havéebeCaCQ adsorption properties than the
PAM grafted cellulose surface. Hence more crystedse seen on the PAA grafted cellulose
surface. In PAM grafted cellulose the fact that fila¢ rhombohedral crystals were aggregating to
form spherical particles means that the interadbetween the PAM grafted cellulose fiber and the
CaCQ crystals was less favorable in comparison to thé& Brafted cellulose fiber. However, the
‘spherically’ aggregated rhombohedral CaQf®ystals are seen as being anchored on the swface
the fiber with better surface coverage compare@d4€Q formed in the presence of unmodified
cellulose. Thus, primary crystal aggregation wasfed on the surface of the already formed
CaCQ crystals rather than on the surface of the fibéee —CONH and —COOH groups on the
surface of the fiber influence the nucleation dmeldrystal growth, possibly via adsorption onto the
surface of the growing crystal, thereby suppressimther growth. The amide and carboxylic acid
groups were found to effect morphological variasiom crystallization of CaCg&* When
crystallization of CaC@was done at 88C in the presence of modified cellulose fiber mafsthe
crystals were not on the surface of the fiber avipusly found at 25C. It is highly possible that

the grafted chains were being stripped off theamafof the fiber by partial solubilization of the
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grafted cellulose chains at high temperature ardkubasic the conditions used. Ultimately the
nucleation and growth will occur to a lesser exmthe surface of the fiber but more in solution.
Furthermore, at high temperatures (&), the polymer—CaC{nuclei interactions are likely to be
reduced with desorption of the polymer chains ftbmsurface of the growing Cag®@rystal being
more prevalent. This resulted in Cag@ystal morphologies obtained at 8D being different from
those found at 2%C.

The thermal degradation of the CafQ@ystals synthesized in the presence of PAM ané PA
modified cellulose are shown in Fig 4.10. The TGAwves (Fig. 4.10) show two stages of
degradation. The initial weight loss around®&0is due to water. The first degradation step & tu
the grafted polysaccharide and the second degeedsitep is due to calcium carbonate. Since the
mass of the polymeric additives was similar, thevanmt of CaCQ formed is found to be different.
The polysaccharide content is lower in PAA graftedlulose, which means more crystals were
formed in the PAA grafted cellulose system compdcethe PAM grafted cellulose and cellulose
systems. SEM showed more crystals to be on thacidf PAA grafted cellulose than on surface
of PAM grafted cellulose and cellulose. Since therphologies of CaC@crystals synthesized in
the presence of PAM, PAM grafted cellulose, PAA &WA grafted cellulose were different; it
shows that the nature of the crystal growth modifies a significant effect on the nucleation and
growth of CaCQ.
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Fig. 4.10: TGA curves of (A) CaCQ and CaCQ; synthesized in the presence of (B) acrylic acid afted cellulose
(HM 3139, (C) acrylamide grafted cellulose (HM 2&% and (D) cellulose. ([C&"] = [CO4*] = 0.025 M,
pH = 8.5 and [polymeric additive] = 0.77g/L.)
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4.3.4: Crystallization in the presence of starch ashPAA modified starch

The crystal morphologies of CaG@rystals synthesized in the presence of starchP#ud grafted
starch are shown in Fig 4.11. Calcium carbonatstaly synthesized at Z& in the presence of
unmodified starch were platelets that were sta¢igdther forming cube-like particles with uneven
edges (Fig. 4.11A). Only calcite crystals were cietg by XRD (Fig. 4.12A(i)). At a crystallization
temperature of 80C only calcite crystals were present (image notwsfoand the crystal

morphology was rhombohedral, with smaller crystiedliof irregular shape, as shown in Fig. 4.11B.

A¥ 4

(A) & (B) starch at 23C and 80°C, respectively with [Cd] = [ CO,2] = 0.025 M; (C) & (D) PAA
grafted starch (HM3P) at 25°C and 80C, respectively, with [Ca] = [CaCO2] = 0.025 M; (E) &
(D) PAA grafted starch (HM3B) with [C&*] = [CaCQ?] = 0.025 M and 0.050 M, respectively.
(pH 8.5 and [polymeric additives] =0.77 g/L .)

Fig. 4.11: SEM images of CaCg@crystals obtained in the presence of starch and P\grafted starch.
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However, CaC@ crystals synthesized in the presence of the PAditent starch under the same
conditions were spherical in shape (Fig. 4.11C) ealdite with traces of vaterite crystals were
obtained, as shown in Fig. 4.12A(ii). It shouldrbentioned that the mechanism of nucleation and
crystal growth in PAA and PAA grafted polysacchasdvas likely to be the same since spherical
morphologies were observed in all three systen2§ &€ and [C4'] 0.025 M. Thus the morphology
observed was attributed to the effect of the PAAyper chains on stabilization, nucleation and
crystal growth of CaC®

When the temperature of the reaction was incretss80°C needle-shaped crystals were obtained
and the polymorphs present were calcite and areg@fig. 4.12A(iii)). The evolutions of CaGO
polymorphs as well as the crystal morphologiesAd\Ryrafted starch were similar to that of PAA
grafted cellulose at both 2& and 8(°C. Generally, crystal morphologies obtained af®@0n the
absence or presence of a polymeric additives/drygtawth modifiers were less defined and
secondary crystallites were a common characteritis possible that the irregularity in crystal
shapes may be due to dissolution of the preformgstals, which then re-crystallized as secondary
crystallites. However, for PAA grafted polysaccldes, the crystal morphologies were mainly
needle-shaped or flake-like and of irregular shapesl these crystals are likely to have been
formed from the beginning of the reactions rattmentthrough a dissolution and re-crystallization
process.

The effect of the Ca concentration (1:1 molar ratio with GO was also studied for PAA grafted
starch. It was found that spherical crystals webéaioed when the [G§ was 0.0125M (Fig.
4.11E), and for [C4] 0.05 M the crystal morphology was a mixture obmtbohedral, irregular
crystals and very small crystallites, as shownim B.11F. The average sizes of CaCfystals
were o from the SEM images. The average partizke sbtained for [Cd] 0.0125 M was estimated
to be 2.9um and for [C&"] 0.025M 3.5um. Low [C&'] means that the polymeric additive
concentration is high enough to control crystamvgiothrough adsorption, hence smaller particles
emerged. As the [¢§ was increased to 0.05 M the majority of the aisgrew independent of
the polymeric additive and the small crystallitdserved could be due to termination of crystal
growth by the polymeric additive. The XRD spectfecrystals (Fig. 4.12B(i) and (ii)) show that
vaterite crystals coexisted with calcite crystaid,a&rom the intensity ratios, more vaterite crista
were formed at [Cd] 0.0125 M than at [G4] 0.025 M. When the [G4] was increased to 0.05 M
no vaterite peaks were detected in the XRD spec{itijm 4.13B(iii)). The existence of vaterite
crystals is due to the stabilization effect of guymeric additives and, as the concentration ef th
[Ca®™] increases, the presence of the polymeric additigeomes insufficient or inefficient to

stabilize less thermodynamically stable polymorphi$hough the small crystallites may contain
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vaterite the amount of this polymorph is likelylie very low compared to the calcite and hence

below the detection limit of the instrument.
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Fig. 4.12: (A) XRD spectra of CaCQ crystals obtained in the presence of: (i) starchta5 °C, (ii) PAA grafted
starch (HM 1%?) at 25°C, (iii) PAA grafted starch (HM 1°?) at 80°C and (B) XRD spectra of CaCQ
crystals obtained in the presence of PAA grafted atch (HM 1%?) at 25°C and [C&"] (i) 0.0125 M, (ii)
0.025 M and (iii) 0.05 M. ([C&"] = [CO5?], pH 8.5 and [polymeric additives] = 0.77 g/L.)

Fig. 4.13, shows that increasing the {¢and [CQ?] in the system resulted in more crystals being
formed, as evidenced by the decreasing graftedisteontent. Thus the CaGQ@o polymeric
additive ratio was expected to increase when irsingathe concentration of CaG@recursors. A
comparison between the grafted and ungrafted naddesihowed that there was less ungrafted starch
than grafted starch found in the CaL@ystals synthesized in the respective systems iBh
explained by the fact that the carboxylate funalogroup interacts strongly with the growing
nuclei so that the incorporation of the polysacd®into the CaC@crystals is highly probably.
Therefore, the rinsing of the Cag®rystals after crystallization resulted in leseenéion of the
ungrafted starch (it was rinsed off) than PAA gedfstarch (bonded).

When the CaCegcrystals crystallized at Z& in the presence of PAA and PAA grafted starchewer
left stirring for 6 days the crystals aggregatedetber (Fig. D2(B),Appendix D) and the
polymorph that evolved was calcit8pherical crystals were obtained when PAA graftadially
dissolved starch was used as crystal growth madife (Fig. D3, Appendix D). Large swollen

starch granules were also observed.

82



100 -+

~ [e] ©
o o o
1 1 1

Weight Loss (%)

[e2]
o
1

50 T T T T T
200 400 600 800
Temperature (°C)

Fig. 4.13: TGA curves of CaCQ synthesized in the presence of starch. (A) [4 = 0.025 M and PAA grafted
starch (HM 1%*3); (B) [Ca*"] = 0.0500 M; (C) [C&"] = 0.0250 M and (D) [C4"] = 0.0125 M at 25°C. The
polymer content in composites B, C, D was 11, 8 ar@ respectively. ([C&] = [CO5?], pH = 8.5 and
[polymeric additive] = 0.77 g/L.)

4.4: Implications of results of this study in the pper industry

In situ CaCQ crystallization in the presence of modified filwkring paper production could lead
to improved filler retention. The crystallized Ca$fas found to be nucleated on the surface of the
fiber and, thus, filler loss during drainage canrbduced. Also the fiber-filler bond could be
improved; however, the fiber-fiber bonding strenigtlikely to be reduced if the surface of the fibe
is completely covered by the filler. Hence theremégd to balance all the factors that affect paper
strength. From Fig. 4.10 it can be approximated tha filler content in PAM and PAA grafted
cellulose was 66 and 78%, respectively. Paper wtlyrdas 20% filler hence there is room to
reduce fiber surface coverage in these experimBetduction in surface coverage can be achieved
by reducing the nucleation points (i.e. % G or tleacentration of modified fiber), which would
also pave the way for more fiber-fiber bonding. $hhe challenge will be to optimize the filler
content in order to promote the fiber-fiber bondimgilst more filler is incorporated into the paper.
This may introduce another novel way of addingfilio paper, which involves performimgsitu
CaCQ crystallization in the presence of modified fib@here are two alternatives fon situ
CaCQ crystallization, it can be done in the presencg afblend of modified fiber and unmodified
fiber or ii) modified fiber that can later be bletwith the rest of the pulp fiber to give the

appropriate filler loading in paper.
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The use of soluble modified polysaccharides suctstasch in CaCe crystallization could be
another way of improving filler retention. The s@eCaCQ filler can be optimized to give the best
retention and the filler surface can be modifiegptomote filler retention. The crystallized CagCO

surface studies and the possible influence irrfitéention are discussed in Chapter 5.

4.5: Conclusions

The crystal morphology and polymorph selectivity dge controlled by using different polymeric
additives, the temperature and concentration oftasés. PAA and PAM grafted cellulose gave
different types of morphologies but the dominantypmrph was the most thermodynamically
stable, namely calcite, whereas PAA and PAM grafielysaccharides gave similar polymorphs,
namely calcite and traces of vaterite, at’@5However, for crystallization reactions done @@
calcite and aragonite were the dominant polymorpb&ined in PAA grafted polysaccharides
reactions, whereas calcite and vaterite werethgllpolymorphs present when PAA was used. The
fact that there were more crystals on the surfddfeo modified fiber in crystallization reactions
done at 25°C means that the grafted polymer effectively plagedole in both nucleation and
stabilization of the crystal nuclei. Crystallizatiof CaCQ in the presence of modified fibers can be
applied in the paper industry in order to improieef-filler bonding, which may allow more filler
to be incorporated in paper. However, the fibefesi@ coverage should be optimized to allow fiber-

fiber bonding required for maintaining the strengttpaper.
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Chapter 5: Determination of surface properties statistical evaluation

of crystallized CaCg@
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5.1: Introduction

In the crystallization experiments, described irater 4, it was shown that the nature of the crysta
growth modifier and temperature affect the morpggl®f crystallized CaC® The surface
properties of filler materials are also critical tmatrix-filler bonding (e.g. fiber-filler bondingni
filled paper)' The presence of polysaccharide polymer chainserstirface of the filler results in
improved hydrogen bonding between the fiber andrfilThis could result in improved fiber-filler
bonding strength as well as filler retention. ThHkerf surface charge is equally important to both
filler retention as well as colloidal stability. Aording to thermodynamics, colloidal dispersiores ar
inherently unstable and tend to coalesce in ordeeduce their free energyThe PCC used in
papermaking is normally stabilized by dispersioerdg such as the alkali metal and ammonium
salts of polyacrylic acid.Polysalt solutions of sodium polyacrylate of molec weight in the
range of 400000-500000 g/mol are also used tolig@CC for papermakingThe additions of
positive or negatively charged dispersing agergsltén charge accumulation on the surface of the
colloidal particles’ An electric double layer at the solid/liquid irfee of particles is formed,
which result in repulsive forces between partiglelectrostatic forces) thereby inducing colloidal
stability.> Thus, the crystal morphology, size and surfaceeniies of CaC@filler are important

for the fiber-filler bonding as well as for filleetention.

5.1.1: Fluorescence

Fluorescence is a process that is distinct fromssiom of light due to high temperatures. When
light is directed on a molecule that absorbs rati@n transmits, one or more of the electrons ef th
molecule jumps to a higher energy level. Theseteaailectronic states are unstable and eventually
the electrons lose their excess energy and retuthet lower energy states. This will result in the
emission of a photon with a longer wavelength tita initially absorbed photon. The excess
energy can then be dissipated as light (fluoresgenc by simply increasing atomic vibrations
within the molecule. Thus, modification or labelinf materials with fluorescence molecules may
help to determine mechanisms of reactions or peesisThe advantage of fluorescence
measurements is that they can be carried out gti@@rconcentrations or degrees of substitution of
tagged materialSIn this part of the study, fluorescence was useske whether the modified starch
moieties were on the surface of crystallized CaCThe CaCQ@ crystals when exposed to
ultraviolet (UV) light should fluoresce if the fluescence tagged modified starch molecules are on

the surface of the CaGQ@rystals.
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5.1.2: Zeta potential

Zeta potential is defined as the electrical potikiat exists at the shear plane of a particleitha
small distance from the surface. The ionic charaties and dipolar attributes of colloidal
particles, suspended in solution, result in patichat are electrically charged.
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Fig. 5.1: Schematic representation of: A) electridouble layer B) variation of the potential with digance from the
electric double layer.

