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The Polymer Society of Thailand (PST) was founded in 1999 to be a center for connecting people
who are working on or interested in polymers from academic, industrial, and governmental sectors in
Thailand. PST has also been representing the Thai polymer community in the international arena. Among
the activities organized by PST are conferences, seminars, workshops, and short courses.

In recent years, the number of polymer scientists, technologists, and engineers in Thailand has
increased dramatically to more than one thousand personnels. Rarely that a scientific conference
devoted exclusively to all fields of polymer science, technology, and engineering was organized in
Thailand. Therefore PST has aimed to host The 1% Polymer Conference of Thailand (PCT-1) to provide a
forum for meeting and sharing of research results and ideas among the Thai polymer community and
also with international polymer experts. We hope that the PCT will prove to be a major platform for
facilitating academic and technical development of polymers in Thailand.

The aims of PCT-1 are,
1. To bring together academic personnel, students, researchers in university, government

institutes and industrial sectors, to share their experiences and knowledge relating to
polymer science, technology and engineering.

2. To promote networking and the establishment of new collaboration among polymer
scientists and interested persons or groups in both academic and industrial sectors in order
to push forward the development of polymer science and technology in Thailand.




: ‘ I ESSAGE FROM PRESLDENT

One of the important roles of the Polymer Society of Thailand (PST) is to promote the
development of polymer science, technology and engineering in Thailand. Such development is believed
to be important since the polymer and petrochemical industries in Thailand are growing rapidly and are
contributing very importantly to the economy of the country.

In 2007, the Polymer Society of Thailand, in collaboration with the Graduate Program in Polymer
Science and Technology, Mahidol University, organized the 1% Polymer Graduate Conference of Thailand
(PGCT-1), to provide a meeting place for polymer graduate students in Thailand to present and
exchange their research results. The 2" PGCT was organized by the Petrochemistry and Polymer Science
Program, Chulalongkorn University in 2009. Both PGCTs were proved to be successful events. However,
it was felt that the Thai polymer community needed a bigger forum for exchanging information, ideas
and experiences among polymer scientists, technologists and engineers from both the public and private
sectors as the number of the people involved with polymers in the country steadily grows. Furthermore,
there is an increasing need for closer collaborations between researchers from universities and
government institutes and industrial companies in order to achieve research results which have greater
impacts for the country.

For this reason, the 1% Polymer Conference of Thailand (PCT-1) is organized with cooperation and
supports from various graduate schools in polymer science and technology of major universities and also
some large petrochemical companies. It is hoped that the PCT will develop into an annual meeting for
PCT members and other interested parties of the Thai polymer community, similar to those that have
taken place in other advanced countries such as in the USA, Europe and Asia.

Finally, 1 would like to express my sincere thanks to members of the organizing committee who
have put in hard work and strenuous efforts in organizing the PCT-1. | also would like to express my deep
appreciation to the sponsors of the PCT-1, including PTT Chemicals Public Co., Ltd., SCG Chemicals Co., Ltd.,
National Science and Technology Development Agency (NSTDA), National Metal and Materials
Technology Center (MTEC), National Nanotechnology Center (NANOTEC), Thai Plastic and Chemicals
Public Co., Ltd., and PTT Phenol Co., Ltd. for their understandings and supports which will make the
PCT-1 a successful event.

Dr. Krisda Suchiva

Chairman of the PCT-1 Organizing Committee
President of the Polymer Society of Thailand
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Abstract

Collagen grafted poly[(acrylic acid)-co-(methacrylic acid)]

hydrogels were synthesized by solution

polymerization. Acrylic acid (AA) and methacrylic acid (MAA), ammonium persulfate (APS), N, N, N, N’-

tetramethylethylenediamine (TEMED), and N, N’-methylenebisacrylamide (MBA) were used as a pair of monomer, an

initiator, a co-initiator, and a crosslinking agent, respectively. The presence of functional groups of the grafted collagen

hydrogel was examined by FTIR technique. Too high or low content of APS did not provide the grafted collagen

hydrogel with good gel property and adequate water absorbency. The optimal ratio of AA-to-MAA was 86:14 by mol.

Water absorbency of the grafted collagen hydrogel increased with increasing the AA content.

Keywords: Hydrogel, Hydrolyzed collagen, Grafted collagen, Acrylic acid, Methacrylic acid

1. Introduction
Hydrogel is lightly crosslinked hydrophilic
polymer networks which can absorb water or biological
fluids up to ten times its dry weight. The presence of
crosslinked network renders hydrogel expand and swell
in water without dissolution, while hydrophilic groups,
such as the -COOH, -SO;H in hydrogel assist in high
water absorbency [1]. Hydrogel has been used in many
applications, such as, disposable diapers, agriculture,
cosmetics and biomedical engineering [2]. Although
hydrogel synthesized from synthetic monomers or
polymers provides excellent water absorbency its toxicity
and non-biodegradability induce environmental problems.
This is one limitation for applications for drug delivery
systems and consumer products. Recently, researchers
have focused on employing natural polymers, such as,
starch [1], gelatin [3], chitosan [4] and protein [5] to
medical and

produce natural-based hydrogels for

pharmaceutical ~ applications  because  of  their

biocompatibility, biodegradability, renewability and non-

toxicity. Natural-based hydrogels can be synthesized by

grafting vinylic monomers onto the backbones of natural
polymer in the presence of crosslinking agent. In nature,
collagen is found exclusively in animals. It is the main
component of connective tissue and the most abundant
protein in mammals, making up about 25% to 35% of the
whole-body protein content. Collagen has a unique triple-
helix configuration of three polypeptide subunits [6, 7].
Generally, proteins, such as, collagen, keratin, gelatin,
soy protein, are high molecular weight polymers and
difficult to dissolve in aqueous solutions. Thus,
hydrolyzed collagen with lower molecular weight is
generally used for hydrogel synthesis due to its water
solubility [8].

Acrylic acid (AA) and methacrylic acid (MAA) are
unsaturated carboxylic acid, consisting of a vinyl group
connected directly to a carboxyl group. Hydrogels
composing of AA or MAA provide high water absorbency,
pH sensitive [9] and thermal sensitive properties due to
hydrophilicity of the carboxyl groups [10]. Pourjavadi and
Kurdtabar [11] reported that the hydrolyzed collagen

grafted poly[(acrylamide)-co-(acrylic acid)] had a high
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water absorbency value of 600 g g"'. However, there is
still no report of the synthesized collagen grafted
acid)]
hydrogel). In this

poly[(acrylic  acid)-co-(methacrylic hydrogels
(collagen-g-poly(AA-co-MAA)
research, collagen-g-poly(AA-co-MAA) hydrogels were
synthesized by solution polymerization. The effects of
APS initiator on hydrogel formation and of the ratio of
AA-to-MAA monomer on water absorbency were

investigated.

2. Experimental
2.1 Materials

Hydrolyzed collagen was kindly supplied from
Udomkorn Engineering Co., Ltd. (Bangkok, Thailand).
The industrial grade acrylic acid (AA) and methacrylic
acid (MAA) were provided from Thai Mitsui Specialty
Co., LTD. (Bangkok, Thailand). NN -
(N-MBA) and NNN’N-
(TEMED) (both  are

Chemicals
methylenebisacrylamide
tetramethylethylenediamine
analytical grade) were purchased from Fluka (Buchs,
Switzerland) and used as a crosslinking agent and a co-
initiator, respectively. Ammonium persulfate (APS)
(analytical grade) was purchased from Ajax (Seven Hills,
Australia) and was used as an initiator. Deionized water
(Elga Deionizer, Model LA611, UK.) was used for the

synthesis and the water absorbency experiment.

2.2 Synthesis of collagen-g-poly(AA-co-MAA) hydrogel

Hydrolyzed collagen was dissolved in 25 ml
deionized water in a 500-cm’ four-necked round-bottom
flask equipped with a mechanical stirrer assembled with a
half moon-shaped Teflon blade paddle and the mixture
was stirred for 10 min at 80°C in a temperature controlled
water bath under nitrogen atmosphere. APS was added
and stirred for 5 min. AA, MAA and N-MBA were
sequentially added and stirred for 5 min and TEMED was
finally added. The mixture was stirred for 60 min to
complete the graft copolymerization. The reaction was
cool down to room temperature and dewatered with
acetone. The product was dried in an oven at 50°C for 24
h. The dry product was milled and sieved through a 100-

mesh sieve.

The synthetic conditions of collagen-g-poly(AA-
co-MAA) hydrogel for evaluating the effects of APS on
hydrogel formation and the AA-to-MAA ratio on water

absorbency are shown in Table 1.

Table 1 Synthetic conditions of collagen-g-poly(AA-co-
MAA) hydrogel

Ingredient/content Quantity
(% mole)
APS (%mole)* 0.1, 0.025, 0.05
AA-to-MAA ratios  100:0, 90:10, 80:20, 70:30,
(Yomole)** 60:40, 50:50, 40:60, 30:70,

20:80, 10:90, 0:100, 88:12,
86:14, 84:16, 82:18, 76:24

*Hydrogel synthesized with a collagen-to-monomer weight
ratio of 1:8; AA-to-MAA mole ratio at 70:30; 0.1% mole
each of N-MBA and TEMED based on the monomers, and 50
ml deionized water.

**Hydrogel synthesized with a collagen-to-monomer weight
ratio at 1:8; 0.05% mole of APS based on the monomer;
0.1% mole each of N-MBA and TEMED based on the

monomer, and 50 ml deionized water.

2.3 Characterization
2.3.1 Identification of functional groups of the collagen-
g-poly(AA-co-MAA) hydrogel

The functional groups of collagen-g-poly(AA-co-
MAA) hydrogel were examined by Fourier Transform
Infrared Spectroscopy (FTIR, Spectrum one, Perkin
Elmer, U.S.A.) using a KBr pellet technique.