Once a particle carries a net charge on its sutfaeelistribution of ions in the interfacial regien
such that an increased concentration of counter (iems of charge opposite to that of the partjcles
is close to the surfade. Thus, an individual dispersed particle is surrachtly oppositely charged
ions, called a Stern layer (Fig. 5.1A). Outsidefired layer there are varying compositions of ions
of opposite polarities. Thus, an electrical doubleer is formed in the region of the particle-liqui
interface’ This double layer may be considered to consistwaf parts: an inner region, which
includes ions bound relatively strongly to the aod, and an outer or diffuse region, in which the
ion distribution is determined by a balance of #&testatic forces and random thermal motion. The
potential in this region, therefore, decreases with distance from the surface, until at a certain

distance it becomes zero (Fig. 5.1B). Zeta potkota be calculated using the following Henry
equation*®*

= 5.1

Where u. is the electrophoretic mobility; is the zeta potential; is the dielectric constant of the

medium, ) is the viscosity of the medium aritka) is the correction factor that takes in to@aut

the thickness of the double layer and particle et@m
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The potential at the above-mentioned shear plahedes the particle with its ion atmosphere and
the surrounding medium is the zeta potential. petential is a function of the surface charge of a
particle, any adsorbed layer at the interface, #twednature and composition of the surrounding
medium in which the particle is suspended.

An investigation of the surface charge of crystali CaC@ was carried out. The polymeric
additives can be incorporated into the crystaldsoabed on the surface of the crystals. The extent
of both incorporation and adsorption depends orfuhetional groups of the polymer. The use of a
charged crystal growth modifier can result in clear@aCQ crystals. Highly surface active anionic
polymers interact more with the metal ions as w&selthe growing crystal than uncharged polymers,
hence there is a greater chance of the polymeeiofyldfirmly bound onto crystal. Similarly, surface
active polymers can be adsorbed onto the surface readily than polymers whose surface activity

is low. The zeta potential measurements provida datthe overall charge on the CaQ(ystals.

5.2: Experimental

Materials

Starch from potato (Acros) was used as receivedyliscacid (Fluka) was purified by vacuum
distillation at 30°C. Sodium acrylate (Fluka), fluorescein isothiocten (Fine Chemicals),
rhodamine B isothiocyanate (Fine Chemicals), catistarch (Mondi Business Paped)butyltin

dilaurate (Sigma-Aldrich), dimethylsulfoxide (DMSQAcros), CaCl (Associated Chemical

Enterprises) and N&Os; (Saarchem) were used as received.

5.2.1: Synthesis of fluorescein-tagged anionic amationic starch

The anionic and cationic starches were tagged aigreen dye and a red dye, respectively. The
anionic starch was used as crystal growth modédied the cationic starch was deposited onto the

surface of the CaC{xrystals.
5.2.3.1: Fluorescein-tagged anionic starch

Starch was modified using the functionalized flsmein dye according to a procedure described in
the literaturé, followed by grafting of polyacrylic acid. In a tigal reaction potato starch (3 g) was
dissolved in DMSO (40 mL) at room temperature, ani@w drops of pyridine were added. Then
fluorescein isothiocyanate (0.15 g) was added ¢ostblution followed by dibutyltin dilaurate (30

mg). The reaction was run for 2 h at®@& The product was precipitated from ethanol sévenes
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in order to remove the unreacted dye, and therd date60°C. The degree of substitution was
determined spectrophotometrically using a calibratcurve and was 0.047%. The fluorescein-
modified starch was conventionally grafted withydicracid, as in Section 3.2.2.2, using the'€e
KPS initiator system. The percentage grafting oletdiwas 43%. A low percentage grafting was
targeted in order to use a high concentration effthorescein-modified starch grafted with PAA
(crystal growth modifier) during CaGQCcrystallization, and therefore the fluorescencethod
resulting CaC@crystals is increased whilst the concentration AAPemains optimum. The effect
of the grafted PAA concentration on crystal nuéteatind growth were easily regulated by varying

the concentration of fluorescein modified starcafigd with PAA.
5.2.3.1: Rhodamine B-tagged cationic starch

Cationic starch (3 g) was dissolved in DMSO (40 nat)room temperature. A few drops of
pyridine and rhodamine B isothiocyanate (0.15 gjensedded. The tin catalyst (dibutyltin dilaurate)
was added and the reaction was run for 2 h 2C9%with stirring. The product was precipitated in
ethanol several times to remove the unreacted dge, then dried at 66C. The degree of

substitution obtained was 0.026% from spectrophetoyn The structures of the dyes used to

modify potato starch and cationic starch a show&adheme 5.1.

MNCS
sC=N_ oA
—x- 0 |
0 . ©
T HC N7 S0 SN e,
HO™ 0" 7 “oH CH, CHy
A) Fluorescein isothiocyanate Bl Rhodamine B 1sothiocyanate
(green, Mmay =490 0m) {red, dmax = 260 nm)

Scheme 5.1: Structures of green and red dyes usegtag anionic and cationic starch, respectively.

5.2.2: Crystallization experiments

Crystallization of calcium carbonate was carried according to the procedure given in Section
4.2.1. The only differences here were that the tatygrowth modifier was now tagged with a
fluorescent dye and crystal growth modifier concaiin was varied (1.4 g/L, 1.0 g/L 0.65 g/L). In
a typical CaC@crystallization reaction (synthesis of CagJ@)), modified polysaccharide (10 mL,

1.4 g/L), dissolved in de-ionized water, was stirtender N and then N#COs; solution (15 mL,
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0.025 M) was added at 28 after which CaGlsolution (15 mL, 0.025 M) was added slowly whilst
stirring. The reactions were carried out at 25 %2for 24 h. The crystals in half of the reaction
mixture were filtered through a 0.22 micron memlrafilter paper to collect the CaGO
microcrystals, which were then rinsed and centatudghree times using deionized water, and
resuspended in deionized water.

The crystallized calcium carbonate crystals (amipwiere coated with cationic starch tagged with a
red dye (rhodamine B). In a typical procedure, 10ah1 % solution of rhodamine tagged cationic
starch was added to 0.3 g of anionic Cg@@stals. The mixture was then stirred for two tsou
followed by a series of washing (3 xs) via the oé&mation process. The crystals were then dried
and characterized.

A similar procedure was used for the zeta potemiahsurements. A typical sample preparation
was as follows: Cationic starch (not fluoresceraggéd) (1 mL, 1%) was added to a solution of
crystallized CaCg(10 mL, 0.1 g/L) and stirred for 15 min. This wadldwed by washing (3x) via
centrifugation process to remove unattached catistairch. The particles were then resuspended in
distilled deionized water for zeta potential measwents. Thus the effect of the cationic starch on
the zeta potentials was determined by addition @ffemcationic starch for each subsequent

measurement.

5.3: Analysis

5.3.1: Fluorescence

Fluorescence images were acquired using an Olyi@pill8R system attached to an IX-81 inverted
fluorescence microscope equipped with a F-viewelbled CCD camera (Soft Imaging Systems).
For the image frames, an Olympus Plan Apo N 60xQikobjective and the Cell*R imaging

software were used for the image acquisition aradlyars.

Fluorescence statistical data was acquired usiB@ &ACSAria flow cytometer. Samples were
suspended in distilled water and acquired with\a@nerate of 500-1000 events/second. In total, 50
000 events were acquired and analyzed using theFBDSDiva software and Flowjo. Flow
cytometry is technique used for counting, examiniagd sorting microscopic biological cells
suspended in a stream of fluid. The technique gsiesultaneous multiparametric analysis of
physical and/or chemical characteristics of paticlThe instrument is equipped with multiple light

scattering detectors and a fluorescence detech®.size and granularity of cells data is obtained
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from the light scattering detector. Data for indival particles is obtained and then plotted in a
scatter plot. In order to separate cells of différ@roperties, the sorter is set according to
predetermined sort criteria. Particles within thigecia are charged and deflected by charged metal

plates into the collector whereas particles outtideset parameters are left to pass.

5.3.2: Zeta potentials

Zeta potentials were measured using a ZetasizeoM&90 instrument.

5.4: Results and discussion

5.4.1: Fluorescence and morphology of CaC{xrystals

The concentration of the fluorescein tagged anistacch was varied to see the effect of polymer
concentration of the morphology of the crystalse TaCQ crystals synthesized in the presence of
a fluorescein tagged anionic starch are referreast€@aC@ (1), CaCQ (2) and CaC@(3) and the
concentration of the crystal growth modifier werd B/L, 1.0 g/L and 0.65 g/L, respectively.
CaCQ crystals synthesized in the presence of starciegravith polyacrylic acid (non fluorescein
tagged) were used as the control for images andlahecytometry. Figures 5.3 to 5.5 show the
effect of polymeric additive concentration on th&fescence and morphology of Cagystals.
The fluorescence and SEM images in Fig. 5.2 wetaidd from crystals that were grown using
non tagged anionic starch and serve as controls. flliorescence image (Fig. 5.2B) shows no
glowing of the crystals and the transmission imégg. 5.2A) and SEM image (Fig. 5.2D) show
spherical crystal morphology. When fluorescenceéalg anionic starch was used the crystals
fluoresced (Figs. 5.3-5.5) indicating the presentdhe polysaccharide on the surface of the
crystals. The presence of polysaccharide on thaican be due to absorption occurring during
the crystal growth. The polymer-nuclei interactiwas found to be prevalent (from the beginning of
crystallization) for the carboxyl functional growb polyacrylic acid“* The crystal morphology of
the synthesized CaG@L) was predominantly spherical (Fig. 5.3). CaG®) crystal morphology
was mostly granular spherical crystals (Fig. 5.4eweas crystal morphology of Cag@) was a
mixture of irregular shaped and cubical crystalgy.(F5.5). The cubical and irregular crystal
morphology obtained for CaGd3) was expected since the crystal growth modified been
reduced to a fraction of the optimum for effectorgstal nucleation and growth control. In Fig. 5.5

it can be seen that not all the crystals possetteegolysaccharide on the surface as some of the
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crystals did not fluoresce. Specifically, the cabicrystal in Fig. 5.5A can hardly be seen in the
fluorescence image Fig. 5.5B, but in the overlagge (transmission and fluorescence) in Fig. 5.5C
the crystal is visible. However, some of the irdegshaped and cubical crystals fluoresced and this
could be due to either adsorption/absorption ofdhestal growth modifier on the surface of the
crystals after crystal growth or aggregation of Hflonrescing and fluorescing crystals. In Section
4.3.1 it was found that the crystal morphology veabic for crystallization performed in the

absence of anionic polymer additive.

[Polymeric additive] = 1.4 g/L, [Ca2+] =

Fig. 5.2: Fluorescence images of CaGQcontrol): (A) transmission, (B) fluorescence mode(C) overlay of A and

B, and (D) SEM image of the crystals.
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|[Po|ymeric additive] = 1.4 g/L, [Ca2+] = [CO32-]3:025 M, pH = 7.5, the reaction temperaturé(zﬂ

Fig. 5.3: Fluorescence images of CaGQ@L): (A) transmission, (B) fluorescence mode, (C)verlay of A and B, and
(D) SEM image of the crystals.

|[Po|ymeric additive] = 1.0 g/L, [Ca2+] = [CO32-]3:025 M, pH = 7.5, the reaction temperaturé(ZEf

Fig. 5.4: Fluorescence images of CaG@R): (A) transmission, (B) fluorescence mode, (C)verlay of A and B, and
(D) SEM image of the crystals.
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0.02 mm

|[Po|ymeric additive] = 0.65 g/L, [Ca2+] = [CO32-]G:025 M, pH = 7.5, the reaction temperaturé(zb

Fig. 5.5: Fluorescence images of CaG@3): (A) transmission, (B) fluorescence mode, (C)verlay of A and B, and

(D) SEM image of the crystals.
The response of CaGQ@rystals to cationic starch addition is of paramtamportance as not only
does it prove that the crystals carry the negatharge but it is important for further filler suck
modification. However, when the pulp, filler anchet additives are mixed or blended together
during papermaking, the additive to be added j&fbre papermaking is a solution of cationic
starch. The cationic starch flocculates the pulg aas little effect on the PCC since PCC is
partially positive (see Section 3.4.3.1). The u$enegatively charged filler could improve its
dispersion during the blending with pulp. Furtherejothe addition of cationic starch during
papermaking will result in co-flocculation of bothe anionic pulp and the anionic filler. The
coating of fluorescing (green) anionic Cagxdystals with fluorescing (red) cationic starcloaed
the visualization of the deposition of the catiorstarch. By using different fluorescence
wavelengths both the green and red colors candweed separately. Figs 5.6, 5.7 and 5.8 show the
separate green and red colors are observed owuttaee of the crystals. The overlay of the green
and red images (Fig. 5.6D) showed the red and gezems with some areas showing some
yellowing (red plus green gives a yellow color, Bubject to the concentrations of the dyes). Fig.
5.7D shows mostly the yellow color and thus thecemtrations of the two dyes were in the
proportion that was able to give the yellow colorthe case of CaC{3), the yellow color was

more intense and red spots were observed, as showig. 5.8D. This also indicates that the
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amount of polysaccharides on the surface of the@ggC, 2 and 3) crystals were different since

different colors emerged when equal concentratioh@damine B tagged cationic starch was used.

0.62 mm

Fig. 5.6: Fluorescence images of CaG@1) with rhodamine modified cationic starch deposid on the surface:
(A) transmission mode, (B) fluorescence mode (fluescein), (C) fluorescence mode (rhodamine) and
(D) overlay of A, B and C.