2.3.2 Effect of the monomer ratio on equilibrium water
absorbency

The equilibrium water absorbency of collagen-g-
poly(AA-co-MAA) hydrogel was carried out in deionized
water at room temperature. The dry grafted collagen
hydrogel weighing 0.1 g was allowed to swell in the 200
ecm’ of deionized water for 24 h. The fully swollen
hydrogel was then separated from the unabsorbed water

by filtering through a 100-mesh sieve aluminum screen

for 2 h. The swollen hydrogel was weighed and the
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Scheme 1. Proposed mechanistic pathway for synthesis of the collagen-g-poly(AA-co-MAA) hydrogel based on

Pourjavadi and Kurdtabar [11]

equilibrium water absorbency (g g') was calculated by

Equation (1):

Equilibrium water absorbency (Q) = (W, — W) )/W, (1)

where W, is the weight of dry grafted collagen hydrogel
(g), and W, is the weight of the swollen hydrogel (g).

3. Results and discussion
3.1 Effect of APS on collagen-g-poly(AA-co-MAA)
hydrogel formation

The APS content imposes a significant effect on
the formation of hydrogel. The photographs of
synthesized hydrogels with various APS contents are
shown in Figure 1.

products with APS content of 0.1 and 0.025% mole of

It is found that the synthesized

monomers are white latex (Figure 1(a) and (b)) and could
not be dewatered with acetone; because they are soluble
in acetone. Thus, the dry collagen-g-poly(AA-co-MAA)

hydrogel could not be synthesized by these conditions.

This is because when too high content of APS (0.1%

mole of the monomer) was used in the graft

copolymerization, an abundance of radicals was
generated resulting in the formation of too many short
polymer chains and might produce a latex-form product.
Likewise when a low contents of APS (0.025% mole of
the monomer) was used in the graft copolymerization, a
few radicals were generated leading to many short
polymer chains. Thus, the synthesized products from
these APS contents had the similar physical property, i.e.,
cannot be dewatered and solidified.

In contrast, when the grafted collagen hydrogel
was synthesized with the APS content of 0.05% mole of
the monomers, the product is the white solid (Figure 1(c))
which could be dewatered with acetone to obtain dry
collagen-g-poly(AA-co-MAA) hydrogel with the water
absorbency of 136 + 13 g g, At the optimal content of

APS (0.05% mole of the monomers), adequate amounts
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Figure 1. The photographs of synthesized hydrogels at various APS contents: (a) 0.1, (b) 0.025, and (c¢) 0.05% mole of

the monomers
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Figure 2. FTIR spectra of: (a) hydrolyzed collagen (b) poly(AA-co-MAA) and (c) collagen-g-poly(AA-co-MAA)

hydrogel

of primary radicals generated could produce the flexible
three dimensional network of hydrogel structures. The
resulting water absorbency was thus obtained. The
concentrations of APS, TEMED, and N-MBA were fixed
at 0.05, 0.1 and 0.1% mol of the monomers, respectively,
for studying the effect of AA-to-MAA ratio on water
absorbency of the hydrogel.

The mechanism of graft copolymerization of AA
and MAA monomers onto collagen backbones in the
presence of APS and N-MBA has been proposed as
shown in Scheme 1 [11]. At the first step, APS is
decomposed by thermal initiation at 80°C to produce the
abstracts a

sulfate anion-radical. The anion-radical

hydrogen radical from one of the functional groups in

collagen backbone, such as COOH, SH, OH, and NH,, to
form macroradicals to initiate acrylic acid and/or
methacrylic acid at the carbon-carbon double bond to
result in a graft copolymer. In the presence of N-MBA,
the crosslinking reaction took place to produce the

flexible three dimensional network of the hydrogel.

3.2 Identification of the functional groups of collagen-g-
poly(AA-co-MAA) hydrogel by FTIR technique

The FTIR
poly(AA-co-MAA) and collagen-g-poly(AA-co-MAA)

spectra of hydrolyzed collagen,

hydrogel are shown in Figure 2. The spectrum of
hydrolyzed collagen (Figure 2(a)) shows the overlapped
peaks at 3313 cm™ of -NH stretching and —OH stretching
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[12]. It also shows the peaks at 1651 and 1537 cm’
assigning to C=0 stretching of amide I and —-NH bending
of amide group, respectively. The spectrum of poly(AA-
co-MAA) hydrogel (Figure 2(b)) shows peaks at 3107,
2956 and 1712 cm™ corresponding to —OH stretching of
carboxylic acid, C—H stretching and C=0 stretching of
carboxylic acid, respectively [13]. The absorption peaks
at 1242 and 1172 cm™ corresponding to C—O stretching
[15]. Spectrum (c) of the synthesized product (Figure
2(c)) shows the strong absorption peak at 1716 cm™,
shifted from 1712 cm™, assigning to C=0 stretching of
carboxylic acid of poly(AA-co-MAA) moiety. In
addition, the absorption peaks of C-O stretching in
poly(AA-co-MAA) moiety also shifted from 1242 to
1239 cm™ and from 1172 to 1170 cm™. Moreover, it
shows the medium intensity peak at 1635 cm™ of C=0
stretching of amide 1. The spectrum (c) of the synthesized
product also reveals that the peak of -NH bending of
amide group in hydrolyzed collagen moiety has less
intensity and shifts from 1537 to 1546 cm™ compared
with original collagen. This indicates that collagen-g-
poly(AA-co-MAA) hydrogel was successfully synthe-
sized by the grafting reaction between the amino group
(-NH) of collagen and the vinyl group (C=C) of AA
and/or MAA monomers via free radical copolymerization
(Scheme 1). The results confirmed that the synthesized
product was collagen-g-poly(AA-co-MAA) hydrogel.

3.3 Effect of AA-to-MAA ratio on water absorbency

900

o0

50800 1 3t
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[}

2 600 1
=}

172]
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The AA content (% mol of total monomer)

Figure 3. Equilibrium water absorbency of collagen-g-

poly(AA-co-MAA) hydrogel as a function of comonomer

contents

The equilibrium water absorbency of collagen-g-
poly(AA-co-MAA) hydrogel increases from 33 + 4 g g’
to 802 £ 18 g g with increasing the AA content from 0
to 86% mol of total monomers. However, when the AA
content increases from 86 to 100% mol of total
monomers, the water absorbency decreases from 802 g g
"to 9 g g as shown in Figure 3. Increasing AA content
(0 to 86% mol of total monomers) also can cause water
absorbency to increase due to increases in hydrophilicity
of the collagen-g-poly(AA-co-MAA) hydrogel by
increasing levels of the carboxylate anions. The higher
the repulsion force between carboxylate groups in the
crosslinked collagen-g-poly(AA-co-MAA) hydrogel, the
greater the water absorbency becomes. However, when
the AA content increases from 86 to 100% mol of total
monomers, the water absorbency decreases. This may
cause by the low or weak gel strength in swelling leading
to losses of gel particles during filtering through a 100-
mesh sieve aluminum screen. Thus, the optimal ratio of

AA-to-MAA was 86:14 by mol.

4. Conclusion

The synthesis of collagen-g-poly(AA-co-MAA)
hydrogel was carried out by solution polymerization. The
content of APS affected the hydrogel formation. The
equilibrium water absorbency of collagen-g-poly(AA-co-
MAA) hydrogel increases with increasing the AA content
not greater than 86% mol. The optimal ratio of AA-to-
MAA was 86:14 by mol.
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Abstract: In the present contribution, chitosan with a
degree of deacetylation of 95% in its blend with
poly(ethylene oxide) (PEO) was fabricated into
nanofibrous membranes by electrospinning. The
introduction of PEO was to facilitate the fiber formation.
The spinning solution was 6.7% wi/v chitosan and 0.3% w/v
PEO in 70:30 v/v trifluoroacetic acid/dichloromethane. The
obtained fibers were smooth without the presence of beads,
as confirmed by scanning electron microscopy (SEM). The
diameters of the individual fibers were 272 + 56 nm. The
surface of the obtained chitosan fibers was modified with
N-(2-hydroxyl) propyl-3-trimethyl ammonium chloride
(HTAC) with an aim of making the chitosan nanofibrous
membranes into a quaternary ammonium salt. The
reaction was characterized by Fourier-transformed
infrared spectroscopy (FTIR) and degree of swelling.

Introduction

Chitosan  or  poly-f-(1-4)-D-glucosamine, a
deacetylated derivative of chitin, is one of the most
widely used biomaterial for wound dressings and
scaffolding materials in regenerative medicine. This is
made possible because of its biocompatibility, non-
toxicity, biodegradable and antibacterial activity.
However, its antibacterial activity is limited to acidic
conditions, because of its inherently poor solubility at a
pH above 6.5 [1]. The antibacterial activity of chitosan
arises from the protonation of the amino groups upon its
dissolution in an acid. Many studies purpose that the
interaction of polycationic chitosan with negatively
charged surface of bacteria results in the loss of
membrane permeability, cell leakage and cell death [2].
Comparing with chitosan, chitosan derivatives that bear
quaternary amino groups are more effective against

O
/

CHj

CHj;

\ I+ =
HC—C—Ct [erlfu e

CH

bacteria in a much wider pH range, obviously a result of
the permanent positive charges that they carry [3].

Recently, fibers with diameters in sub-micron ranges
can be facilely prepared, usually in the form of fibrous
membranes, by a process known as electrospinning. Due
to the highly porous nature of the membranes, they are
suitable to be used as wound dressings and carriers for
transdermal/topical delivery of active agents [4-6].
However, electrospinning of chitosan is limited by its
poor solubility and its polyelectrolytic nature upon
dissolving in an acid aqueous solution. The successful
electrospinning of pure chitosan fibers has been reported
from its solution in 90% aqueous acetic acid [7],
trifluoroacetic acid (TFA), and a co-solvent system of
TFA and dichloromethane (DCM) [8-10]. The direct
electrospinning of a quaternary ammonium salt of
chitosan is even more difficult, because of the repulsive
forces among the permanent charged moieties. This can
be alleviated through the blending of it with an
electrospinnable polymer template, such as poly(vinyl
alcohol)[4] and poly(vinyl pyrrolidone)[5].

The goal of the present research work is to prepare
electrospun fibrous membranes from the chitosan
solutions in a TFA and DCM co-solvent system,
followed by modification of the surface amino groups
with glycidyltrimethylammonium chloride (GTMAC) to
give  N-[(2-hydroxyl-3-trimethylammonium) propyl]
chitosan chloride (HTAC) as shown in Figure 1. The
potential use of the HTAC-modified chitosan
nanofibrous membranes as anti-bacterial non-woven
fabrics shall be investigated in future work.
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Figure 1. Modification of chitosan with GTMAC (Seong et al)[6].
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Experimental Details

Materials

Chitosan (CS) powder (degree of deacethylation of
95%), TFA (CF;COOH, 98% purity) and GTMAC
(analytical grade) were purchased from Fluka
(Germany). Acetic acid, ethanol and DCM were
purchased from Lab-Scan Analytical Science (Ireland).
PEO with an average molecular weight of 600,000 Da
and glutaraldehyde were purchased from Sigma-Aldrich
(USA).

Preparation of the spinning solution

The spinning solution of 7% w/v CS/PEO solution
was prepared by dissolving specific amounts of CS and
PEO at various weight ratios in a co-solvent system of
TFA and DCM at a volumetric ratio of 70:30.

Fabrication of electrospun chitosan membranes

Chitosan fibrous membranes were prepared by
electrospinning the CS/PEO solution at room
temperature [10]. Briefly, the solution was loaded in a
glass syringe (20 mL) with a stainless steel needle
having a gauge size of 20. The positive electrode of a
high voltage power supply (BMEI, China) was
connected to the metal capillary by copper wires. The
applied voltage and the tip-to-collector distance were
fixed at 25 kV and 12 cm, respectively. The obtained
fibrous membranes had been dried in vacuo at ambient
temperature for 24 h prior to being cross-linked with
glutaraldehyde vapor in a desiccator for 6 h at ambient
temperature. After the cross-linking, the membranes
were finally dried in vacuo for 24 h. The cross-linked
membranes were neutralized further in 5 M Na,CO;
aqueous solution for 3 h, washed several times with
deionized (DI) water and finally dried at ambient
temperature for 24 h [10].

Synthesis of HTAC-modified chitosan fibrous
membranes

HTAC-modified chitosan fibrous membranes were
was synthesized according to an established method as
outlined in Figure 1. Briefly, four pieces of CS/PEO
fiber mats (6 cm by 3 cm) were placed in 40 mL of DI
water and GTMAC. The CS:GTMAC mole ratio was
1:4. The reaction was carried out at 70 °C. The modified
CS/PEO fibrous membranes were washed with DI water
and ethanol was added to remove the unreacted
GTMAC. The membranes were dried in vacuo at
ambient temperature for 1 d.

Characterization

Morphologies of the neat and the modified CS/PEO
fibrous membranes were investigated by scanning
electron microscopy (SEM, JEOL JSM-5200, Japan).
The fiber mats were coated with gold (JEOL JFC-1100E
sputtering device, Japan) for 3 min prior to the SEM
observation. Fourier-transform infrared spectroscopy
(FTIR, Nicolet Nexus 671, UK) and the degree of
swelling were used to confirm the success of the
modification reaction.
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The degree of swelling was determined
gravimetrically. Each specimen, after being submerged
in DI water for 1 h, was sandwiched between a pair of
tissue papers. A flat metal sheet (500 g) was placed on
top of the specimen to remove excessive amount of
water. The degree of swelling () was then calculated
according to the following equation:

o= x 100 0

wt of swollen fibers - wt of dry fibers
wt of dry fibers

where o is the degree of swelling (%) and wt stands for
the weight.

Results and Discussion

SEM was used to investigate morphologies of the
obtained fibrous matrices. Representative images are
shown in Figure 2. The diameters of the neat CS fibers
varied rather widely, with the presence of beaded
segments as well as discrete beads distributing
throughout (Figure 2a). PEO was selected as a suitable
nonionogenic partner for the preparation of electrospun
chitosan fibers. Clearly, the morphologies of the
obtained CS/PEO fibers were strongly influenced by the
weight compositions of the two polymers in the spinning
solutions. At the CS:PEO ratio of 6.9:0.1 w/w, the jet
did not come out from the opening of the needle as a
continuous stream, as discrete drops of the solution were
occasionally observed on the collective screen, despite
the rather smooth fiber surface shown in the SEM image
(Figure 2b). The electrospinnability of the solution
improved greatly at the CS:PEO ratio of 6.8:0.2 w/w
(Figure 2c). However, the beads disappeared completely
at the CS:PEO ratio of 6.7:0.3 w/w (Figure 2d). Further
increase in the PEO content within the solutions to 0.4
and 0.5 % w/v helped facilitate the electrospinning even
more so. Analysis of the diametric distribution of the
obtained fibers reveals marked increase in the fiber
diameters from 148 £ 41 nm of the neat CS fibers to 234
+ 41 nm of the 6.9:0.1 w/w CS/PEO fibers and finally to
624 + 106 nm of the 6.5:0.5 w/w CS/PEO fibers (Figure
3).

The 6.7:0.3 w/w CS/PEO fiber mats were chosen for
further investigation. The fiber mats were further cross-
linked with glutaraldehyde (GT) vapor to limit the
dissolution of the materials in water. The dissolution in
water arises from the aqueous solubility of both the CS-
TFA salts [10] and the PEO. When the CS/PEO fiber
mats had been cross-linked with GT vapor, the materials
retained their fibrous character during the HTAC
modification. In addition, the disappearance of the IR
transmittance peak at 1587 cm™ (Figure 4) of the cross-
linked CS/PEO fiber mat suggested the loss of the free
amino groups [11].
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Figure 2. Effect of composition of CS/PEO spinning solution on the morphology of the obtained fibers (CS:PEO weight
ratio): (a) 7:0; (b) 6.9:0.1; (¢) 6.8:0.2; (d) 6.7:0.3; (e) 6.6:0.4;(f) 6.5:0.5.
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Figure 3. Diametric distribution of the obtained CS/PEO fibers (CS:PEO weight ratio): (a) 7:0; (b) 6.9:0.1; (c) 6.8:0.2;
(d) 6.7:0.3; (e) 6.6:0.4;(f) 6.5:0.5.

Seong et al. [6] supposed that the HTAC was
synthesized from the reaction between GTMAC and the
amino groups of CS, as shown in Figure 1. Under acidic
condition, GTMAC reacted mainly with the amino
groups, while, under alkaline condition, GTMAC did so
with the hydroxyl groups. Figure 4 shows the FTIR

spectra of the neat CS, CS/PEO fibers, crosslink
CS/PEO fibers, and the modified CS/PEO fibers.
Characteristic peaks of CS at 3400 cm™” are for —OH
stretching, 1653 and 1569 cm™ for -NH, stretching and
bending. The characteristic transmittance peaks of the
chitosan fiber were observed at 1675 and 1530 cm’,
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corresponding to the stretching of the protonated amino
(-NH;") groups. The large band around 1675 cm™ and
three absorption bands around 845-720 cm™ showed the
presence of trifluoroacetic acid in CS/PEO fibers as
amine salts [10, 12]. In the FTIR spectra of HATC-
modified CS/PEO fibers, the amino peak at 1530 cm’
disappeared and a new peak at 1487 cm™ appeared to be
the methyl band of GTMAC.

d 1487.

%% transmittance

1653 1569

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm” 1 )

Figure 4. FT-IR spectra of (a) CS, (b) CS/PEO fibers,
(c) cross-linked CS/PEO fibers, (d) the product from 8
h-reaction of GTMAC with non-neutralized CS/PEO
fibers, and (e) the product from 8 h-reaction of GTMAC
with neutralized CS/PEO fibers.
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Figure 5. Degree of swelling of the products from
reaction of GTMAC with (o) non-neutralized and (e)
neutralized CS/PEO fibers, respectively.

Degree of swelling of the product from the reaction
of GTMAC with the neutralized CS/PEO fiber was
almost constant as shown in Figure 5 (e). The surface
modified-HTAC was incomplete due to an improvement
in the packing ability of chitosan; intermolecular
hydrogen interaction between chitosan molecules
improved the molecular packing after neutralization
[10]. In reaction of GTMAC with the non-neutralized
CS/PEO fibers, the HTAC-modified CS/PEO fibers
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were prepared to confirm the decreasing degree of
swelling from 753% (pre-modified surface) to 153%
(post-modified surface after the 2 h reaction). Protonated
ammonium groups from the electrospinning process
reacted with GTMAC and the hydrophilicity was
decreased. When increasing the reaction time, the
hydrophilicity of HTAC-modified CS/PEO fibers
increased.

Conclusions

To be able to electrospin chitosan, a solvent blend of
trifluoroacetic acid and dichloromethane at the 70:30
ratio was used to dissolve chitosan and promote
spinnability. Addition of a small amount of
poly(ethylene oxide) increased the chitosan viscosity
and reduces beads on the fiber surface. The average
diameters of the fiber mats was 272456 nm. This
research shows that though the glutaraldehyde
crosslinked CS/PEO fibers surface, the quaternary
ammonium salt of chitosan can be achieved. FTIR and
degree of swelling (%) investigation confirmed the
success of the reaction.
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Abstract

The mesostructure of natural rubber defined as complex aggregates between macromolecules. This
structure can destroyed when dissolved in a conventional solvent of polyisoprene. However, in many cases,
a proportion of natural rubber remains insoluble in those solvents referred as the gel phase (Vaysse et al.,
2009).