0.02 mm

0.02 mm

Fig. 5.7: Fluorescence images of CaG@2) with rhodamine modified cationic starch depositd on the surface:
(A) transmission mode, (B) fluorescence mode (fluescein), (C) fluorescence mode (rhodamine), (D)
overlay of A, B and C.
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Fig. 5.8: Fluorescence images of CaG@3) with rhodamine modified cationic starch depositd on the surface:
(A) transmission mode, B) fluorescence mode (fluoseein), (C) fluorescence mode (rhodamine), (D)

overlay of A, B and C.
The synthesized CaGQ@L) consisted of calcite and vaterite polymorphg.(B.9). The presence of
vaterite (the least thermodynamically stable polgwhoof the three) is due to the anionic polymer
used to synthesize Cag(), which is capable of effecting the nucleatiow atabilization of the
vaterite phase. CaG@) was dominated by the calcite peaks, with veggreaks of low intensity
appearing (Fig. 5.9). The amount of the crystalnghomodifier is important especially for crystal
phase stabilization as the least thermodynamiadiiple polymorph can easily be transformed into
calcite™® CaCQ (3) consists of calcite crystals only (Fig. 5.9)laince the lowest concentration of
the anionic polymer was used in Cag3@ystallization, it was not capable of stabilizitng vaterite.
Thus, nucleation of vaterite may occur but its talyphase will not be stable, and therefore it will
be transformed into calcite. The peaks due to tealand vaterite were confirmed by FT-IR
spectroscopy (Fig. 5.10). The additional peakstdiube anionic starch additive were also observed

showing that the polysaccharide was present imahe CaC@crystals.
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C=calcite |C
V = vaterite

20 30 40 50 60
C
c c C ¢ cc PCC
I A " oty ; A h\ A y MT ¥ AA"""‘"\
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Fig. 5.9: XRD spectra of PCC, CaCQ(1), CaCG; (2) and CaCGQ;(3) showing the polymorph present. Polymeric
additive concentrations for the synthesis of CaCgX1), CaCG; (2), CaCG; (3) were 1.4, 1.0, and 0.65
g/L, respectively.

C = calcite
V = vaterite

caco, (3)

Caco, (2)

€aco, (1)

PCC

4000 3500 3000 2500 2000 1500 1000 500
wave number (cm™)

Fig. 5.10: FT-IR spectra of PCC, CaCQ (1) and CaCG; (2) and CaCGQ; (3). (Concentrations of polymeric
additives for the synthesis of CaC@(1), CaCG;(2), CaCO;(3) were 1.4, 1.0, and 0.65 g/L respectively.)
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5.4.2: TGA and zeta potential measurements

TGA analysis of CaC@crystals synthesized in the presence of fluorestagged anionic starch
(Fig. 5.11) was done to determine the percentagenmhic starch polymer/organic content in the
crystals. The synthesized Cag(@ and 2) has a first weight loss (~1.6%) in thegerature range
40-100°C, due to loss of moisture. Cag@) had more polymer content followed by Ca®)
and CaCQ@(3), with PCC having the lowest organic conteritisTwas expected, since more anionic
starch was used in the synthesis of CaCk) followed by CaC@(2) and lastly CaCé¢x3). The
retention of polysaccharides in the crystals afte@sing and centrifugation shows that the
polysaccharides were firmly bound to the crystdit&reasing the concentration of the crystal
growth modifier had an effect on the size and molpdly of both the primary and secondary
crystals. The amount of the crystal growth modifierorporated or bound onto the crystals were

according to the concentrations of crystal growtidifier used during crystallization.

P%C caco, (3)

Ccaco, (1) T
80+ Ccaco, (2)

| PCC=5%

60 CaCoO, (3)=9%

| CaCO,(2)=11%
504 CaCO3 1)=17%

%]
0
9
fm 704 % Polymer/organic
(<5}
2
NS

0 | 2(|)O | 4(|)O | 6(|)O | 8(|)O | 10|00

Temperature (°C)
Fig. 5.11: TGA curves of PCC, CaC@ (1), CaCG; (2) and CaCG; (3).
Fig. 5.12 shows the zeta potentials of PCC anddhfitiorescing CaC@crystals. The synthesized
fluorescing CaC@(1), CaCQ (2) and CaC@(3) crystals carried a net negative charge on the
surface whilst PCC had a positive charge (Fig 5.IBg initial zeta potential values depended on
the amount of crystal growth modifier used to aajlste CaCQ. The addition of cationic starch to
CaCQ crystals resulted in the zeta potentials beconmiegeasingly more positive, signaling the
surface charge inversion. Thus, cationic starcadsorbed on the surface of the crystals through
either ionic interactions or van der Waals fordes. the negatively charged crystals, neutralization

of the charge occurs and as more cationic stardep®sited on the surface the crystals surface
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becomes positive. However, further adsorption efdhtionic starch is limited by steric hindrances
due to the polymer deposited on the crystal surfaters, the surface charge of the crystallized
calcium carbonate can be easily manipulated, aedeffect of filler surface charge on filler
retention during papermaking can be investigated.

.25
S * PCC
E 20| ®caco )
)
S . 4 CcaCq(2)
= X CaCQ (3)
(]
S 10
o
©
T 5
N
-1 2 3 4 5 6 7
> Volume of CSt (mL)
-10

Fig. 5.12: The effect of increasing the concentraih of cationic starch on the zeta potentials of PC@nd the

synthesized CaCQ(1), CaCG;(2) and CaCG;(3) particles. (A 1% (w/v) solution of cationic stech was
used.)

5.4.3: CaCQ crystal size in aqueous solution

Fig 5.13 shows the aqueous particle size of PCC taedfluorescing CaCfOcrystals. The
synthesized CaC{}1, 2 and 3) had larger flocculant sizes compaod@iGC (Fig 5.13). The particle
size analysis was done in aqueous phase using @d«centent solutions of CaGO

104 pame 1.0 !
A ‘OI\Z\C{ ‘ ) .\
O —
_ YA - Ecgo 1 = L oo
g 0.84 T D\ \O al 3( ) %‘ 0.84 \-\ —H= CaCOs ()]
S i D\ \O —b—CacCo, (2) 5 L CaCo, (1) + Cst
|| PN —
- 064 L 07 CaC0, ) = 06 3
o U4 R 3 \
N A b ] 8 A
T ot I S N "
g oad a8l L %Y T 0.44 :
= Ad o o\ e : .
o AE; k \ o — Y m \
2 ﬁ D\D \O\ o ‘ p .\I
0244 oot Z 0.2- % '
N B8y, g n
BN can, ‘Oiglg‘o‘o\o\o . q:tt‘ﬂﬂugm \'K_
N —0—, 5]
0.0 o 00! O — -

0 10 20 30 40 50 0 20 40 60
Particle sizey(m) Particle sizey(m)

Fig. 5.13: A) Aqueous particle size distribution fo PCC and the synthesized CaC@(1) and CaCG; (2), and B)
the effect of cationic starch on the synthesized CaD; (1) particles.

Addition of cationic starch solution (10 mL, 2%)acsolution of CaCe(1) (10 mL, 20%) resulted

in an increase in the average flocculant size [@ge5.13). Since the particles have a negative
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surface charge (from zeta potential measuremdtasyulation of these particles by cationic starch
is facile. Thus, during papermaking the addition cationic starch to a solution of pulp and
negatively charged CaG®nay result in bonding the filler and fiber togaethleading to improved

filler retention.

5.4.4: Statistical analysis of CaCQ@crystals

Flow cytometry was used to obtain data relatindgiltbe size and granularity of the Cafgystals

to the chromophore distribution. Also, differentpptations of CaCe crystals were separated
according to their size and granularity and thestelg were imaged to see the different crystal
morphologies in selected populations.

In order to get size and granularity limits as veslconditions to separate different CaC@stals
granularity versus size scatter plots were obtairkeds 5.14, 5.16 and 5.18 (Al and B1) are
granularity versus size scatter plots for the Cat&ference sample and Cag@ystals (CaCeX1),
CaCQ (2) and CaCe@ (3)) synthesized in the presence of a fluorescésmpged crystal growth
modifier, respectively. The x axis represents tlae gimension of the particles whereas the y axis
represents the granularity of the particles. Thanglarity of the crystals is also referred to as th
complexity. It must be mentioned that both the @ anaxes have arbitrary units and the scatter
plots are a relative indication of how crystals acattered relative to their size and granularity.
Therefore, a reference sample was required foitgtisé analysis of the fluorescing crystals. Each
dot in the scatter point represents a CaG@stal.

The relationship between the granularity and thewrh of chromophore on the Cag@rystals
was also plotted as scatter plots for both the Ga&itrol sample and the fluorescing CaCO
crystals. Thus, scatter plots in Figs. 5.14, 546 218 (A2 and B2) show the relationship between
the granularity of the crystals and fluorescencenahs those in Figs. 5.14, 5.16 and 5.18 (A3 and
B3) show the relationship between the crystal size fluorescence for all the populations. From
these scatter plots it can be concluded that therdscence of crystals increased with increasing
both the size and the granularity of the Ca€@stals. This is explained by the fact that gdat of
higher granularity or sizes are due to aggregatioemaller crystals forming either mesocrystals
(big and low granularity particles) or polycrysita#l crystals (large and high granularity crystals).
Thus the fluorescence of these crystals can bailoation of several smaller crystals constituting
the large crystal. The scatter plots for the cdntlearly show that there was no relationship
between either the size or granularity with flugesce since the CaGQ@rystals do not have a

fluorescein-tagged crystal growth modifier.
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A statistical evaluation was also obtained fromas points of the scatter plots along the pattern,
as shown in Figs. 5.15, 5.17 and 5.19 (A1 and Btatter plots in Figs. 5.15, 5.17 and 5.19 (A2
and B2) also show the relationship between theujagsity of selected populations of the CagO
crystals and fluorescence. Figs. 5.15, 5.17 anél B3 and B3) show the relationship between the
crystal size for selected populations of the Ca@f fluorescence. It should be noted that selected

populations are distinguished from each other bgrco
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[Polymeric additive] = 1.4 g/L, [C& = [CO,?] = 0.025 M, pH = 7.5, reaction temperature was@5

Fig. 5.14: Fluorescence scatter graphs for the cami sample and CaCQ (1): Al, A2 and A3 show the
population, granularity vs fluorescence, and size s/fluorescence curves for the control, respectively
B1, B2 and B3 show the selected population, granulty vs fluorescence, and size vs fluorescence
curves for the CaCQ; (1), respectively.

It was generally found that the fluorescence ineedawith increasing granularity and size. (i.e.
crystals of low granularity and smaller size hae kast fluorescence). However, the majority of

the CaCQ particles in the population labeled P4 had fluoeese values that overlapped
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significantly with the fluorescence values of Ca(fystals in the population labeled P5. Thus,

crystals in P4 had a broader fluorescence distabuhan those in P5 and P3.
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Fig. 5.15: Fluorescence scatter graphs for the cami sample and CaCQ (1): A1, A2 and A3 show the selected
population, granularity vs fluorescence, and size s/fluorescence curves for the control, respectively
B1, B2 and B3 show the selected population, granulty vs fluorescence, and size vs fluorescence

curves for the CaCGQ; (1), respectively
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Fig. 5.16: Fluorescence scatter graphs for the cami sample and CaCQ (2): Al, A2 and A3 show the
population, granularity vs fluorescence, and size s/fluorescence curves for the control, respectively
B1, B2 and B3 show the selected population, granulty vs fluorescence, and size vs fluorescence

curves for the CaCQ; (2), respectively.
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Fig. 5.17: Fluorescence scatter graphs for the cami sample and CaCQ (2): A1, A2 and A3 show the selected
population, granularity vs fluorescence, and size s/fluorescence curves for the control, respectively
B1, B2 and B3 shows the selected population, gramuity vs fluorescence, and size vs fluorescence
curves for the CaCQ; (2) ,respectively.
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Fig. 5.18: Fluorescence scatter graphs for the cami sample and CaCQ (3): Al, A2 and A3 show the
population, granularity vs fluorescence, and size s/fluorescence curves for the control, respectively
B1, B2 and B3 show the selected population, granulty vs fluorescence, and size vs fluorescence

curves for the CaCG; (3), respectively.
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Fig. 5.19: Fluorescence scatter graphs for the caml sample and CaCQ (3): A1, A2 and A3 show the selected
population, granularity vs fluorescence, and size s/fluorescence curves for the control, respectively

B1, B2 and B3 shows the selected population, gramuity vs fluorescence, and size vs fluorescence

curves for the CaCQ; (3), respectively.