Kim et al. (2008) was the first to characterize the macromolecular structure of Hevea brasiliensis NR by size-
exclusion chromatography coupled with an online multi-angle light scattering detector (SEC-MALS).
However, SEC-MALS characterization is limited by upper molecular weight exclusion limits, sample
adsorption to the stationary phase, and shear degradation at high pressures and flow rates (Messaud et al.,
2009). Nowadays, Field-flow fractionation (FFF) is a rapidly emerging technique which can fractionate a
wide range of analytes. Moreover, no studies by FFF on the structure of NR have been reported to date.

This study was storage latex in ambient temperature with difference time (t;, teo, and tig). The
compositions of latex were separated by centrifugation. The bottom fraction of centrifuged latex shown
more instability with increasing storage time but less than Rapeepun’s work. Field latex (FL), Field latex
adding sodium azide (FL+N), and cream fraction of centrifuged latex (CL) were collected to prepared film
and small ADS. The solutions of these samples were analyzed by SEC-MALS. It was found that the solution
of FL+N film shown macrogel in the bigger size than FL, while the solution of CL was disappears macrogel.
However, percentage of gel of ty and tyy sample was not shown the same trend with appeared macrogel.
The comparison of FL, FL+N, and CL molar mass shown that sodium azide affect on decreasing molar mass
for film but not for sheet, while the centrifuged latex has lower molar mass than field latex.

These samples were not analyzed by AF4 yet because it is going on the study of suitable conditions for
analyze natural rubber by AF4-MALS. There are 4 samples to use in this study; M160 and M121 are
constant viscosity Hevea brasiliensis natural rubbers, IR307 and Nippol2200 is synthetic rubber. The
basically results of comparison between SEC-MALS and AF4-MALS results found that similar M, values but
differences in M,, and M, values especially for natural rubber. These could be explained by the observed
microgel in AF4 but not during SEC separation. Moreover, there are some troubles to solve; such as
baseline adjustment, integration limits, and blank subtractions, for better reducibility.

Keywords: Hevea brasiliensis; Mesostructure; Size Exclusion chromatography; Asymmetric Flow Field-Flow Fractionation
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P27 Observation of horizontal distribution of city aerosols by using polarization Lidar System
(Mr. Sun Yijie, Chiba University)

P28 UAV on-board CP-SAR Image Processing System using one FPGA Board with 2GB DDR 3
DRAM (Mr. Koshi Oishi, Chiba University)

P29 Simultaneous tracking and recognition of hand gestures using particle filter (Mr. Ryuta
Fukuoka, Chiba University)
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Abstract

The effects of pretreatment solutions of chitosan (CS)
and glycine (Gly) on polyester fabric and their printing
results were investigated. The polyester fabrics were
padded with CS (4% w/v) or Gly (5% w/v) solution prior
to printing with a set of seven-color pigmented water-
based jet inks from a piezo-electric jet printer.
Hydrophobicity/hydrophilicity of the untreated and
treated polyester fabrics was measured by wicking test.
K/S values and color difference of the polyester printed
fabrics were investigated. The printed fabric with Gly
pretreatment had the higher K/S wvalues and color
difference than those with CS pretreatment due to its
interaction with color inks. Gly increased hydrophilicity
of the treated polyester fabric, while CS markedly
decreased the hydrophilicity. The higher hydrophilicity
of the treated polyester fabric is, the greater the wetting
of the treated polyester fabric becomes. Gly pretreatment
solution gave the higher K/S values and color difference
of the printed polyester fabric.

Keywords: Chitosan, Glycine, Polyester fabric, Ink jet
printing

Introduction

Polyester fabric is hydrophobic. Thus, it has a limitation
for dyeing and printing with water-based ink. However,
it has a negative zeta potential value [1]. The
pretreatment of polyester fabric with a suitable agent is
the technique to enhance its printed quality. Wang ef al.
[2] found that the positive charges of pretreatment
reagent could enhance the color and other properties of
the polyester fabric with ink jet printing. Chitosan (CS)
is extensively used as a pretreatment reagent for various
textile fabrics. The CS pretreatment fabric had high color
gamut [3-5]. In this research, the effects of fabric
pretreatment with Gly and CS were investigated in the
color difference and color strength of the subsequently
ink jet printed fabrics. In addition, the interactions of Gly

and CS with inks and polyester fabric were also
investigated.

Experimental

Materials

A plain weave polyester fabric, constructed of 182
ends/in. (warp) x 87 picks/in. (weft) with a basic weight
of 127 g m?, was used. Triton X-100, a non-ionic
surfactant, was supplied by Merck (Frankfurt, Germany).
CS flakes of 57,000 g/mol of average molecular weight
and 85% deacetylation degrees (DD) was purchased
from Seafresh Industry Public Co., Ltd. (Bangkok,
Thailand). Gly (98.5% pure) was purchased from Ajax
Finechem (Seven Hills, NSW, Australia). A commercial
set of seven-color, pigmented water-based jet inks
(Epson UltrachromeTM Ink), supplied from Seiko Epson
Corporation (Suwa, Nagano, Japan), was used for
printing the fabrics.

Preparation of pretreatment solutions

The pretreatment solution of CS, 4% w/v, was prepared
by stirring in 2% v/v of acetic acid until dissolved. Gly,
5% w/v, was dissolved in de-ionized water (Elga
Deionizer, LA1, Elga Labwater, UK).

Zeta potential measurement

The ink jet inks, CS and Gly pretreatment solutions,
polyester fabric and the pretreated polyester fabrics were
all measured for zeta potential using a Nano-ZS, Zeta
Potential Analyzer (Malvern Instruments Ltd., UK) in a
disposable U-shaped cell with each wall that
accommodates one small piece of a Cu electrode.

Fabric pretreatment and ink jet printing
The cleaned polyester fabrics were then padded with CS,
4% w/v, or Gly, 5% w/v, solution using a padding
machine (PB-1, Copower Technology Co., Ltd., Taiwan)
with a 70% wet pick up. The treated fabrics were then
dried in an oven (M-3, Copower Technology Co., Ltd.,
Taiwan) at 80°C for 5 min and cured at 110°C for 2 min.
A color test chart was printed on the untreated and
treated polyester fabrics with a set of seven-color, water-



based pigmented ink jet inks from an ink jet printer
(Epson Stylus Photo 2100, Seiko Epson Corporation,
Nagano, Japan). The printed fabric was steamed at
100°C for 5 min in a steamer (HTS-3, Copower
Technology Co., Ltd., Taiwan).

Wicking test

Polyester fabric samples were cut into two sets of fiber
directions, namely warp direction and weft direction.
The fluids used for measuring the hydrophilicity and
hydrophobicity of polyester fabrics were the distilled
water (W) and 2-octanol (O), respectively. Each fabric
strip (25-mm wide and 305-mm long) was positioned
vertically over a beaker containing distilled water or 2-
octanol and the end of the fabric strip was immersed in
the fluid. The wicking rate was measured in terms of the
height of fluid achieved in polyester fabric strip after 5
min immersion. The wicking ratio (W/O) was used as an
indicator of the hydrophilicity vs. hydrophobicity of the
polyester fabrics.

Interaction of pretreatment solution with color inks
The interaction of pretreatment solution with color inks
was investigated by UV-Visible Spectrophotometry.
Each color inks 0.03% w/v of 10 ml was prepared and
mixed with CS 4% w/v or Gly 5% w/v solution of 0.5 ml
and stood for 24 h. The mixed solutions were centrifuged
with 3000 rpm for 20 min at 25°C. The upper solution
was collected and then measured its absorption with UV-
Visible Spectrophotometer model HP-8453 (HewLett
Packard, Germany).

Color strength (K/S) measurement

The color strength of inks was determined based on the
Kubelka—Munk equation, and expressed as a K/S value.
The percentage of reflectance was measured by
spectrophotometer with a specular light excluded

condition. The K/S value was calculated according to Eq.

(1) [6]:
K/S = (1 - R,)/2R,, (1)

where K is the absorption coefficient of the printed color
on the surface, S is the scattering coefficient caused by
the colored substrate, and R, is reflectance of the colored
sample at an infinite opacity. The significance level of
K/S values of the pretreated fabrics compared with the
untreated fabric was performed by one way analysis of
variance (ANOVA) with the least square difference
(LSD) tests used for post hoc evaluations of differences
between groups in Statistical Package for the Social
Science (SPSS) version 14.0 software, at a confidence
level of 95.0% (o= 0.05).

Color difference
Color difference of color patches in a test chart between
the untreated and treated polyester fabric was determined

based on CIE color difference and calculated according
to Eq. (2) [7]:

AE = JAL* + Aa*® + Ab*? 2

where AE is color difference of the printed color on the
surface, L is the lightness where a* and b* are the red-
green and yellow-green values, respectively.

Result and discussions

Zeta potential measurement

The zeta potentials of all four color inks were found to
be negatively charged as shown in Table 1. The magenta
color ink had the highest negative value and the yellow
color ink the lowest one, but still relatively high (-34.7
mV). The pigments of Epson inks are encapsulated by a
type of crosslinked polymer to prevent coagulation. It
implies that the encapsulated pigmented inks had anionic
functional groups, consistent with their good dispersion
stability. CS solution had the 3.4-fold higher of positive
zeta potentials value than Gly solution.

Table 1. Zeta potentials of the color inks and
pretreatment solutions
Type of material

Zeta potential, £ (mV)

Cyan ink —43.1
Magenta ink -56.5
Yellow ink —34.7
Black ink —36.7
Chitosan solution +83.4
Glycine solution +24.7

Effects of the pretreatment agents

Hydrophilicity of polyester fabrics

Wicking ratios (W/O) of the untreated and treated fabrics
are shown in Table 2. The order of higher wicking ratios
can be ranked as follows: Gly treated fabric (0.91) >
untreated polyester fabric (0.72) > CS treated polyester
fabric (0.42). The higher W/O value is, the higher
hydrophilicity of fabric becomes. It indicated that Gly
increased hydrophilicity, whereas CS decreased hydro-
philicity of the treated polyester fabric.

Table 2. Wicking rate of the untreated and treated
fabrics with CS or Gly pretreatment solutions

Type of Testing Warp Weft P/IF W/
fabrics reagents  distances distances Oavg
(P) (F)
Untreated W 4.2 5.1 0.82 0.72
O 5.6 7.4 0.75
CS treated w 2.8 3.1 0.88 0.42
(0] 6.1 7.9 0.77 )
Gly treated w 4.5 44 1.03 091
o) 6.4 6.9 0.92 )




Interaction of pretreatment solution with color inks

The absorption of upper portion solution of each
pretreatment solution mixed with any individual color
ink was shown in Figures 1-4. It was found that the
mixed solution of Gly pretreatment solution with all
color inks had the significantly lower absorbance than
that of CS pretreatment solution.

Gly, a small amino acid molecule, has an isoelectric
point (PI) at 5.97. At a pH of less than 5.97 Gly is in a
form of the protonated amino group (-NH;") and can
interact with the negative charge of polymer
encapsulated pigment in ink leading to precipitation of
Gly-pigment adduct. Thus, the upper portion solution
had lower absorbance because of the less pigment
remained in the solution. CS, a long chain polymer, was
also in a form of the protonated amino groups with some
hindrance due to its molecular size resulting in a lower
interaction with encapsulated pigment even though it had
a relatively high positive charge. This confirms that Gly
rendered a higher interaction with the encapsulated
pigment in the color inks.
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Figure 1. Absorption spectra of the upper portion solution of
mixed cyan ink with CS or Gly pretreatment solution
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Figure 2. Absorption spectra of the upper portion solution
of mixed magenta ink with CS or Gly pretreatment solution
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Figure 3. Absorption spectra of the upper portion solution of
mixed yellow ink with CS or Gly pretreatment solution
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Figure 4. Absorption spectra of the upper portion solution of
mixed black ink with CS or Gly pretreatment solution

Color strength
The color strength (K/S) of the fabrics subjected to CS
and Gly pretreatment solutions is summarized in Table 3.
Gly treated fabrics gave the higher K/S values than did
the untreated fabrics. For the CS treated fabrics, the
lower K/S values were obtained for the four ink colors
compared to the untreated fabric and Gly treated fabrics.
This was caused by the CS treated fabric to produce the
lower hydrophilicity; a lower ink wetting was thus found
than that of Gly treated surface.

Moreover, the lower interaction of CS with each
pigment in color inks led to less pigment adherence on
the surface of the printed CS treated fabric.



Table 3. Color strength (K/S) of the untreated and
pretreated polyester fabrics

Polyester KIS at A max
fabrics Cyan Magenta  Yellow Black
620 nm 540 nm 400 nm 400 nm

Untreated 2.53 4.79 5.38 3.61
CS 4% w/v 1.57 2.47 5.2 2.4
treated
Gly 5% w/v 3.57 5.07 6.77 3.77
treated
Color difference

The color difference of the untreated and treated fabrics
with CS or Gly pretreatment solutions is summarized in
Table 4. It shows that both CS and Gly treated fabrics
had a higher color value than that of the untreated
polyester fabric. Gly increased the blue, green, cyan and
magenta inks with the higher color difference than that
of CS. The reasons were explained in color strength
section. This confirmed that the protonated CS and Gly
could be used as the pretreatment solution for polyester
fabrics printing by ink jet technique to achieve the good
color quality of printed fabrics.

Conclusions

CS and Gly improved color quality of the printed fabrics
than the untreated fabric. Gly pretreatment gave the
higher K/S value and color difference over the CS
pretreatment due to its higher wetting and better
interaction with the encapsulated pigment in the inks.
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Abstract

Six surface-modified pigmented inkjet inks comprising
black, cyan, magenta, yellow, light cyan, and light
magenta colors were prepared with a pigment-to-binder
ratio of 1:2. Styrene-acrylic acid emulsion was used as a
binder. Fluid system composed of diethylene glycol and
glycerol was examined by varying their ratios to adjust
the ink viscosity. Overall particle size of pigment and
polymer emulsion was controlled within the range of 100
to 300 nm. Surface tensions were varied by surfactant
concentration. The range of viscosity and surface tension
affecting the jettability were investigated. Good
jettability range was found in a viscosity-surface tension
operation window in each series of ink formulation 5
which could produce the complete test patterns.

Key words: Ink formulation, surface modified pigment,
viscosity, surface tension, ink jet ink, jetting

Introduction

Viscosity and surface tension of ink are the important
parameters in the design of ink because they aid droplet
formation through nozzles in a controlled manner for any
given inkjet technology. Many approaches have been
used to develop pigment-based inks as pigments are
substrate independent and can be applied on most
printing substrates. Pigment appears to be the most
suitable candidate to achieve performance benefits. With
increasing environmental pressure on dye-based colorant
systems and with improvements in pigment applications,
it is expected that there will be a rapid growth in
pigment-based colorant systems. Pigment dispersion is a
very important factor because particle sizes in the range
of 20 to 200 nm are preferred for inkjet inks for reliable
performance through nozzle since the pigment dispersion
and the rest of the ingredients in the ink jet ink
formulation serve to position the pigment particles to the
right place on the substrate through a given print head in
order to generate beautiful images, or to bind the
pigment particles to the substrate so that the image can
last a long time with respect to different types of
resistance.

A proprietary technology to modify pigment surfaces
by attaching various ionic functional groups such as
sulphonate (-SOj3’), carboxylate (-COQO’) or quaternary
ammonium (-Ry;N") to impart electrostatic stabilization
and desired physicochemical properties to aqueous
pigment dispersions were developed [1] which
eliminated the need of conventional dispersants. The
technology was first utilized for surface modification of
carbon black pigments which resulted in commercial
products such as CAB-O-JET® 200 and CAB-O-JET®
300 black pigment dispersions. Surface treatment of
pigment with its own derivatives has been very
successful in ink applications. A novel color pigment
dispersion set for aqueous inkjet ink applications that
comprised of surface modified copper phthalocyanine
blue pigment (IJX™ 253, PB 15:4), Quinacridone red
pigment (IJX™ 266, PR 122) and monoazo yellow
pigment (IJX™ 273 PY 74) was developed [1] using
Cabot surface modification technology. It was
demonstrated that surface modification of color pigments
with ionic groups provides stable dispersions with
favorable physical characteristics for the formulations of
aqueous inkjet inks. Yu and Gottberg [2] investigated
surface modified carbon Dblack pigments by
potentiometric titration found to be effective in
understanding the stability of pigment dispersions. The
effect of ionic strength, inkjet ink components and nature
of surface functional groups were studied and could be
related to the pigment stability. Daplyn and Lin [3]
reported preparations of three different pigment
dispersions and formulations of inkjet inks from the
prepared dispersions. The ink formulations comprised
2% pigment dispersion, 15% thermal curing binder, 5%
ethylene glycol, 5% isopropyl alcohol and 73% water.
The ink formulations were evaluated for their suitability
for jet printing on textile fabrics. Results of this study
showed that ink formulation containing a surface
modified pigment (Cabot Magenta [JX 266) was most
suitable for inkjet printing. This was attributed to the
pigments smaller particle size, lower viscosity and
stability to the freeze-thaw cycles and pH changes.
Kiatkamjornwong et al. [4] prepared the pigmented
inkjet inks composed of 4%wt of each pigment
dispersion (cyan, magenta, yellow and black), 10%wt



diethylene glycol, 15%wt glycerin, 16.5%wt acrylic
binder with a pigment to binder ratio of 1:2 and
deionized water. The pH of the inks was adjusted to 9.0
using sodium hydroxide. The particle size distribution
and viscosity of inkjet inks were slightly increased
during ambient storage of two months. Leelajariyakul ez
al. [5] studied the effect of pigment dispersion
techniques such as surface modification and micro-
encapsulation on inkjet printing of silk fabric. The
properties of both types of inks were: viscosity 3.5— 5
mPa s, surface tension 38— 45 mN m™ and particle size
220- 230 nm which gave a good ink jetting. The particle
size and viscosity of both types of ink stored at ambient
room temperature for 12 weeks increased by 2—15% and
20— 40%, respectively. The surface modified pigmented
inks provided high optical density, good tone
reproduction, better color gamut and gamut volume on
both untreated and pre-treated silk fabrics.

Experimental

Preparation of pigmented inkjet inks
Table 1 describes the detailed information of pigment

Table 1 Properties of pigment dispersions and binder

dispersion and binder and the pigmented inkjet

formulations as shown in Table 2.

The pigment-to-binder ratio was fixed at 1:2, which
is a typically selective ratio used in a general inkjet
formulation [5] and the formulated ink viscosity was
adjusted and compared with those of Epson inks. The
proportion of diethylene glycol and glycerol was
adjusted for monitoring the ink viscosity. Binder
(Printofix 710), urea and surfactant (Surfynol 104) were
added individually to avoid any unfavorable
inhomogeneity in the solution. Then, a dilute NaOH
solution (10% w v') was added to the ink in order to
adjust the pH in the range of 7 to 9. After mixing, the
inks were filtered through a cellulose acetate filter (pore
size 0.45 pum) to prevent any coarse particles from
clogging the orifices of the printer. The formulated inks
were diluted with deionized water before measuring the
zeta potential by Zeta nanosizer (Zeta nanosizer ZS
model Zen 3600, Malvern Instrument Ltd., England).
The charges on the pigment surfaces were evaluated at
25°C.