The populations were fractionated first then imageute population region of low granularity and
smaller crystal size (P4) in Fig. 5.20 had smalilemogeneous spherical particles. Population
region P5 (Fig. 5.20) had larger spherical andyular shaped crystals, and crystal aggregation was
also observed. The crystal irregularity and aggiegavas more pronounced in population region
P3, where large and high granularity crystals weyserved. The images of different populations
are in good agreement with the granularity verses scatter plots. The high fluorescence observed
in the case of high granularity as well as larggstals was therefore due to the contribution of

individual particles that formed the aggregatesgrkgation was less in CaGQl) compared to
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CaCQ (2) (Figs. 5.15 and 5.17). This is due to theeaddht colloidal stability of the crystals. The

colloidal stability thus decreased with decreasingtal growth modifier concentration.
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Fig. 5.20: Images for fluorescence scatter populatns P3, P4, and P5 for CaCg(2)—(3)

Table 5.1 shows the average fluorescence valuethéoentire distribution P1, and the average
florescence values for the selected areas (see%Fifs 5.17, 5.19(Al and B1)) P3, P4 and P5. The
crystals synthesized in the presence of 1.4, 1d00aBb g/L crystal growth modifier gave different

fluorescence distribution curves and scatter pioterms of their position in the fluorescence scal

The order of increasing fluorescence in crystals Wwvam the highest to the least concentration of
crystal growth modifier, as shown in Fig. 5.21. Ttheorescence results were in good correlation
with results obtained from TGA and zeta potenti@asurements (Section 5.4.2), which showed
that the retention of the polysaccharide in thestatg increased when the concentration of the

crystal growth modifier in the system was increased
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Table 5.1: The average fluorescence values (no wjitfor selected areas in the scatter plot and

their standard deviation for the control and synthesized CaCQ

Mean fhurescenr e Standard deviation
Population [Contrel  [CaCO501) [CaCOy 23 |CaCOy (3 [Comtrel [CalOy (1) [CaCO5(2) | CalOy ()
P2 26 12064 11832 8371 101 13905 13052 7549
F3 12 52665 30771 748 15 35307 15738 574
2 33 3120 12809 560 n 12204 7213 390
P4 11 2088 5173 220 g 7052 3482 190

P2 denotes the overall

fluorescence

distribution atif the CaCQ@ crystals analyzed.

fluorescence distributions curves of all the Ca€@stals are shown in Fig. 5.21.
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Fig. 5.21: Fluorescence distribution curves of (Agontrol sample and CaCQ crystals synthesized in the presence
of fluorescence tagged anionic starch, (B) CaG3), (C) CaCO; (2) and (D) CaCQ; (1). (P2 denotes

events in population P1.)
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Statistical evaluation of CaGQCrrystals also revealed the following: (i) largeystals of low
granularity, (ii) smaller crystals of high granutgy (iii) large crystals of high granularity ana/)

the majority of the crystals were small and of Igranularity. It can be concluded therefore that (i)
large crystals of low granularity followed eithéetclassical crystal growth mechanism or the non-
classic crystal growth mechanism, leading to mespals, which results in crystals low of
granularity, (i) smaller crystals of high granutgrfollowed the non-classical crystal growth
mechanism, leading to polycrystalline crystals doeaggregation of primary crystals, (iii) large
crystals of high granularity followed a non-classicrystal growth mechanism, with aggregation of
primary crystals larger than the primary crysthisttformed crystals in (ii) and, lastly (iv) smalle
to medium crystals of low-medium granularity folled either a single crystal growth mechanism
or a non-classical crystal growth mechanism, withresmaller primary ions than those that formed
crystals in (ii). This conclusion is based on thetfthat different morphologies were obtained ia on
system, meaning that the nucleation and crystalviranechanisms were different. It was also
noted that the CaC{xrystals formed in the presence of the highestewimation of crystal growth
modifier had the least number of crystals in b high granularity and large crystal size region,
which indicates that most crystals grew via a simihechanism of crystal nucleation and growth.
Previous studies showed that the higher the corat@n of the crystal growth modifier the better

is the control of crystal nucleatidh.
5.4.5: Crystal nucleation and growth mechanisms

It is widely accepted in literature that the forimnatof ACC is the initial step in the crystallizauti

of CaCQ and it can be formed in the absence of polymeriitaes under high supersaturation
conditions'® The polymeric additives such as PAA was foundtabitize the ACC and an ACC-
PAA gel was observed in which the nucleation of ¢hestals occurred, resulting in the spherulitic
growth of the nucleu¥ A single crystal nucleus can be formed with otwitt the aid of additives.
The crystalline nucleus will then grow at the exgeof ACC via a dissolution and recrystallization
process? The inclusion of crystal growth modifiers altehe tgrowth mechanism of the nuclei and
is also subject to the relative concentrationsathtihe polymeric additive and precursor ions. The
polymeric additive is capable of increasing the bamof primary ions, which leads to smaller and
possibly unstable primary crystals. The polymedditives also have another role to play during
crystal growth i.e. they are selectively adsorbedathe surface of growing CaG®Orystal faces
(depending on their functionality}:*> Their adsorption on crystal faces results in detion or

termination of crystal growth on those crystal fac&hus, crystals are forced to grow in certain
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dimensions. For PAM and PAM modified cellulose, wehdlat rhombohedrical crystals were
observed (see Sections 4.3.1 and 4.3.3), the 3ys&xe allowed to grow in 2-dimensions, and
cubical crystals grew without the influence of PAM;, was observed for the control (no polymeric
additive) run. For PAA and PAA grafted polysacctas where spherical morphology was obtained
the crystal growth of a nucleus is likely to folldfe spherulitic mechanism derived from the ACC-
PAA gel. The size and morphology of these primarystals depends on the nature and
concentration of the crystal growth modifier. Tteestl step in the crystallization process is the
growth of crystals to their ultimate size. Crysgabwth can be via a classical or a non-classical
mechanism. Non-classical crystal growth mechanisotsir via Oswald ripening and the driving
force is the reduction of the interfacial enetgihus, for non-classical crystal growth mechanisms
that leads to mesocrystals, secondary crystalgisethhe morphology of their primary crystals. The
non-classical crystallization mechanism allows $enalrystals to aggregate to form large particles.
These primary crystals have a natural tendencgdoegate, thereby reducing their surface energy.
Theoretically, each primary crystal should haveypwr chain(s) attached to it. The aggregation of
these particles could lead to two possibilitiesmely (i) incorporation of some polysaccharide
inside the secondary crystals and (ii) polysacdeariesiding on the surface of the secondary
crystals caused by an initial or a primary absorptmechanism. Orientation of these particles
during crystal growth could be similar to that offace active agents in water, where aggregation
occurs in a manner such that the surface energyadifcles in the system is minimized. The
classical crystal growth model is more prevalergyistems without crystal growth modifiers at low
CaCQ precursor concentration or where the interactibrithe crystal growth modifier and the
growing crystal are at a minimuth,i.e. crystal growth will be independent of the yoéric
additives but dependent on the concentration of @a@recursor ions’ concentration. In the
classical crystal growth mechanism, incorporatibnthe polymeric additive is possible especially
when the polymer is involved in the stabilizatiohAAC initially formed. Thus, in the case of
spherulitic crystal growth mechanism proposed f@APsystem, crystallization will lead to
incorporation of the PAA chains (that are respdesds stabilization of spherical ACC-gel) as the
crystals grow. Crystals that have uniform morphglsgch as those shown in Fig. 5.2 and Fig. 5.3
are likely to be nucleated and grow via a simil&chmnism. However, it is difficult to differentiate
between crystals that followed classical and n@ssit mechanism (that result in mesocrystals) if
the size of their primary ions were small enougat twith the current tools used to image the
crystals, the crystals appear to be single crystdis crystals with mixed morphologies are likady t

be nucleated via different mechanisms and the alrgsbwth mechanism is also different.
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Statistical analysis and imaging of fractionategstals showed that large crystals of high
granularity were due to aggregation of primary talgs The extent of aggregation depended on the
initial concentration of the polymeric additive dsdt was also shown by other authors that the
amount of polymeric additive on the surface of dngstals help in crystal stabilizatidn.In this
study, it was found hat the crystal growth modifigas not homogeneously distributed in the
crystals since the crystals of the same size arulmaity were found to have different amounts of
fluorescence. Although it is reported in literattineat monodispersed crystal size would mean that
crystal nucleation and growth was homogendd8 the actual crystal growth process can be
complex. The amount of polymeric additive inside tnystal can be related to the initial amount of
polymeric additive responsible for the stabilizatiof the ACC and the rest of the polymeric
additive is absorbed (PAA) or adsorbed (starch)sdkption and/or absorption of polymeric
additive may occur during and after the crystamgloprocess. The spherical crystal morphology
and size can be close to 1:1 copy of the ACC-PAIAdgenains. The ACC is the least stable form of
CaCQ, and it was found to adapt any shape as direcyethd polymeric additive§. Stabilized
spherical nanometer-sized ACC particles were switkd by Gornaet al.”> The secondary
inclusion of the polymeric additive that occursidgrcrystallization (after ACC stabilization) may
not change the crystal morphology but have an effecthe stability of the less thermodynamic
stable CaC@polymorphs. The polymeric additive can prevent dissolution (of the least stable
polymorphs) and the recrystallization process (tkatilts in a stable polymorph). When 0.65 g/L
PAA grafted starch concentration was used, the hwoggy of the ACC was not dictated by the
polymeric additive but by the concentration of ®R€C precursor ions. Furthermore, if the ACC
was formed initially, its stability would be low dncould easily dissolve and recrystallize forming
thermodynamically stable polymorphs. Thus, the @ssoof recrystallization occurred under little or
no influence of the polymeric additive resulting mixed crystal morphologies. Rates of
crystallization are faster when crystal growthndependent of the crystal growth modifier as found
in Section 4.3.1. Thus, fluorescence observed & @ (3) was due to absorption/adsorption of the

polymeric additive on the surface of the crystals.

5.4: Conclusions

The CaCQ crystals synthesized in the presence of fluoressémgged crystal growth modifier
fluoresced under UV irradiation showing the pregeatthe polysaccharide on the surface of the
crystals. Fluorescence allowed a study of agglotimerand growth habits of the crystals. A novel

approach for characterization of Cag£@ystals using flow cytometry was successful. iStiaal
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analysis showed that most of the crystals fluomseagth crystals of high granularity and large size
fluorescing more than crystals of low granularibdasmall size. Thus, the fluorescence in crystals
increased with increasing size and granularity aCQ; crystals. The non-classical mechanism of
crystal growth leading to polycrystalline crystalas proposed for large crystals with high
granularity as well as smaller crystals with higtargilarity. Reducing the concentration of the
polymeric additive resulted in an increase in thenher of crystals of high granularity and large in
size. The zeta potential measurements showed tmatuse of anionic starch in CagO
crystallization resulted in anionically charged stals, due to the presence of anionic
polysaccharide. Coating of the crystals with catiostarch inverted the surface charge on the
CaCQ crystals. TGA and FT-IR results corroborated thespnce of polysaccharide in the CaCO
crystals. The average flocculant size of crystatlizalcium carbonate increased when cationic
starch was added. The fluorescing Ca@@n be used as tagging material for paper produibes
inclusion of these fluorescing filler materials ihgr papermaking will result in their retention

leading to a paper that fluoresces under UV light.
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Chapter 6: Testing modified polysaccharides in papeduction
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6.1: Introduction

The focus of this part of the study was to test mhedified polymers for their efficiency in
increasing the PCC loading in paper without hawing adverse effects on the paper properties. The
efficiency of the modified polymers was tested bait ability to promote the following types of
bonding (see also Fig. 6.1):

i) fiber-fiber bonding

i) fiber-filler bonding

i) filler-filler bonding

- — —
m i - —~D

iber Fiber __~

— _— e — _— g e
;ﬁ H: — — — — —

i = 7~

Fig. 6.1: Schematic representation of different typs of bonding: (A) no bonding, (B) fiber-fiber bondhg, (C)
fiber-filler bonding and (D) filler-filler bonding. *

There is need to balance the quantity of filleretitb paper and the overall properties of the paper
Increasing the filler content generally resultdisruption of the fiber-fiber bonding strength and
ultimately the strength of the paper is redut&@he size and morphology of the filler is also of
paramount importance and should be considered whlecting fillers. It has been shown that the
smallest fillers have the most negative effectpaper strength, and lamellar type fillers have less
detrimental effects than bulky fillef€. On the other hand, polymeric additives have atjvesi
effect on fiber-fiber bonding/adhesidi.Furthermore polymers with carboxyl functionalitgve a
binding affinity for PCC filler.

The paper industry use different additives to pranfder-fiber bonding (hemi cellulose, cationic
starch) and filler retention materials (polyacryildenand short chain polyacrylic acid. Therefore
chemically bonding the current additives by graftitechniques may also promote fiber-filler
bonding as well as filler retention. Thus, in tlsisction, polymeric additives that have binding
affinity for both cellulose fiber and PCC are usegromote both the fiber-fiber and the fiber-fille
bonding, to increase high PCC loading in paperautithanging the paper strength.
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6.2: Addition of PCC retention aids

There are several ways in which the polymers caaddoed to the paper (at stage A or B, as shown
in Scheme 6.1). Generally, PCC for papermakingisméd from a sub plant and then channeled to
a mixer where it is blended with treated pulp. Tasulting slurry is then used for papermaking.
The additives are introduced at different pointsnglthe papermaking plant. Thus, addition of the
modified polysaccharides should be strategizedrdemoto confer optimum performance towards

their intended function.

Ca0
CaCO, crystal

A + modification

Processed

Pulp Paper making

‘ AP-anionic polymer, CP- cationic polymer, MD-modified, PCC-precipitated CaCO,

Scheme 6.1: Possible ways of introducing polymers paper during paper production.

The different ways of introducing polymeric addés/(as shown in Scheme 6.1) are described as

follows:
Stage A

PCC is produced via the reaction of CaO and @&3ulting in calcium carbonate crystals with an
average size of 3 um. Addition of polymers at gtege would result in calcium carbonate crystal
modification. More importantly, the filler formed ould have its surface modified with the

polysaccharide (as described in Section 5.4) whenlable starch derived polymeric additive is
used. Filler surface modification can be done dpon after the precipitation process, whereby a

second polysaccharide of opposite charge to thah@fCaCQ particles is deposited onto the
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surface of the filler. Thus, polysaccharide codtler could result in increased filler retentiondc
better fiber-filler bonding strength. If an insolabmodified polysaccharide such as modified
cellulose fiber is added at stage A, then cryz@iion of the filler would occur on the surfacettod
fiber, as was described in Section 4.3.3. Ultimatiis could lead to improved filler retention. The

drawback of implementing this process in indussrthie need for major plant modification.
Stage B

Stage B is easy to implement as it is compatibté e existing plant. However, there are various
ways of adding the modified polymers, denoted athatk(i)—(iii). The methods differ in the order
of addition of polymers to both PCC and fiber.

Method (i)

Method (i) involves treating the fiber with anionmodified polysaccharides. The effective net
charge of the fiber should be negative after treatnio allow the binding of PCC through the
carboxylate groups. It is also necessary to opérnthe net charge of the paper components to have
a good performance of the paper additives. Thertiaddf cationic starch will be done to promote
fiber-fiber bonding as well as fiber-filler bondin@ccording to the current procedures for hand
sheet making, shown later in Scheme 6.4).

Method (ii)

In method (ii), PCC is treated with anionic polyn{&P) and this leads to flocculation of PCC
forming relatively large particles, as describedSiection 3.4.3. The flocculated particles would
therefore carry a negative charge and the surfalikely to have adsorbed polysaccharides. On the
other hand, the fiber is separately treated withaationic polymer (CP) and therefore will carry a
positive charge. The PCC/AP is then mixed withfther/CP and retention of PCC is expected via
ionic interaction as well as hydrogen bonding betwéhe polysaccharides and the fiber. The
particle size of flocculated PCC should be optintornprevent adverse effects on paper such as loss
in paper strength, burst strength, etc. and the ¢iZ2CC flocculants depends on the concentration
of the AP used (see Section 3.4.3.1).