Chemical properties Physical properties
Mean
. 1 . Pi t o . Zet
Materials Color Chemical class 1gmen. Viscosity  particle © a.
Index of ) concentration pH . potential
‘oment of pigment (. %) (mPa s) size (mV)
Cyan: C
(CAB-O- ) Copper 98.7 £
JET® PB 15:4 phthalocyanine 10.03 6.11 2.40 412 -54.6
250C)
Magenta : M
(CAB-O- : : 132.7+ i
BT PR 122 Quinacridone 9.98 4.05 2.47 477 53.2
260M)
Yellow : Y
+
(CAB-O- py 74 Monoazo 10.09 7.24 2.36 190.1 -50.7
JET 89.0
270Y)
Black : Bk 154.6 +
(CAB-O- PBk 7 Carbon black 20.44 7.29 3.88 64: 9 -55.1
JET® 200)
. Styrene-
Printofix 2355+
binder 710 Acrylate 40.00 6.14 43.2 712 -37.9

copolymer




Table 2 A water-based pigmented ink formulation

Chemical Weight (%)
Pigment dispersion (by
weight) 5.00
For process colors 2.00
For light colors
Diethylene glycol 25-10
Glycerol 1- 12
Urea 5.00
Binder (by weight)
For process colors 10.00

For light colors 4.00
Deionized water volume was made up to
100% weight

Properties of the pigmented inkjet inks

For developing a set of water-based pigmented inkjet
ink, six color inks composed of the black, cyan, light
cyan, magenta, light magenta and yellow colors were
prepared and the physical properties were measured. The
formulated ink viscosity was adjusted and compared
with the Epson commercial ink. The concentrations of
diethylene glycol and glycerol were adjusted for
monitoring the right ink viscosity, and the physical
properties of pH, viscosity and surface tension were
measured. The jet ability of the formulated ink sets was
printed with the test pattern images.

Results and discussion

Ink formulation and physical properties

The surface-modified pigments with sulphonic acid
group were used for ink formulation [5]. The surface-
modified pigments were made from copper phthalo-
cyanine blue (C.I. Pigment Blue 15:4), quinacridone red
(C.I. Pigment Red 122), monoazo yellow (C.I. Pigment
Yellow 74), and carbon black (C.I. Pigment Black 7). A
rheology modifier is an ingredient used to control the
viscosity of the ink or more precisely the rheological
profile of the ink. For the ink formulation, diethylene

glycol and glycerol are performed as a rheology modifier.

The proportion of diethylene glycol and glycerol was
adjusted for monitoring the ink viscosity at a low shear
rate. The pH, viscosity, and surface tension of the
formulated inks are shown in the Tables 3-8.

Black ink formulation

The five black ink formulations in each ink formulation,
which include a pigment dispersion of black (CAB-O-
JET®200): C.I. Pigment Black 7, are shown in Table 3
which presents the ink ingredients and concentrations.
All inks exhibit the Newtonian fluid property, i.e., shear
stress is in a linear proportion to shear rate and viscosity
is constant at all shear rates. The high ratio of diethylene
glycol-to-glycerol content in ink formulation 1 had the

highest viscosity (4.74 mPa s) whereas the low ratio of
diethylene glycol-to-glycerol content in ink formulations
3 and 4 had the lowest viscosity (3.00 and 3.27 mPa s).
The viscosity of the commercial ink is similar to those of
ink formulations 2—-5 (3.00-3.33 mPa s). The pHs of the
ink formulations 1-3 are higher because of the effect of
alkaline solution added (10% w v"' NaOH) and the lower
pH in the ink formulations 4-5. The commercial ink
(Epson T0491) has the highest pH (8.48). Surface
tensions of the black inks formulations 1 and 2 are
higher (44.2-44.9 mN m"') than the other ink
formulations 3 — 5 and the commercial ink. The lower
surface tension of ink formulations 3—5 was caused by
the addition of surfactant, Surfynol 104. The commercial
black ink has the lowest surfactant tension of 30 mN m™.

Cyan ink formulation

The five cyan inks in the ink formulations are shown in
Table 4. The ink viscosities and pH of the cyan inks are
relatively lower. The pH of the commercial ink is much
higher than the cyan inks. In contrast, the ink surface
tensions are in the range of 43-51 mN m™. All inks have
the Newtonian fluid property. The proportion of
diethylene glycol-to-glycerol ratio of 5/10 in formulation
5 is relatively high and close to that of Epson cyan ink.

Light cyan ink formulation

The five light cyan inks in the ink formulations are
shown in the Table 5. The ink formulation prepared with
the diethylene glycol-to-glycerol ratio of 10/15 can also
produce the Newtonian fluid. The ink rheological
property shows the shear-thickening behavior in the ink
formullations 2, 3 and 4 at a shear rate higher than that at
150s™.

Magenta ink formulation

The five magenta ink formulations are shown in the
Table 6. One can see in Table 6 that the viscosity of the
magenta ink formulation 1 is very high (7.45 mPa s).
Comparison between the ink formulations 1 and 3, the
high viscosity inks with shear-thinning behavior were
found in the alkaline adjusted inks. All other inks
showed the Newtonian fluid property. The surface
tensions of the prepared inks were relatively high when
comparing with that of the commercial ink.

Light magenta ink formulation

The five light magenta inks in the ink formulations are
shown in Table 7. The ink viscosities of ink formulations
2 to 5 are relatively low than the standard commercial
ink. The Newtonian fluid property is observed in the ink
formulations 1, 2 and 5 while in the ink formulations 3
and 4 show the shear-thickening fluid. The surface
tensions of all inks are very high in the non-surfactant
loaded inks formulations 1 and 2, and relatively high in
the ink formulations 3—5 with 0.1% w w™' addition of the



surfactant while the commercial ink has the lowest
surface tension of 29.7 mN m™..

Yellow ink formulation

The five yellow ink formulations are shown in the Table
8. The inks formulations 3—5 show the Newtonian fluid
property. Comparison between the ink formulations 3
and 5 showed that the high viscose inks were found in
the alkaline-adjusted inks formulations 1— 3. One thing
is observed that the ink formulations 1 and 2 exhibit the

inevitable shear thinning behavior. The non-adjusted pH
inks had very low ink viscosity (at around 3). One thing
is observed that the ink formulations 1 and 2 exhibit the
inevitable shear thinning behavior. The non-adjusted pH
inks had very low ink viscosity (around 3 mPa s). The
ink formulation 5 containing the diethylene glycol-to-
glycerol ratio of 1/2 had the similar viscosity with the
commercial ink. The surface tensions of the inks without
surfactant were very high (51-54 mN m™) while the
surfactant added inks had much lower ink surface
tension (43—46 mN m™).

Table 3 Chemical composition and properties of the formulated black inks

Chemical concentration (%ow w™)

Physical properties

] L Surface
Formula Dlgtlggcl)el\ne Glycerol  Surfactant pH V(':]nglg Tension
(mN m?)

1 10 10 - 7.25 4.74%* 442

2 5 5 - 7.22 3.23%** 44.9

3 5 5 0.1 7.27 3.05%* 38.7

4 5 6 0.1 6.79 3.00%** 40.6

5 5 8 0.1 6.89 3.27%* 38.9

Epson T0491 8.48 3.33%* 30.2

For the ink formula 1-3, the pHs were adjusted with 10% w v"' NaOH; viscosity at 25 °C, spindle #S00;

rotational speed, *150 s o*x220 ¢,

Table 4 Chemical composition and properties of the formulated cyan inks

Chemical concentration (Yow w™)

Physical properties

. . : Surface
Formula Dletlhylene Glycerol  Surfactant pH Viscosity Tension
glycol (mPas) (mN m?)
1 10 10 - 7.07 3.75% 51.0
2 5 5 - 7.24 2.68** 49.8
3 10 5 0.1 7.58 3.86% 423
4 5 5 0.1 6.68 2.85%* 444
5 5 10 0.1 6.76 3.33%x* 43.1
Epson T0492 9.45 3.17** 30.8

For the ink formula 1— 3, the pHs were adjusted with 10% w v"' NaOH. Viscosity was measured at 25 °C,

spindle #S00, rotational speed, *180 s™!, **220 s!.

Table 5 Chemical composition and properties of the formulated light cyan inks

Chemical concentration (Yow w™)

Physical properties

. . . Surface
Formula D'Z}CZCI)?M Glycerol  Surfactant pH \(:1?1%0: 'St)y Tensiorlw
(mN m™)
1 10 10 - 7.70 2.83 50.4
2 5 5 - 7.46 2.57 51.5
3 10 10 0.1 8.33 3.01 39.9
4 10 10 0.1 6.90 2.83 423
5 10 15 0.1 6.99 2.81 40.1
Epson T0495 9.08 3.26 329

For the ink formula 1-3, the pHs were adjusted with 10% w v' NaOH. Viscosity was measured at 25 °C,

spindle #S00, rotational speed 220 st



Table 6 Chemical composition and properties of the formulated magenta inks

Chemical concentration (%ow w™)

Physical properties

] Co Surface
Formula Dleﬁhylene Glycerol  Surfactant pH Viscosity Tension
glycol (mPas) (MmN m™)

1 10 10 - 7.27 7.45% 50.9

2 5 5 - 7.10 4.22%* 52.7

3 5 2.5 0.1 7.47 18.7* 43.3

4 5 2.5 0.1 6.65 3.89%* 45.1

5 5 1 0.1 6.73 3.44%* 42.1

Epson T0493 9.33 3.37** 34.1

For the ink formula 1-3, the pHs were adjusted with 10% w v"'NaOH. Viscosity was measured at 25 °C,

spindle #S00, rotational speed, *100 s #1170 571,

Table 7 Chemical compositions and properties of the formulated light magenta inks

Chemical concentration (%ow w™)

Physical properties

] o Surface
Formula  Diethylene Glycerol  Surfactant pH Viscosity Tension
glycol (mPas) (MmN m?)
1 10 10 - 7.78 4.58 50.75
2 5 5 - 7.79 3.01 52.1
3 5 5 0.1 8.18 2.56 40.7
4 5 10 0.1 6.89 2.7 41.8
5 10 12 0.1 7.13 2.78 41.3
Epson T0496 9.05 3.13 29.7
For the ink formula 1-3, the pHs were adjusted with 10% w v"'NaOH. Viscosity was measured at 25 °C,
spindle # S00, rotational speed, *100 s #1705,
Table 8 Chemical composition and properties of the formulated yellow inks
Chemical concentration (%ow w™) Physical properties
] Co Surface
Formula Diethylene Glycerol  Surfactant pH Viscosity Tension
glycol (mPas) (mN m?)
1 10 10 - 7.25 7.88% 51.5
2 5 5 - 7.32 5.85% 53.5
3 5 2.5 0.1 7.88 4.23%* 42.8
4 2.5 2 0.1 6.77 2.97** 45.6
5 5 2.5 0.1 6.89 3.1%* 45.5
Epson T0494 9.19 3.31%* 32.9

For the ink formula 1-3, the pHs were adjusted with 10% w v''NaOH. Viscosity was measured at 25 °C, spindle

#S00, rotational speed, *120 s #4220 ¢!

Among all the five ink formulations, the effect of the
pH on the ink viscosity was pronounced. A nonlinear
relation between pH and viscosity was found. The higher
ink viscosity was found in the magenta and yellow inks
having the higher pHs in general. The yellow ink No.3
ink has pH = 7.88, viscosity = 4.23 mPa s while the no.1
ink has pH = 7.25, viscosity = 7.88 mPa s. In theory,
increases in the ink viscosity could possibly be caused by
the emulsion binder in the ink. The binder used,
Printofix binder is a self-crosslinking acrylate-based

copolymer dispersion with butadiene. The emulsion
polymer contains the large fractions of hydrophilic
(typically carboxyl-rich) monomers. This high degree of
hydrophilicity means that the particulate nature of the
dispersion is lost when the acidic dispersion (pH<7) is
added to alkaline environment of the ink formulation
(pH>7). That means, when the emulsion polymer binder
is in the acidic condition, the polymer can coagulate and
then precipitate. When NaOH solution was added to the
emulsion inks, the emulsion polymer chains can better
disentangle and disperse which allow the pigment



particles to be dispersed in the emulsion system. The
resulting structures, which range from massively swollen
polymer networks to polymer chain dissolved in the
aqueous phase, influence the rheology of the ink
formulation. Apart from the increase in the viscosity of
aqueous phase due to dissolved polymer molecules,
which are stiff chain at the pH of the ink formulation,
polymer bridges also form between the pigment particles
[6]. Because of the acrylate emulsion polymer having the
pH of 6.14 and the addition of alkaline solution (10% w
v''NaOH) to make the pH of the inks to be greater than
7, both conditions affect pH and viscosity of the inks,
therefore, the formulations 4 and 5 were not adjusted
with the alkaline solution (10% w v' NaOH) for
comparison of the ink properties. The ink formulations
No.l and No. 2 gave very high viscosity in all 6 color
formulations. The variables so designed generated high
viscosity and reduced the extent of jettability. In the
same manner, ink formulations No. 3, 4, 5 are also to be
discussed about their jettability more precisely later.

Surfactant is one ingredient for delivering the
pigment and the binder from the ink to substrate through
the print head. The low HLB surfactant is used to lower
the surface tension, so the ink can wet the nozzle
capillary to establish and maintain the meniscus at the
nozzle tip. The low HLB surfactant is also a major factor
which determines the interaction between the ink and the
substrate; therefore it controls or affects wetting,
bleeding, dot-gain, dot quality and ultimately the image
quality [7]. The low HLB surfactant, surfynol 104 (HLB
= 5), 0.1% by weight is used to reduce the surface
tension of the ink system as shown in the result with a
range 39 to 46 mN m™.

Printofix 710 binder, the binder for the current inkjet
ink controls the viscosity of the system and promotes
droplet formation. The polymer also serves to bind the
colorant and provides the adhesion to the surface. It is
also responsible for other properties for ink applications.
In common with other ingredients in ink, the binder must
exhibit good stability upon storage and during use. The
binder rheological properties influence jet break-up and
high end use performance, such as good adhesion, are
constrained by the low viscosity requirements of the
fluid required for printer operation. When this is
combined with the application of a thin film in a form of
a dot, it proves to be an extremely demanding set of
properties required for the polymer.

Jetting behavior

The jetting patterns of black, cyan, light cyan, magenta,
light cyan and yellow colors of the ink formulations 3, 4
and 5 are shown in Figure 1. The ink formulations 3 and
4 did not produce the complete patterns for all color
inks. Unlikely, the printed test patterns by ink
formulation 5 produced no missing spots or lines but
smooth and well-defined lines and straight borders in all
six color inks.

The jetting failure of the black ink formulation was
not detected for the ink viscosity and surface tension in
the range 3.00 to 3.27 mPa s and 38.7 to 40.6 mN m’'
which possessed the Newtonian fluid. For the cyan ink
formulation, the jetting failure was, however, detected in
the ink formula 3 with the ink viscosity equaling to 3.86
mPa s. The printed pattern showed a nearly complete
jetting pattern for the ink viscosity and surface tension in
the range of 2.85—- 3.33 mPa s and 43.1- 444 mN m™, a
Newtonian fluid.

The jetting failure in the light cyan ink formulation
was detected for all ink formulations except ink
formulation 5. That is, the complete jetting and printed
pattern was found in ink formulation 5 with the ink
viscosity and surface tension, in a range of 2.81 to 3.01
mPa s and 39.9 to 423 mN m’, respectively, as
mentioned earlier. The complete failure of the jetting and
printed pattern of ink formulation 3 could be caused by
the clogging resulted from the pH effect.

The jetting failure of the magenta ink was detected in
ink formulations 3 and 4. The magenta ink color in ink
formulation No.3 had pH = 7.47 and viscosity = 18.7
mPa s, a very high value and this causes jetting problem.
Both magenta ink formulations showed the higher
viscosity which made both inks an injection problem
from the nozzle. The ink formulation 5 showed the
complete jetting and printed pattern with an ink viscosity
= 3.44 mPa s and surface tension = 42.1 mN m’, a
Newtonian fluid as well.

The jetting failure of the light magenta ink
formulation was detected in the ink formulation 3 and a
large amount of jetting failure found also in the ink
formulation 4. Both ink formulations showed the shear-
thickening fluid property. The ink formulation 5 showing
the complete jetting and printed pattern with the ink
viscosity of 2.78 mPa s and surface tension at 41.3 mN
m' was found with the Newtonian fluid property.
Likewise, the jetting and printed failure pattern was
detected in the yellow ink for the ink formulations 3 and
4. The jetting failure of the ink formulation 3 could
possibly be caused by a flow problem of its ink. The
complete jetting and printed pattern in the ink
formulation 5 was obtained with the ink viscosity of 3.1
mPa s and surface tension of 45.5 mN m" with the
Newtonian fluid.

Viscosity and surface tension are the controlling
physical properties for drop formation. With respect to
the latter, its dynamic value is important because of the
very short time of flight available for chemical species to
migrate to the surface of the drop. Thus its value tends to
be near that of water. The static value plays a role in
preventing the ink from weeping out of the print head
when not jetting and the wetting the medium for good
penetration. Viscosity affects jet dynamic via (1) viscous
damping of the generated capillary wave, (2) the jet’s
velocity, which in turn changes its break-off length, and
more importantly (3) the voltage window over which



stable stimulation occurs without satellite formation of
ink drops.

Ink

formulation Black Cyan Light Magenta Light Yellow

cyan magenta

[

Figure 1 The print patterns of the ink formulations

Assessment ot the jettability ot mKs 1s essential in the
process of developing ink formulations and in the
process of verifying suitability of inks for print-head
assemblies. Currently, evaluation of jettability of inks
has largely relied on testing the inks in the print-head
assemblies concerned, which, whilst being a reliable
method, does have its drawbacks. Thus, there is a high
level of risk of the inks of poor performance properties
damaging the print head. Lin and He [8] suggested that
assessment of the jettability of inks through the creation
of a “jettability plot” or “operation window plot” using
easily measurable properties such as viscosity and
surface tension of the ink. Thus, for each print-head
assembly, a jettability plot can be created which contains
jettable and un-jettable regions. Consequently, the
assessment of the jettability of an ink can be achieved by
measuring the viscosity and surface tension of the ink
followed by determination of the region the
viscosity/surface tension combination falls in.

The criteria used to identify the two regions are based
on the results as shown in Figure 1. Figure 2 illustrates
the operation window plots of ink viscosity vs. ink
surface tension to determine jettable region as shown by
the two oval boundaries and un-jettable region outside
the two oval boundaries. The big oval is for the six
experimental ink sets while the small oval is for Epson
commercial ink set. One can see that within the regimes
of viscosity, the commercial ink set has a narrow map
while the experimental ink sets have the wide map.

Considering velocity and jettability of the ink, it is
observable from the experiment that drop velocity
produced by a pressurized ink-jet nozzle is expressed by
two empirical constants; the fluid parameters of pressure,
viscosity, and density; and the nozzle parameters. Le [9]
stated formerly that the research and commercial inkjet
print head eject at the rate of faster than 6000 drops s
with a measured ink channel of 0.001 inch in length and
25-30 um in diameter. It is anticipated that at the current

technology, the speed of drop ejection rate is far faster
with finer droplet size in the femto scale. Even the latest
piezo and thermal printing for graphic arts, the smallest
size is one picoliter, they are 1000 times larger than the
femto range. On the speed or frequency, the highest level
is 25 KHz
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Figure 2 Operation windows (the color legends represent
the ink colors)

Applied pressure to the drops depends primarily on
the shape and size of the nozzle and on fluid viscosity. In
addition, the forced oscillation to cause a separation
length of a jet is related to the voltage applied to a
piezoelectric crystal, to disturbance growth rate, and to
velocity. This condition is applicable to “normal” liquids
(those having good stream stability) in this study having
viscosities between 2—4 mPa s and dynamic surface
tensions between 25 and 45 mN m™'. Furthermore, the
stream stability of the polymer solutions depends
inversely on concentration and molecular weight which
is related with the polymer viscoelastic character. Jetting
reliability of the present binder is stable because it has a
relatively low molecular weight that shall not cause
nozzle blockage due to deposition of the binder when it
was forced to release solvent or diluent in the ink.