Method (iii)

Method (iii) can be carried out in two ways, byheit flocculating PCC using a mixture of CP and
AP in different ratios, or in a sequential additi@tarting with AP followed by CP (see Section
3.4.3.4). In either case, large particle sizes @btained. However, the sequential method is
expected to give particles with a net positive ghasn the surface. The modified PCC will then be
mixed with the fiber. It is important to note thhe size of flocculants can be easily manipulated b

varying the modified polymer concentration. Thugréhis a need to find the critical size of
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flocculants that gives the best paper propertibe fatio of anionic to cationic species needs to be
balanced as an excess of either species may letdrimental effects such as the printability af th

paper.

6.3: Experimental

Materials

Pulp cellulose (Mondi), cationic starch (Mondi)j@mic starch (as described in Section 3.2.2), PCC

(Mondi) and bentonite (Mondi Business Paper)

6.3.1: Preparation of anionic-starch-coated starclparticles

Starch materials (swollen or fully dissolved) araimy used to improve paper strenénd as such
anionic starch coated starch particles were prepdrke swollen starch particles are capable of
filling the flaws and binding the fiber and filléogether, resulting in superior paper propertias. A
example of a SEM image of swollen anionic starchted starch particles is shown in Fig. F1, in
Appendix F. The size of the starch granules in@gashen swollen, depending on the level of
swelling. An extreme swelling result in the paelbursting and distortion of the particle
morphology occurs. The anionic-starch-coated sta@tticles were synthesized as described in
Scheme 6.2.

starch particles

{maize) {5:: solubilized chaing

stirring
drying

'ig!; ardonic starch

aniopic-starch-coated
starch particles

Scheme 6.2: Preparation of charged starch particles
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Procedure. The anionic starch materials prepared as describbeSection 3.2.2 were used to
prepare anionic-starch-coated starch particlesa ltypical preparation, the anionic starch was
dissolved in deionized water to form a slurry 0-30% solids. The maize starch particles were
then added in their semi-swollen form to the slwfanionically modified starch in different ratios
of dry grafted material to starch particles w/wi(1o 1:3) followed by swelling the mixture at high
stirring. The temperature was kept at®80to avoid dissolving the starch particles. Thbe, ¢thange

in particles morphology was minimized. The thickursy was placed in ethanol for solvent
exchange to allow the material to be ground intavger. The starch particles were then dried at
ambient temperature and ground to powder. Appbcadif these particles to papermaking was done
in the swollen state.

o T Ae TE1 D 20 Ay 2007
Woe 13w Frane i &0 'ﬂ-l‘?‘nl:

Fig. 6.2: SEM images of anionic-starch-coated stancparticles in the ratios (A) 1:1, labeled HM 36, B) 1:2,
labeled HM 37 and (C) 1:3, labeled HM 38.
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The anionic-starch-coated starch particles showetksflocculation properties (Fig. 6.3). However

the particle size of the flocculants decreased détreasing anionic starch to maize starch pasticle
ratio. This was expected as addition of starchiglast result in a decrease in the concentration of
the flocculating agent. The broadness of the garsize distribution also decreased with decreasing

anionic starch to maize starch particles rationuist also be mentioned that the particle size ®f th

flocculants is also a function of stirring ratencentration of the flocculating agent, pH of sauti

and time of stirring. However, all these parameteese kept constant, unless mentioned. One of

the key points in using swollen starch particlesthat they can easily be retained during

papermaking via size exclusion during drainage.
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s @f@éﬁ@jﬁl 0.8% polymer
@85 59 O —PCC
g 0.8 E’é 5 19 s —f@— HM 38"
2 Medst s & o HM I
g06qfl= 4o L 5 b —0— HM 36"
N G AL Y o b —0—HM 13*°
© B % v O O
£0.4 LAT A\ Q 0
= H DEB A OO |
S 3 00 | % "o
z jof o ~Boog
) o N
0.2 9 5
N N
\ O\ D\
0.0 =9 : ,O‘o—oI O~
0 50 100 150 200
Particle sizéum)
Fig. 6.3: The flocculation properties of modified tarch coated starch particles.
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Scheme 6.3: Proposed interactions between PCC, polgr additives and the fiber
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The size of swollen starch granules is larger tthah of PCC patrticles. Thus, although the anionic
starch and anionic-starch-coated starch particledath PCC flocculants, the latter is expected to
eliminate filler-filler bonding (by acting as a s as shown in Scheme 6.3). The result would be
an increase in PCC retention and tensile propertéisced by the starch particles.

Table 6.1: The code of anionic-starch-coated stargbarticles and the anionic starch graft

copolymers used to make them

Code Description
HM 6°2 Anionic starch
HM 1332 Anionic starch

HM 36 HM 2>“ + Maize starch particles (1:1)
HM 37 HM 2>? + Maize starch particles (1:2)
HM 38 HM 142 + Maize starch particles (1:3)
HM 39 HM 6°2 + Cationic starch particles (1:1)
HM 40 HM 62 + Cationic starch particles (2:1)

The superscripts represent the table number whermaterial was described.

The anionic-starch-coated starch particles in Tél?evere made as described in Section 6.3.1. The
SEM images as well as the flocculation propertresraported in the Appendix E, Figs E1-E4. The
flocculation experiments took into consideratior tlatio of PCC to anionic polymer additive in
papermaking. All materials were PCC flocculants.

Table 6.2: The codes of the anionic-starch-coate¢bsch particles and the anionic starch graft

copolymers used to make them

Code Description

HM 41 HM 143 + maize starch (1:1)
HM 42 HM 143+ maize starch (1:2)
HM 43 HM 143 + maize starch (1:3)
HM 44 HM &+ maize starch (1:1)
HM 45 HM 82+ maize starch (1:2)
HM 46 HM 8“2+ maize starch (1:3)
HM 47 HM 16**+ maize starch (1:1)
HM 48 HM 16**+ maize starch (1:2)
HM 49 HM 16**+ maize starch (1:3)

The numbers in superscripts represent the tabldarsin Chapter 3
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6.3.2: Hand sheet making procedure

A general procedure for the fabrication of handeshevas provided by Mondi Business Paper
(Austria) with some minor alterations. In all exipeents, unless mentioned otherwise, the anionic
starch additive was 2% of the PCC, the cationicchtavas 0.8% of the pulp per sheet, and the
bentonite was 0.1% of the pulp per sheet. The amstarch polymer was added either to PCC or

pulp fiber. The hand sheets were made accordisgieme 6.2.

pulp | 333y 2LH,0

Disintegration 1

. 300g 13339
Ml"lng pu|p+HZO:|
¥
3000 rew Disintegration 2
E cpaalizer
continuous mixng

Equalizing 1
Equalizing 2

!

Sheet forming 1

{concentration determination)

= 1
Serl dioted starchk Sheet forming 2
|2mL diluted hentnniteI * (pulp including filler)

~10min, 90 °C drying
. Letter
weighing @

Scheme 6.4: The papermaking flow chart used in thistudy

6.3.3: Instrumentation

All instruments and testing procedures were pravioe Mondi Business Paper (Austria)

L & W Gurley air resistance tester

In the Gurley air permeance tester, the air isddrthrough a sheet of paper by the fall of an
inverted cylinder floating freely in an outside iogler which is partly filled with oil. It measurése

air permeance, i.e. air resistance.
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“Canadian Standard” freeness tester

The tester is designed to provide a measure afatieeat which a dilute pulp suspension may be de-
watered. The Canadian Standard Freeness (CSHaisdd¢o the surface condition and swelling of

fibers. The CSF gives a useful index of the amaiimhechanical treatment to which the pulp was

subjected to. Increasing fiber refining level résuh a decrease in the CSF. The CSF is also
referred to as ‘drainability’ and is designed t@oypde a measure of the rate at which a dilute
suspension of pulp can be dewatered.

Bendtsen porosity tester

This instrument measures air permeability (i.e.flbe rate of air through a sheet of paper) at 23 £
3°C.

Bursting strength tester

A test piece is placed over a circular diaphragih @gidly clamped at the periphery but is free to
bulge with the diaphragm. Hydraulic fluid is themnpped at a constant rate, bulging the diaphragm
until the test piece ruptures. Thus the burstingnsfth of the test piece is the maximum value ef th
applied hydraulic pressure at rupture (KPa).

Micrometer (L & W)

The micrometer was used to measure the thicknede dfand sheets.
L & W stiffness tester

This instrument measures the force required to lzetabt piece at one end through a given angle.
The force is applied at a constant distance froentime of clamping. Stiffness is the degree of
resistance offered by paper when it is bending usgdecified conditions.

Alwetron TH1 (computerized) tensile strength tester

For this test the test pieces are cut using a saoytter D054. The instrument measures the tensile
strength, stretch and tensile energy absorption.

Tensile strength is the maximum tensile force per unit width thaest piece of paper will withstand
before breaking (KN/m).

Sretch is the ratio of the increase in length of the pste of paper at the moment when maximum
tensile force is reached to its original lengthdoeftest, expressed as a percentage.

Tensile energy absorption is the total work done per unit area of the papbkenvstretching it to
rupture (J/rf).

Drainage is the time taken by water to pass through theestkiring papermaking and depends on

the fiber refining and flocculation, as well aséilcontent (s).
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6.4: Results and discussion

6.4.1: Effect of fiber refining on paper properties

A study on the effect of fiber refining on the peopes of both unfilled (no filler) and filled (fér
added) paper properties was carried out. The eethdreof are reported in Sections 6.4.1.1-6.4.1.3

and all the figures are in Appendix H.

6.4.1.1: Fiber refining

The fiber was refined at various revolutions (régm 0 rev. (no refining) up to 6000 rev. Fiber
refining changes the morphology of the fiber. As tkfining revolutions are increased, the fibers
collapse and fibrillation occurs. At high revolut® total collapsing of the fiber with more
fibrillation will occur. Fig. H1 (Appendix H) showshat the fibrillation (fiber damage) and
collapsing increases with increasing revolutionbeFfibrillation and collapsing is essential as it
affects most of the properties of paper. Thus,fiber refining process results in an increase in

surface area for fiber-fiber and fiber filler indetions.

6.4.1.2: The effect of fiber refining on unfilled @per properties
Fig. H2 (Appendix H) shows the effect of fiber refig on the CSF and the drainage during hand

sheet making. The CSF decreases whilst the draimageases with increasing fiber refining. The
apparent sheet density of unfilled hand sheet®#&sad with increasing fiber refining (Fig. H2B),
indicating that the sheet became thinner with iasirgg fiber refining. Thus, the unfilled paper lpse
its bulkiness with increasing refining, which istraesired. Fig. H2C shows that there was an
increase in the burst index, stretch and tensitimess with increasing refining, which is desiried
most paper grades. The tensile energy absorptiem iatreased with increasing fiber refining,
meaning that the paper strength also increasedimgtieasing fiber refining. The Gurley porosity
and Bendtsen smoothness also improved with inergd#er refining (Fig. H2D). However, the
trend obtained for bending stiffness was differeom the other properties. Maximum bending
stiffness was obtained at 500 rev., after whichetreased and leveled out. Since fiber refining
results in fibers collapsing and fibrillation, uftately, due to these effects, the surface arefbienr-
fiber interaction increases. An increase in thdéamer area for interactions favors most of the eelsir
paper properties except the bending stiffness. iBhartially because the thickness of the paper

decreases with increasing refining, as shown in Hig§ The results of this study show that the
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intrinsic properties of fiber have less effect e bending stiffness of the paper but on the other

properties.

6.4.1.3: The effect of fiber refining on filled pagr properties

There was no anionic starch polymer added in themed sheets and the curves serve as
controls/references. The grammage of the hand slaetshown in Fig. G1 in Appendix G. The
effect of fiber refining was studied at three diffiet PCC loadings. The drainage (not shown)
decreased with increasing PCC loading and increag#d increasing fiber refining. Fig. H4
(Appendix H) shows the effect of increasing thesfibefining level on the thickness of hand sheets.
In the case of unfilled hand sheets, increasingrfibfining resulted in a decrease in the thickmméss
the hand sheets. The plot of retention versus R@Qding for hand sheets made with fiber refined at
3000 rev. and 0 rev. have PCC retention valueféneixpected range for no retention aids. The
hand sheets made with fiber refined at 1000 rewever had unexpected better retention. The
thickness of the hand sheets was mainly a fundidiber refining rather than the PCC loading.

Fig. H5 shows that increasing fiber refining resdlin an increase in the apparent sheet densty (i.
reduction in the bulkiness of the hand sheets). bimest index and the apparent sheet density
increased with increasing fiber refining, and dligidecreased with increasing filler loading, as
shown in Fig. H5. The same trend was observedn®ttensile index and stretch, as shown in Fig.
H5. The Gurley air resistance and the Bendtsen 8mess improved with increasing refining and
generally did not change much with increasing P8&ding, as shown in Fig. H5. The bending
stiffness improved with increasing levels of fibefining and decreased with increasing PCC
loading (Fig. H5). An increase in the properties pafper with refining was attributed to the
increased fiber-fiber as well as increased fibkerfiinteractions, and a decrease in the properties
with PCC loading was mainly due to disruption dffi-fiber interactions caused by the presence of
filler (PCC). The bending stiffness also increaséth increasing fiber refining regardless of a
decrease in the apparent sheet density. This wesntrast to what was observed for the unfilled
paper (Fig. H2), where an increase in fiber refintid not lead to an increase in the bending
stiffness throughout the entire refining range ugawbther factor introduced for filled paper is the
effect of fiberfiller interactions on the bendirgjiffness. In this case, increasing fiber-filler

interaction (by increasing the level of fiber réfig) resulted in an increase in bending stiffness.
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6.4.2: The effect of anionically modified polysacdrides on filled paper
properties

The modified starches were added to PCC and thenrglated pulp was mixed with the pulp. In
general, most of the properties of paper made thghflocculation aid were more or less the same
as the control, as shown in Table 6.3. The polymadditives HM 28° HM 16** and HM 17
gave better retention at all PCC loadings compévettie control whereas the polymeric additives
HM 132 HM 15** and HM 27:° gave PCC retention values that were lower tharctmerol. The
stiffness of paper to which anionic polymeric anéis were added was better than the control,
especially at 20% filler loading. Thus, althougte tmaterials HM 1? HM 154 and HM 27°
showed flocculation capability, their performancepapermaking was poor. The reason for low
PCC retention for HM 1%' and HM 27° was ineffective flocculation of PCC due to low % G
Polymeric additive HM 17* gave good PCC retention at both 25 and 30% PCéiigaHowever,

the porosity of the resulting paper was higher tthan of the control paper. The bending stiffnefss o
paper made with HM £7 was better than that of the control paper withdtieer properties being
more or less similar to that of the control papeslaown in Table 6.3. When HM 3Hacrylic acid
and acrylamide graft copolymerized on potato sfaveds used as additive, the resulting paper had
good PCC retention at 25 and 30% PCC loading. Eurtbre, the bending stiffness was the best of
all the additives used and the other propertiegwsenilar to the control paper. Factors that affect
PCC retention include the size of PCC flocculanisclv decreases with an increase in the volume
of water added to PCC, i.e. after the equalizirglabe (Scheme 6.4). The later tests were done by
adding a constant volume of water (300 mL) to PG@@fiectively flocculate PCC, and the rest of
the water for equalization was added directly tipplurthermore, the effect of fiber refining oreth

properties of paper is investigated in the latstste
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Table 6.3: Results of hand sheets made with aniongolysaccharides as retention aids (additives weaalded to pulp)

Filler Filler Grammage Thickness| Volume| Tear Tear Stiffness Porosity | Opacity Retention
loading (%) Content (%) (g/m23) (um) (@m | length| resistance (mN) (mL/min) (%)

PCC 20 20.86 80.63 139 1.72 42 13 86 3786 86.85 3 83.

PCC 25 25.85 80.50 137 1.7 36 10 92 4484 88l44 80.3

PCC 30 30.19 80.63 138 1.71 29 8 76 5106 88/64 76.1
HM 132 20 20.53 81.13 136 1.68 43 14 91 3609 87112 84/6
HM 132 25 25.64 80.63 136 1.69 39 9 88 4019 88145 79|17
HM 132 30 30.30 80.25 138 1.71 31 9 77 4342 8875 76/1
HM 273° 20 20.68 80.25 142 1.77 43 14 92 4077 86/30 84|2
HM 273° 25 24.92 80.00 141 1.76 37 9 91 5000 87.19 770
HM 27%° 30 29.93 80.38 138 1.72 33 7 79 4168 88.59 75.3
HM 28%° 20 23.25 80.50 139 1.72 41 12 94 3969 8724 94|9
HM 28%° 25 25.84 80.63 139 1.72 38 11 88 4536 87[73 80!3
HM 28%° 30 30.44 80.63 138 1.71 33 9 74 4174 88,78 76\7
HM 15%% 20 20.21 80.50 141 1.76 41 12 92 4339 86/71 824
HM 15%4 25 25.05 80.38 136 1.7 37 10 88 4395 8773 775
HM 1534 30 30.60 80.50 140 1.73 33 9 78 4014 89,01 7710
HM 16%% 20 20.30 82.00 139 1.7 41 12 127 5000 87/48 895
HM 1634 25 28.29 82.50 138 1.67 39 11 101 5000 88|64 90.4
HM 16%* 30 29.56 81.50 139 1.7 35 9 100 5000 8914 80|3
HM 17°4 25 30.98 80.25 139 1.71 42 10 91 5000 88/84 90[2
HM 1734 30 34.67 81.50 143 1.75 38 9 91 5000 8872 90|8




6.4.3: The effect of modified starch coated starcparticles
6.4.3.1: The effect of anionic starch particles HNB6°*

Fig 6.4 shows the effect of polymer HM®3gfiber refining and filler content on the drainaged
apparent sheet density. The drainage and appdreat density of the PCC filled hand sheets made
with or without anionic polymer additive were siarilat 1000 and 3000 rev., as shown in Fig. 6.4.

No polymer additive Anionic starch additive
—H—0rev —(O— 1000 rev
—{1 1000 rev —@— 3000 rev
—l— 3000 rev —@— 6000 rev
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Fig. 6.4: Comparison of drainage and apparent sheedensity between hand sheets made with and without

anionic polymer additive (anionic-starch-coated stech particles HM 36°* used).

Fig. 6.5 shows that PCC retention was higher fardhsheets made with anionic polymer additive
HM 36°* especially for the hand sheets made with fibeineef at 3000 rev. It was also observed
that the retention was not, to a larger extentiretion of fiber refining but rather a contributioh

a number of factors, which may include time ofiilfiber interaction before making the hand sheet,
effective particle size of the PCC, and the perfomoe of the retention aids.

Fig. 6.6 compares the burst, tensile and stretopgsties of the hand sheets made with or without
anionic polymer additive were similar for fiber irehg of 3000 rev. Generally minor differences
were observed for fiber refining of 1000 rev. Hasfteets made with anionic polymer HM®36
showed better Gurley air resistance and Bendtseottmess. This is because the swollen starch
particles fill the flows between the fiber anddillas well as between fibers. However, at fiber

refining of 6000 rev., the hand sheets made witloran starch polymer additive gave superior
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properties compared to the ones at 1000 and 300@efaing. Although most of the properties
were superior, the apparent sheet density increasedning that the paper was thinner. It can be
seen that most of the properties were easily chetrdoy varying the level of fiber refining.
However, the level of refining does not have muffbot on the bending stiffness, as was found for
unfilled paper (Fig. 6.5C).

—O—0rev, No AST

—HE— 0 rev, No AST

—O— 1000 rev, No AST —0O— 1000 rev, No AST
—/A\— 3000 rev, No AST —m— 3000 rev, No AST
—®— 1000 rev, AST HM 36 —O— 1000 rev, HM 36
—A— 3000 rev, AST HM 36 —@— 3000 rev, HM 36
150- —%— 6000 rev, AST HM 36 100- —@— 6000 rev, HM 36
] e
140+ /m 9% |
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Fig. 6.5: A comparison in the thickness and PCC rention for hand sheets made without anionic starchdditives
and with anionic-starch-coated starch particles HM36>* at different fiber refining levels.

The difference between hand sheets made with atigbwti anionic starch particles as additive is
illustrated in graphs of property versus PCC logdifig. 6.6). There was a large improvement in
the stiffness of paper for the hand sheets made avitonic starch polymer HM 84 Even hand
sheets made with a lower fiber refining had bettéfness compared to hand sheets made without
anionic polymer but with a higher fiber refining/é. It was also observed that the stiffness at the
three different levels of fiber refining did notffér much. It is then evident that regardless @& th
level of fiber refining the stiffness of paper iHeated by other factors, which may include the

presence of crystalline starch particles and reterdf PCC.
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No polymer additive Anionic starch additive
—H—0rev —(O— 1000 rev
—{1 1000 rev —@— 3000 rev
—l— 3000 rev —(— 6000 rev
3] 120
4. 8100
5 80
3 3 '\.. g
E n o 60
B2 5 & 40/
03317 @ O\Do\,/g/o § 204 .\.\
5 8 °
B— 5 ® 0- B 56 = 4'?—570
18 20 22 24 26 28 30 3 20 22 24 26 = 28 30
PCC content (%) 3000 PCC content (%)
60+
+ 501
S
£ 401
2
2301
()
[
20+
; ; ; ; : ; 0+ ; : ; ; ;
20 22 24 26 28 30 20 22 24 26 28 30
PCC content (%) PCC content (%)
4l 90 o
80
[7) " o— L
531 g 70+ = ©
g = @
7 & 807 \ \
2+ 50] E*I
B
; ; ; ; ; ; 40— ; ; ; ; ;
20 22 24 26 28 30 20 22 24 26 28 30
PCC content (%) PCC content (%)
Fig. 6.6: Comparison between hand sheets made widnd without anionic polymer additive (anionic-stard-

coated starch particles HM 36%).

6.4.3.2: The effect of anionic starch particles HN87°*

The ratio of the grafted starch to maize starchiglas was increased to 1:2 for polymer HM37

Fig. 6.7 compares the drainage and the apparest deesity of the control hand sheets and hand

sheets made with polymer HM %7 The drainage was similar for the control and mitistarch

particles HM 3% at 1000 and 3000 rev. However, apparent sheeitigmsnaere slightly different.

Again it was noticed that increasing fiber refinirgsulted in an increase in the apparent sheet

density of the filled paper. Similar behavior assviaund for anionic polymer HM 88 was found

for HM 37°* (Fig. 6.8) where PCC retention was higher in hainelets made with anionic polymer

additives than without any retention aid. The thegs of hand sheets was influenced mainly by

fiber refining and to a lesser degree by the ext¢é CC retention.
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Fig. 6.7: Comparison between hand sheets made widnd without anionic polymer additive (anionic-stard-

coated starch particles HM 37! used).
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Fig. 6.8: Comparison of the thickness and PCC reteion for hand sheets made without anionic starch aditives

and with anionic-starch-coated starch particles HM37%%, at different fiber refining levels. (AST:

anionic starch additive.)
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The burst indices, tensile strength, and the d$tretere relatively similar for the control (hand

sheets made without any anionic polymer additived dand sheets for which anionic starch

particles 37! was used at fiber refining levels of 1000 and 3680 (Fig. 6.9). However, the hand

sheets made with anionic polymer additive showettebeGurley air resistance, Bendtsen

smoothness and bending stiffness. This was alswdffar anionic starch particles HM 37and, in

all cases, better properties were obtained witheeming fiber refining, for the reasons mentioned

earlier (Section 6.4.2). Irrespective of the filbefining level, the bending stiffness was better in

hand sheets made with anionic starch additives tizemdl sheets made without anionic polymeric

additives.
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Fig. 6.9: Comparison between hand sheets made witind without anionic polymer additive (anionic-stard-

coated starch particles HM 37! used).

133



6.4.3.3: Comparison between polymer HM 38" and HM 3751

HM 36%* and HM 37 were different in the ratio of anionic starch tarsh particles which were
1:1 and 1:2 for, respectively. The two polymers dadd in a similar manner in terms of the
drainage and the apparent sheet density, excepghdoapparent sheet densities obtained at 1000
rev., as shown in Fig. 6.10. The thickness of hetrebts made with anionic polymers HM3@&nd

HM 37°* were similar (Fig. 6.11) for fiber refining levef 3000 and 6000 rev. However, for fiber
refining of 1000 rev., anionic polymer HM 37gave thicker hand sheets. The PCC retentions were
similar, particularly for fiber refined at 3000 reas shown in Fig. 6.11.

Anionic starch HM 36 Anionic starch HM 37
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Fig. 6.10: Comparison between hand sheets made widifferent anionic-starch-coated starch particles M 36°*

and HM 37%%) in terms of the drainage and sheet density.
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Fig. 6.11: Comparison in the thickness and PCC retgion for hand sheets made with anionic-starch-coaid

starch particles HM 36°* and HM 37°*, at different fiber refining levels.
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Fig. 6.12: Comparison between hand sheets made widifferent anionic-starch-coated starch particles KM 36°*
and HM 37°Y).

6.4.3.4. Comparison plots of properties against agvent sheet density

The two polymeric additives HM 88 and HM 37! gave hand sheets with similar properties.
However for fiber refining of 6000 rev., anionichpmer HM 37 gave better burst, tensile, stretch
and Gurley air resistance (Fig. 6.12). Some minfberénces in the properties of hand sheets (Fig.
6.12) can be attributed to small differences in @®&F values of the pulp used (i.e. differences in
refining). The apparent sheet density was lowepfiymers made with anionic polymer HM®37

at 1000 fiber refining, and this was irrespectivéhe fact that the drainage time was similar tat th
in the case of HM 3.
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Fig. 6.13: Change in properties of paper with appant sheet density and fiber refining. (C.F: controlsheets for
filled paper, i.e. paper made without anionic polyreric additive.)

The drainage increased with increasing fiber rafinfFig. 6.10A), however addition of PCC was
shown to reduce the apparent sheet density, egdper became more bulky even for fiber refined
at 6000 rev. when compared to the unfilled papedenaith fiber refined at 6000 rev. At all levels
of fiber refining the drainage was lower for hartests made with filler when compared to the
drainage of hand sheets made without filler. Thel&yuair resistance for PCC filled hand sheets
was lower compared to the hand sheets made wifPG, thus the addition of PCC reduces the
porosity of paper. From Fig. 6.13C, D, E and Fsitevident that the addition of filler adversely

affects the properties of unfilled paper (see csiwéh black stars that represent the properties of
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hand sheets made without PCC at fiber refining, &, 1000, 1500, 2000, 2500 and 3000 rev. in
the order of increasing apparent sheet density).

6.4.3.5: Comparison of anionic starch to anionic atch particles

The modified starch used to coat the maize starahules was also used for papermaking on its
own. The properties of the hand sheets formed wenepared against the anionic starch coated
starch particles as well as the control (see Fi}4 &nd 6.16). The fiber refining was done for 3000

rev. and the anionic starch content was kept cahsta

Fiber refining 3000 rev Fiber refining 3000 rev
—X— control —X— Control
—A—HM 13 —A—HM 13
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Fig. 6.14: Comparison of the thickness and PCC rem¢ion of hand sheets made without anionic starch atitives,
anionic starch (HM 13), and with anionic-starch-coged starch particles of different ratios of modifiel
starch to starch particles (HM 36" and HM 37°9).

The PCC retention for hand sheets made with anjpolygmer additive HM 13 (no starch patrticles)
was similar to that of HM 368 and HM 37 for fiber refined at 3000 rev. and at all threeGPC
loadings (Fig. 6.14). It was expected that additidranionic polymers would result in different
retentions due to different flocculation efficieesi It must be mentioned that the ratios of anionic
polymer additive to PCC used in flocculation expemts (Fig. 6.3) were much higher than the
ratios used for hand sheet making. Thus, it is sesmy to know effective particles sizes of PCC
flocculants under hand sheet making conditionsridento be able to make conclusions regarding
the effect of the anionic starch to starch parsicktio on the retention of PCC. Although the PCC
retention values were similar, anionic polymer &udi HM 132 gave thicker hand sheets
compared to HM 38" and HM 372,
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Fig. 6.15 shows the apparent sheet density for Isheéts made with anionic polymer HM*£3
was lower (bulkier hand sheets obtained) than wherother three were used. These hand sheets
had also inferior physical properties comparecht® ¢ontrol except for the bending stiffness. It is
possible that the size of the flocculants in thHemed sheets was larger than those in the other hand

sheets leading to bulkiness of the material andinguadverse effects on the other properties.
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Fig. 6.15: Comparison of hand sheets made with défent anionic polymer additives in terms of the raio of

modified starch to starch granules.

The resulting effect of superior flocculation cadise decrease in most of the properties (tensile
index, tensile stretch, Bendtsen smoothness anthikey air resistance) compared to the control
and the two blends HM 88 and HM 37, It was also observed that most of the propedfésand
sheets made with HM 3 as additive were also inferior to those obtaineddontrol. Only the

bending stiffness was better than in the caseeottmtrol. This can be attributed to the bulkinafss
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the hand sheets made with anionic starch polymer &% It appears as if the HM 13 acts
mainly as a flocculant and not a good filler-filemding agent.

6.4.3.6: Effect of anionic starch to starch maizeagpticles ratio

A comparison based on the ratio of modified starclstarch maize particles was made for hand
sheets prepared using fiber refined at 3000 ree. durves also include the data obtained for the
control at a similar fiber refining level. The hasbeets made with the anionic polymer HM-38
(1:3, anionic starch to starch particles ratio) evédricker when compared to the hand sheets made
with HM 36%* and HM 37, However, the PCC retentions were similar at 2@%r floading but
different at 25 and 30% filler loadings, as showiig. 6.16.
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Fig. 6.16: Comparison in the thickness and PCC retgion for hand sheets made without anionic starch @ditives
and with anionic-starch-coated starch particles oflifferent ratio of modified starch to starch granules,

at 3000 rev. fiber refining level.

Fig. 6.17 shows a decrease in the ratio of modgtadch to starch granules to 1:3 resulted in s los
of properties such as Gurley air resistance arlidjlat slecrease in the burst. The drainage decreased
with decreasing modified starch to starch granuég®. The difference in the drainage in hand
sheets made with HM 86 HM 37°* and HM 38" can be explained by the CSF factor and the
degree of swelling.
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Fig. 6.17: Comparison between hand sheets made witlifferent anionic-starch-coated starch particlesm terms
of the ratio of modified starch to starch granules.

Generally, drainage decreased with decreasing fdfaring level as well as with increasing filler
loading. The decrease in drainage could not haem loeie to different PCC retentions since the
retention values were similar. The bending stiffness better in the case of the lower anionic
starch to starch granules ratio (i.e. when anigmitymer HM 38* was used). Thus, clearly the
presence of starch granules has a positive effe¢h® bending stiffness of paper. These granules
contributed to the stiffness possibly due to tleystalline structure(See also the bar graphs in

Appendix J showing the differences in the properties of hand sheets made with HM 13*3, HM 36°%,
HM 37%! and HM 38°%)

6.4.3.7: The effect of anionic and cationic polymeadditive concentrations

Anionic polymer additive HM 38" was used and filler loadings of 25% and 30% wéasen. The
fiber was refined at 3000 rev. and the CSF valuesevbetween 205 and 220. (The cationic starch

was supplied by Mondi.) The fiber was mixed witk ttationic starch and the filler was mixed with
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the anionic starch. The cationic starch was addezkt first to the pulp and then a further 2% was
added just before making the hand sheet (accotditige general procedure used for papermaking).
Increasing the concentration of the anionic stdram 2 to 4% resulted in a decrease in drainage
(Fig. 6.18). This was expected, since by increasimgconcentration of the anionic starch larger
flocculants are obtained and packing efficiencyeiduced, leading to a decrease in drainage. The

opposite effect was observed when the cationicrpetyconcentration was increased from 2 to 4%.
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Fig. 6.18: Comparison between hand sheets made witthfferent amounts of anionic-starch-coated starch
particles HM 38%! (expressed as a % relative to PCC) and the effectf cationic starch additive

(expressed as % relative to the pulp mass).

Thus, cationic starch has a higher affinity towattus fiber than anionic starch, and it causes the
fibers to bond together (a form of fiber floccutat) when added in the right concentration.
However, as the concentration of cationic fibeiniseased the ‘flocculation’ is decreased. This is
due to the fact that most of the fiber surfacesycarpositive charge at high dosage of the cationic
starch and the net effect is fiber-fiber repulsrdmen in solution, leading to the formation of aefin
suspension. The addition of PCC with anionic stactihe fine fiber suspension resulted in a
reduction of the size of PCC flocculants due tofgmemtial binding of the cationic and anionic
starch. When a further 2% cationic starch was addstdbefore hand sheet making there was no
flocculation of both fiber and PCC. The drainagesvparformed on a fine pulp—PCC suspension
leading to low retention of PCC. The net effect \aasincrease in the drainage time. The resultant

paper showed better fiber-fiber binding due to B@C content. When 2% anionic polymer HM
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38> was used the hand sheets were thicker companeten 4% of the same anionic polymer was
used regardless of higher retention in the lafeg.(6.19). This could be due to the fact that bigh
PCC retention means less fiber per hand sheetirgsin the loss of bulkiness. An increase in the
cationic concentration from 2% to 4% resulted idegrease in the thickness of hand sheets but the

retention values were similar.
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Fig. 6.19: A comparison in the thickness and PCC tention for hand sheets made with different amountsof
anionic-starch-coated starch particles HM 387" (expressed as a % relative to PCC) and the effeof

cationic starch additive (expressed as % relativeotthe pulp mass).

The stretch properties of the paper made with 24#bsdanionic starch were similar at 25% filler
loading (the star and unshaded square in Fig. ®20at 30% filler loading the use of 2% anionic
starch gave better tensile stretch. Thus the effefibcculation was evident at 30% filler loading,
since large flocculants have a negative effect @strpaper properties as they disrupt the packing
efficiency of the fiber during drainage creatingviis.

A large increase in the tensile index and stretals wbtained when additional cationic starch was
mixed with pulp (Fig. 6.20). The cationic starchstatendency to bind fiber together (in the dry
end), leading to high tensile strength and strefidie fact that PCC retention decreased with
increasing cationic starch concentration shows #imexcess of positive charges has detrimental
effects on the filler retention. Increasing thei@at starch concentration resulted in paper with a

high burst index compared to paper made usingtdredard papermaking procedure with anionic
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starch. Increasing the concentration of catiorsccst to 4% resulted in better burst, tensile index,

tensile stretch, tensile stiffness and Gurley esistance than when 2% cationic starch was used.
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Fig. 6.20: Comparison between hand sheets made witdifferent quantities of anionic-starch-coated stach
particles HM 38! (expressed as a % relative to PCC) and the effectf cationic starch additive

(expressed as % relative to the pulp mass).

However, the apparent sheet density also increagbdncreasing cationic starch content (i.e. the
bulkiness of the paper decreased with increasimgcthitionic starch content) and the bending
stiffness decreased with increasing the catioricchtcontent (Fig. 6.20). Thus, additional cationic
starch resulted in the poorest bending stiffnedgegawhen compared to hand sheets that were
made without additional cationic starch, with otheut anionic starch. The filler retention also
decreased with increasing cationic content resylitnbetter physical properties, especially those
that are affected by the presence of filler. Arr@ase in the anionic starch polymer content from 2
to 4% on the other hand resulted in a loss of ptmsesuch as Gurley air resistance, tensile

stiffness and burst index. Moreover, the bendinifness was better in the case of 2% than 4%
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anionic starch content. The loss of properties witlieasing anionic starch polymer content can be

attributed to larger PCC flocculants at high arcopolymer content that decreased the fiber-filler

bonding. It can be concluded form Fig. 6.21 thatfthed hand sheets were bulkier than the unfilled

hand sheets made at similar fiber refining. Furtitee, the drainage time was shorter for the filled

hand sheets than for the unfilled hand sheets. Mervehe paper properties such as the bending

stiffness, Gurley air resistance and tensile indere better in the unfilled hand sheets.

—¥— 0-3000 rev —O— HM 38 (2%), CSt (2%)
—{~HM 38, 2% —@— HM 38 (2%), CSt (4%)
—H- HM 38, 4% ~/\~ HM 37 (2%), CSt (2%)
201 100+ N
3
16- E 751
@ « B /
v 12 o« S 2
I — = 50
£ 8 o D D g @
[ M=k > *
° 44 5 259 *
© ,D,—r-%?’—{ —*
0 *
600 640 680 720 760 800 600 640 680 720 760 800
Apparent sheet density (g/m°) Apparent sheet density (g/m°)
6.8 6.8
§ * x—* *
£5.1 o 5.1 . *x
5 /* o o~
(2]
234 o O . o 3 3.4 5
22 o g B
@ = m] ]
F 174 B 1.7 . —
a
0.0 T T T T ) 0.0 T T T T )
6Q0 640 680 720 760 800 600 640 680 720 760 800
Apparent sheet density (g/m°) . _* Apparent sheet density (g/m°)
801 * 120/ N
¢
é * e § */ T *—k
£ 60 /./ £
% * OO 7 80 o o
]
& A g = © °
= 40- 5 S e -
* — & 40
20 T T T T ] T T T T .
600 640 680 720 760 800 600 640 680 720 760 800

Apparent sheet density (g/m?®)

Apparent sheet density (g/m°)

Fig. 6.21: Comparison of hand sheets made with défent amounts of anionic-starch-coated starch parties HM

38! (expressed as a % relative to PCC) and the effeof cationic starch (CS) additive (expressed as %
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6.4.3.8: Anionic-starch-coated cationic starch paitles

Cationic starch particles were also coated withomici starch and used as PCC flocculant (see
Appendix E, Fig. E1). The anionic-starch-coatedocét starch particles were also tested for PCC
retention and their effect on the paper properfs. 6.2 shows that the drainage decreased with a
decrease in the anionic starch to cationic stasstigtes ratio. Previous studies on the flocculatio
of PCC using a mixture of anionic and cationic ctashowed that the blend flocculates better than
either the anionic or the cationic starch polymiene. Thus, the decrease in the drainage was a
result of large flocculants. However the apparéwetes densities of the blends (HM®3%nd HM
40>%) were similar to that of control and, converséhg apparent sheet density of the anionic starch
HM 40! was lower (Fig. 6.22). This might be due to thieetf of the cationic starch on the fiber

whereby fiber-fiber bonding is promoted, resultinghigh values of the apparent sheet density as
previously observed (Fig. 6.20).
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Fig. 6.22: Comparison of drainage and apparent shééensity between hand sheets made with differenin(terms
of modified starch to cationic starch granules ratb) anionic polymer additive blended with cationic
particles.
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Fig. 6.23: A comparison in the thickness and PCC tention for hand sheets made without anionic starch
additives and with different ratios (in terms of arionic starch to cationic starch granules ratio) of

anionic-starch-coated cationic starch particles.

Fig. 6.24, it can be concluded that the inclusibreationic starch particles into an anionic starch
paste did not yield much in terms of the propertethe hand sheets. The tensile index and burst
strength were lower than found for the control. Htiéfness was however better at 30% filler
loading than at 20 and 25%. Generally there shhelda balance between the anionic and the
cationic starch polymers, with an excess of eitbading to detrimental effects. (Another important
factor is the order and/or method of introducing d¢lationic and anionic starch polymers.) Thus the
efficiency of each material can be reduced by tiesgnce of the other (if not carefully introduced)
due to the fact that the two materials carry opeosiarges. In this study it is shown that incregsi
the concentration of anionic polymer has the ogpasifect on the properties of hand sheets when
compared to the effect of increasing the catiomityqer. Hence a balance of the two oppositely
charged materials is required for optimum perforogarAs mentioned before, the properties of
paper decrease with filler addition, as shown ia pots of properties against the apparent sheet
density (see Fig. 11 in appendix I).
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Fig. 6.24: Comparison of drainage and apparent sheéeéensity between hand sheets made with differengtios (in

terms of modified starch to cationic starch granuls ratio) of anionic-starch-coated cationic starch

particles.

6.4.4: Other modified starch particles

The anionic polymers used as paper additives aseritbed in Table 6.2. The hand sheets were

made as described in Scheme 6.4. The amount ofiarpolymer additive was 2% of the filler in

these experiments. Table 6.4 shows that the papde with HM41-HM48 materials as additives

gave superior tear strength, breaking length afdinfg endurance than the reference at all filler
loadings and all blending ratios used. The increasthese properties was also attributed to the
presence of the starch particles. However, the R&€htion and bending stiffness were in most
cases, inferior to what was obtained for the cdnirbis scenario can be compared to that described

in Section 6.4.4, where a reduction in PCC retentgsulted in an increase in some properties such
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as the tensile strength. However, superior teangth, breaking length and folding endurance was
also obtained for sample HM 47-HM %9 which gave a slight increase in PCC retentiore PEC
binding efficiency for sample HM 41-HM 43 was expected to be low since acrylamide was used
as a comonomer during the graft copolymerizatimtess. This could have contributed to inferior
retention values. The material HM 41-HM®#3vas expected to increase the hydrogen bonding to
strengthen fiber filler bonding. The crosslinkedtenal HM 44-HM 462 was used in a low anionic

to starch particle ratio in order to reduce itélolation efficiency but low retention values were
also obtained. Although it was anticipated that @ddition of polymeric additives would result in
more PCC retention the results showed that otlworfawere influencing the PCC retention. These
factors include the ineffective interaction betwelea additive and the PCC and ineffective size of
flocculants due to dilution and time factors, réisgl in a significant decrease in the size of

flocculants.
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Table 6.4: Results of hand sheets made with otheninic-starch-coated starch particles as retentiomids

PCC Volume | Stiffness Tear Breaking Folding Opacity | Retention

loading (%) (%) (%) resistance (%) length (%) Endurance (%) (%) (%)

HM 4153 20 0.06 -0.38 21.22 20.32 557 -1.20 -2.94
25 2.44 -0.08 25.39 21.42 567 -1.35 -2.02

30 4.73 0.31 31.22 22.93 597 -1.49 -1.04

HM 4253 20 -3.02 -3.06 35.91 31.28 764 -0.40 -6.25
25 -3.13 2.53 36.78 25.89 649 -0.94 -4.40

30 -3.23 9.71 38.01 18.51 321 -1.46 -2.45

HM 43°° 25 -0.11 5.07 22.73 27.16 302 -0.76 -1.57
HM 4453 20 -4.73 3.17 13.61 29.28 960 -1.66 -4.96
25 -4.23 3.73 18.26 25.74 802 -1.49 -4.54

30 -3.76 4.46 24.77 20.91 354 -1.34 -4.09

HM 45°3 25 0.32 -3.18 17.80 12.55 173 -1.26 4.49
HM 46°° 25 3.43 2.82 16.67 3.50 193 -1.43 1.61
HM 47°° 25 -0.09 -4.03 17.94 25.34 424 0.71 1.02
HM 48°° 25 -1.95 -1.78 21.73 17.14 407 0.64 0.20
HM 4952 25 -1.80 -2.38 24.96 18.11 265 0.76 2.06




6.5: Conclusions

The use of anionic-starch-coated starch partidag#ntion aids resulted in hand sheets with bette
bending stiffness over hand sheets made with tlen@nstarch paste only and without any anionic
starch additive. Moreover, the other propertiesai@ed superior to those obtained for the control.
The use of anionic starch resulted in improvemaentilier retention but poor paper properties
(tensile strength, burst index and porosity) resuliHowever, the use of the anionic-starch-coated
cationic starch particles did not show much effactthe retention of filler and paper properties.
(This is probably due to the unbalanced effecthef ¢ationic and anionic polymers). Flocculation
experiments showed that a mixture of the anionit @ationic starch resulted in more flocculation
and broadness in the particle size distribution sode bimodal distribution were obtained. Thus,
there is need to balance the effect of the catiand anionic starch additives so as to control the
final properties of hand sheets. It was also shthanthe point of addition of the anionic additives
is of paramount importance. The preferred rout® iadd the anionic additives to PCC rather than
to the pulp. However, the size of PCC flocculartsudd be optimized in order to obtain the best

properties.
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Chapter 7: Conclusions and recommendations
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7.1: Conclusions

The main aim of this study was to increase the R@2ding in paper without negatively impacting
the properties of paper. This was achieved by uaimgnic-starch-coated starch particles which
resulted in good PCC retention and improved papapeasties even at high PCC loading. Several
aspects of polysaccharide modification, their éffean CaC@ crystal growth modification and,
their effect on PCC retention and paper strengtfe wevestigated.

The following conclusions can be made to the objestas stated in Chapter 1:

1. Modification of polysaccharides was successfadlgried out using various methods. The grafting
techniques were found to yield starch based médetiet are suitable for application in the
retention of PCC.

2. Anionic starch materials were found to be go@CHlocculating agents. The concentration of
the anionic starch critically affects the size @@ flocculants. Moreover, use of a mixture of
anionic and cationic starch, as well as the sedplentatment of PCC with the oppositely charged

polymers, had a significant effect on the sizenef PCC flocculants.

3. A study onn situ crystallization of CaCg@in the presence of chemically modified cellulodeefi
showed that the filler particles were nucleatedten surface of the fiber. Modification of CagO
crystal morphology and its surface properties camathieved by carefully choosing the conditions
and the crystal growth modifier. This study revedateew methods of filler synthesis and filler
addition to paper vien situ crystallization of filler in the presence of thieeenically modified fiber.
(The use of this method in papermaking could resultmproved filler retention although many
factors such as fiber-fiber bonding strength shailsd be considered.)

Filler surface modification was achieved by usingAPgrafted starch as the crystal growth
modifier. This affected the shape polymorph anc 9% crystals, and resulted in crystals with
functional chemical surfaces. Fluorescence studesaled that the polysaccharide was also on the
surface of the crystallized calcium carbonate. $hegace charge was negative, and addition of
cationic starch reversed the charge. A novel ampréar the characterization of fluorescing CaCO
crystals using flow cytometry gave useful inforroation the distribution of the chromophore with
granularity and size of the crystals. Surface priogpe of fillers are critical to fiberfiller
interactions as well as interactions with otheritades such as cationic starch that promote fiber—

fiber bonding. The presence of starch and the negaharge on the surface of the crystals could

152



increase filler—fiber bonding when used in combovatwith cationic starch, and this can lead to

good paper strength.

4. Hand sheets were made and the performance aiaddied polysaccharides on paper properties
was tested. The anionic-starch-coated starch featigere used as filler retention aids to produce
paper with better filler loading. Soluble aniontarsh gave improved PCC filler retention but the
paper strength decreased when compared to theotpager. However, the use of anionic-starch-
coated starch particles gave improved PCC filldermgon and properties such as the bending
stiffness, tensile strength and porosity were Sopéo those obtained for the control paper. Whilst
addition of retention aids to PCC is easy to imm@ammit was also found that it is necessary to
optimize the conditions in order to produce betjanlity paper. For an example, the effective
particle size of the filler depends on a numbeifaaftors that require mechanical and chemical
considerations. These variables include the ratstioing of flocculants, stirring efficiency and

reproducibility, volume water used, extent of maifion and adjustment of modification from one

sample to another, degree of swelling of the adekti(which can vary from one run to another),
degree of pulp refining, source of the pulp, tinienteraction between filler, fiber and additives,

etc. Nevertheless, the data obtained in this studigates that positive attributes were induced by
inclusion of anionic starch-coated-starch partictepaper. The designed anionic starch particles

can be produced easily and quantitatively, paviregway to new retention aids.

7.2: Recommendations for future work

The following recommendations for future reseanghraade:

1) Investigate the synthesis of PCC in the presefsoluble crystal growth modifiers to study the
effect of size, shape and surface properties ostteagth of paper and PCC filler retention. The
present study showed that the surface of the dligst@filler can be easily modified in terms of
both the surface charge as well as the amounteo$tidrch polymer on the surface. Thus it will
be interesting to see the effects of varying thargh and the amount of starch (absorbed or

adsorbed) on the surface on the retention of PG&edsas on the paper strength.

2) Investigate then situ formation of calcium carbonate filler in the prese of modified pulp
fiber and then study the properties of the papesitu synthesis of filler in the presence of

modified pulp and its use for the subsequent foionadf hand sheets would also be of great
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interest especially in terms of filler retentiorh€lin situ crystallization process would result in
filler being absorbed on the surface of the filasrwas observed in this study. This may lead to
improved filler retention, but measures do havbddaken in order to prevent the weakening of
fiber—fiber bonding. Thus, it was necessary to dmasite experiment or laboratory-designed
process that includes all the aspecteaitu filler synthesis and hand sheet making which will

indeed be a mammoth task.
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Appendix A: FT-IR spectra of modified polysacchasd
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Fig. Al: Examples of FT-IR spectra of cellulose mdfled with polyacrylamide and polyacrylic acid polymers via
the grafting reactions, showing the characteristicarbonyl carbon peak of the grafted polymers.
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Fig. A2: Examples of FT-IR spectra of starch grafted with polyacrylic acid polymer, showing the charateristic

carbonyl carbon peak of the grafted PAA.

155



Appendix B: TGA curves of modified polysaccharidesl hand sheets
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Fig. B1: Examples of TGA profiles of cellulose modied with polyacrylamide and polyacrylic acid polynmers

prepared via the grafting reactions.

100- 100- o
1 ,  Fiber refining 3000 1 Fiber refining 3000
@ 80+ ' No anionic starch @ 80- gg ;n'F?g'é starch
] ' g .
é 60- TGA " 25 % PCC E 60- TGA ,' 0
To-m- | =) . :
§ 10 DTGA 14 g 40 DTGA /|
8 20- S = 20- H \
(EAREEETETTIAMNACES S CES T FES AL s M mnf leoeo-e-
200 400 . 600 800 200 400 600 800
Temperature ('C) Temperature (°C)
100/ 1001 , .
Fiber refining 3000 F'b,er r ef|n|ngh3000
o 80- »  Anionic starch HM 36 g 804 An|g)n|c starch HM 36
2 1 1A \ 25%PCC S ol —TGA . 30%PCC
£%0.___prea S |- DTGA
T 40 ' 2 404 )
= by ° II I.
> 20+ /I :l ) 20, /II ‘: -
([ EEREEEEE T'"”"T’/ e Q===r=== b f"""'f'/ oo ---
200 400 600 800 200 400 600 800
Temperature (°C) Temperature (°C)
1004 100
Fiber refining 3000 80 Fiber refining 3000
& 801 Anionic starch HM 37 27 Anionic starch HM 37
S _1——TGA) 25 % PCC 260l — TGA 30 % PCC
£00|---- DTGA 5 |----DTGA |
T 40 £40- =
s '. s -
< 204 P 20 - .
(I RELLEEE LAt T R 0L =-=- st “ """"" "/ foopoes
200 400 600 800 200 400 600 800
Temperature ("'C) Temperature (°C)

156



Fig. B2: Examples of TGA profiles of hand sheets nie with and without polymeric additives (the PCC filer

retention was calculated from these curves).
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Appendix C: Absorption properties of crosslinkedARgyafted starch
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Fig. C1: Absorption of crosslinked PAA/PAANa graftel starch.
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Appendix D: SEM images of crystallized CagCO
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Fig. D1: SEM images of CaCQ crystals obtained in the presence of microcrystalie cellulose, at different
magnifications (A & B) (Crystals were synthesized ta25 °C, [Ca®'] = [CO5?] = 0.025 M, pH 8.5 and
[polymeric additives] = 0.77 g/L).
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Fig. D2: SEM images of CaCQ crystals obtained in the presence of (A) PAA andB) PAA grafted starch, after
six days (Crystals were synthesized at 2%, [Ca’] = [COz*] = 0.025 M, pH 8.5 and [polymeric
additives] = 0.77 g/L).
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Fig. D3: SEM images of CaCQ crystals obtained in the presence PAA grafted paially-dissolved starch at
different magnifications (A & B) (Crystals were syrthesized at 25°C, [Ca®"] = [CO4] = 0.025 M, pH
8.5 and [polymeric additives] = 0.77 g/L).
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Appendix E: SEM images and flocculation curvesmbaic-starch-

coated starch particles
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Fig. E1: SEM images of (A) anionic-starch-coated ¢@nic starch particles (Mondi) in the ratio 1:1 (labeled HM
39" and (B) Anionic starch coated cationic starch paicles (Mondi) in the ratio 1:2 (labeled HM
40°Y. The graph shows the flocculation properties of M6%* HM 39°! and HM 40°!; 2 g PCC was

flocculated using about 0.8% anionic starch polymesolution.
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Fig. E2: SEM images of anionic-starch-coated starcharticles at three different ratios: HM 41°*- HM 43°3 The

graph shows the particle size distribution for floculated PCC using the anionic starch particles; 2 g
PCC was flocculated using about 0.8% anionic starcholymer solution.
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Fig. E3: SEM images of anionic starch particles athree different ratios (HM 44%*-HM 46°3. The graph shows

the particle size distribution for flocculated PCCusing the anionic starch particles; 2 g of PCC was
flocculated using about 0.8% of anionic starch polger solution.
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Fig. E4: SEM images of anionic-starch-coated starcharticles at three different ratios HM 47°*-HM 49°3, The
graph shows the particle size distribution for floculated PCC using the anionic starch particles; 2 gf
PCC was flocculated using about 0.8% of anionic steh polymer solution.
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Appendix F: SEM images and flocculation curvestafch particles
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Fig. F2: The effect of dilution on particle size dstribution of flocculated PCC prepared using anioné starch
particles HM 4152,
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Appendix G: Grammage of all the hand sheets
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Fig. G1: Grammage of all the hand sheets made witRCC additions as well as with and without anionic 0
cationic polymer additions (the grammage of most athe hand sheets was in the range 80 + 2 d)m
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Appendix H: Effect of fiber refining on propertie$ unfilled and filled

paper

Fig. H1: SEM images showing the morphology of fibex refined at different revolutions (rev.); A) 0, B)1500 and
C) 3000, at different magnifications.
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Fig. H2: Variation of paper properties with fiber r efining for unfilled paper.
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Fig. H3: The thickness and PCC retention for hand Iseets made without anionic starch additives at diffrent

fiber refining levels.
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Appendix I: Change in properties of hand sheetsagthe apparent

sheet density of hand sheets
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Fig. 11: Change in properties of paper against th@pparent sheet density of hand sheets made withflirent (in

terms of modified starch to cationic starch granuls ratio) anionic polymer additives blended with
cationic particles. The fiber refining of 3000 rev.was used. The shaded star represents hand sheet

made without PCC and without anionic polymer additive at a fiber refining range of 0-3000 rev.
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Fiber refining of 3000 rev. was used for the hamekess results in Appendix I.

Appendix J: Bar graphs for hand sheets made wiynparic additives

HM 13, HM 36, HM 37 and HM 38.
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Fig. J1: Comparison in the PCC retention of hand skeets made with polymeric additives HM 13, HM 36, HM37
and HM 38.
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Fig. J2: Comparison in Gurley air resistance of had sheets made with polymeric additives HM 13, HM 36HM

37 and HM 38.
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Fig. J3: Comparison in the bending stiffness of hathsheets made with polymeric additives HM 13, HM 36HM

37 and HM 38.
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Fig. J4: Comparison in the apparent sheet densityfdvand sheets made with polymeric additives HM 131M 36,

HM 37 and HM 38.
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Fig. J5: Comparison in the drainage of hand sheetsiade with polymeric additives HM 13, HM 36, HM 37 ad
HM 38.
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Fig. J6: Comparison in the CSF of hand sheets madeith polymeric additives HM 13, HM 36, HM 37 and HM
38.
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Fig. J7: Comparison in the Bendtsen porosity of hath sheets made with polymeric additives HM 13, HM 36HM

37 and HM 38.
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Fig. J8: Comparison in the burst index of hand shde made with polymeric additives HM 13, HM 36, HM J
and HM 38.
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Fig. J9: Comparison in the tensile index of hand sfets made with polymeric additives HM 13, HM 36, HM37

and HM 38.
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Fig. J10: Comparison in the stretch of hand sheetsyade with polymeric additives HM 13, HM 36, HM 37 ad
HM 38.
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Fig. J11: Comparison in tensile stiffness of handhgets made with polymeric additives HM 13, HM 36, M 37

and HM 38.
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Fig. J12: Comparison in the thickness of hand shegimade with polymeric additives HM 13, HM 36, HM 37and
HM 38.
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