Particle sizes and Zeta potential

Viscosity and surface tension are found to be the
controlling physical properties for drop formation and
ejection; particle size and zeta potential are also the
important factors for inkjet ink. The particle sizes of the
inks must be measured after filtration to check for the
oversized ink particles in a cartridge. The ink large
particle sizes may clog the orifice of the printer during
printing therefore filtration is a necessary requirement
before printing. The six color inks have different average
particle diameters depending on the types of pigments.
The average particle sizes of the resulting inks and the
binder are in the range of 100-300 nm and 160-300 nm,
respectively. The zeta potential values of the ink



formulations are in the range of (-35) to (-50) mV in that
the inks have been charged negatively resulting from the
presence of the sulphonic acid group (-SOj;). Zeta-
potential of acrylate/styrene copolymer emulsion binder
is also negative having a value of (-38) mV. Moreover, a
dispersant on the pigment surface can migrate from the
pigment surface during the ink preparation as indicated
by a decrease in a zeta-potential from (-35) to (-50) mV
compared to the zeta-potential of pigment dispersions (-
50) to (-55) mV. When the density of the ink was 1 g cm’
3 the square root of surface tension to viscosity ratios of
the inks is relatively constant except that of magenta
color. With the same ink chemistry, the penetration of
the five inks is similar. In summary, the ink properties
mentioned above confirm the acceptable behavior of the
inkjet ink for a printing system.

Conclusion

Four surface-modified pigment dispersions were used to
formulate six-color inkjet inks (black, cyan, magenta,
yellow, light cyan and light magenta) with Printofix 710
binder with a pigment-to-binder ratio of 1:2. Specified
amounts of diethylene glycol and glycol were used to
fine tune the ink viscosity, surface tension and jettaiblity
compared with Eposn ink via a test pattern images. Ink
formulation 5 gave the better jettability pattern of the six
inks. The formulation exhibited the Newtonian fluid
property in each color. The color inks had ink viscosity
in the range of 2.78-3.33 mPa s while the surface tension
of the inks is in the range of 38.7-45.5 mN m™. The
average ink particle size and the Zeta potential of the
formulated inks are the range of 100-300 nm and (-35)
to (-50) mV, respectively. The operation window plot of
ink viscosity and surface tension of ink formulation
indicates the jettability window which was conformed to
the print patterns of all color inks in the ink formulation
S.
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Abstract

Using recycled paper is the one way to reduce
environment problems. However, higher cycle numbers
of recycling leads to reduction of paper strength; thus,
improvement of recycled paper properties is very
important. One way to improve strength of recycled
paper is to use kapok pulp because kapok is the long
fiber and a large number of kapok fibers are found in
Thailand. In this study, paper was made using kapok and
recycled pulp to compare with those using softwood-to-
recycled pulp ratios at 100:0, 10:90, 20:80, 30:70 and
0:100. As a result, it was found that recycling up to three
cycles had a small effect on paper properties. Higher
amount of kapok pulp in the mixed pulp between kapok
pulp and recycled pulp increased porosity, opacity,
density and tensile index but decreased brightness and
whiteness of handsheets. On the other hand, higher
amount of softwood pulp led to higher tear index only.
So, the combination and amount of pulps used is really
dependent on the final paper property required.
Keywords: Recycled paper, Kapok, Softwood, Paper
properties
Introduction

Waste paper recycling now becomes remarkably
important due to environmental concerns, increasing
paper consumption, government regulation,
deforestation, fiber shortage in some countries and so on.
However, the challenging part of waste paper recycling
is the quality improvement of paper made from these
recycled fibers since the pulp quality especially the paper
strength is normally decreased after repeated recycling.
Generally, the way to improve recycled pulp strength can
be done by refining that pulp before making it into sheets
of paper. By doing so, recycled pulp is fibrillated and
this can increase the surface areas of fibers available for
water absorption and bonding. Another way of
improving the strength property of paper made from
recycled fibers is to mix the recycled pulp with the virgin
pulp. Softwood pulp can be a good candidate for this
purpose since paper made from softwood pulp is

generally stronger than paper made from hardwood pulp
due to the higher fiber length of softwood fiber as
compared to hardwood fiber. However, Thailand as one
of the tropical countries usually has no softwood pulp
and need to import from abroad. So, finding a new fiber
source in Thailand to do this task for softwood fiber is
incredibly fascinating.

Kapok fiber abundantly found in Thailand might be
used as a substitute of the softwood fiber to improve the
strength of recycled pulp due to its remarkably high fiber
strength. In general, kapok fiber is hollow with a thin
fiber wall and 8-30 mm long. Though kapok fiber has
high tensile strength but it is very brittle. As such, kapok
fiber is rarely used in textile industry but it is used as
stuffing for pillow and mattress instead due to its light
weight. Taking the advantages of its hydrophobicity,
kapok fiber is also used as stuffing for life jacket as well.
Also, the papermaking potential of kapok fibers was
investigated by Chaiarrekij ef al, [1]. It was found that
kapok fiber can be a potential fiber source for
papermaking in Thailand. Paper made from kapok pulp
has high tensile and burst strengths and its moderately
hydrophobic surface; kapok paper might be potentially
used as a packaging paper.

This research was thus aimed to study the effects of
kapok pulp on improving properties of paper made from
recycled pulp and then compared them with the results
obtained from using softwood pulp instead of kapok
pulp. If kapok pulp seems to provide the competitive
results then this might provide a good opportunity to
increase the use of recycled paper in Thailand.

Experimental

The experiment was divided into 3 parts as follows:

Preparation of kapok pulp

Since kapok fibers were so difficult to be dampened,
kapok fibers were first soaked in 5% (w/v) sodium
hydroxide solution for 2 weeks [2]. Then, they were cut
into small pieces around 1.0 cm long. These kapok fibers
were then pulped at 120 °C for 2 hours using 20% (W/v)



of sodium hydroxide based on O.D. (oven dried) fiber
weight. Kapok pulp was then washed and refined twice
using a disc refiner with the disk gap of 10/1000 inch.
Then, the refined kapok pulp was disintegrated at 80°C
for 5 min to remove latency [3].

Preparation of sofiwood pulp

Commercial softwood pulp was soaked overnight. Then,
it was beaten using a valley beater until pulp freeness
reached the value of 350+50 ml.

Preparation of recycle pulp and handsheet making

Commercial A4 paper sheets from the same brand were
cut into small pieces and soaked overnight. Then, these
paper sheets were re-pulped at 50°C for 90 min at the
speed of 500 rpm. The pulp was then divided into three
parts. The first part was mixed with kapok pulp with the
ratios of kapok pulp: recycled pulp of 0:100, 10:90,
20:80 and 30:70. The second part was also followed that
had been done in the first part but the kapok pulp was
changed to softwood pulp instead. The remaining
recycled pulp was then made into handsheets and dried
at 90 °C for around 6 min.

All these handsheets made from only recycled pulp
was then repulped again following the same path as
described earlier up to 3 cycles. For each cycle, paper
was made from the mixed pulps using the ratio
mentioned earlier. Finally, all these handsheets were
tested for paper properties like brightness, opacity,
density, porosity tensile and tear strengths and so on.
The results were then compared as to examine the effects
of numbers of recycling cycles. The effects of kapok and
softwood pulps on paper properties were also compared.

Results and discussion

Brightness

As shown in Figure 1, the handsheets made from 100%
recycled paper were the brightest while those made from
100% kapok pulp had the lowest brightness. Also, the
effect of recycling on brightness was so small as
compared to the effects of pulp types. Clearly, the effect
of kapok pulp on brightness is more pronounced than
softwood pulp. Brightness was decreased more by
adding kapok pulp as compared to those of the softwood
pulp at the same ratio. This might be because kapok
fibers are so yellowish. So, adding a higher amount of
kapok can lead to lower brightness eventually.

Whiteness

Figure 2 illustrates the effects of recycling, kapok pulp
and softwood pulp on whiteness. It was apparent that the
results obtained from whiteness followed the same trend
as in the case of brightness with the same explanation.
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Figure 1 The Effects of Recycling, Kapok Pulp and Softwood
(SW) Pulp on Brightness (Kapok and SW pulps have 19.15 and
84.31% brightness, respectively.)
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Figure 2 The Effects of Recycling, Kapok Pulp and Softwood
(SW) Pulp on Whiteness (Kapok and SW have 72.62 and -
83.44%, respectively.)

Opacity

Opacity of the handsheets made from 100% recycled
pulp was the highest and was higher than those made
from kapok and softwood pulps, respectively (Figure 3).
The effect of numbers of recycling on opacity was small
as compared to the effects of pulp type and percentage.
Unlikely, increasing amount of kapok pulp in the pulp
mixture provided the handsheets with higher opacity
while the opposite results were obtained from the
softwood pulp. Opacity could be lower when longer
fibers like softwood and kapok pulps were added into the
pulp mixture since the surface areas for light scattering
were smaller. This could be clearly seen for the case of

softwood pulp. When the kapok pulp was added, yellow-



ness of the pulp seemed to overcome the effects on its
length and this led to lower opacity.
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Figure 3 The Effects of Recycling, Kapok Pulp and Softwood
(SW) Pulp on Opacity (Kapok and SW pulps have 69.19 and
82.05%, respectively.)

It can be seen from Figure 4 that the paper made
from 100% softwood pulp had the highest density while
that from 100% kapok pulp had the lowest density.
Although both pulps contained long fiber which should
contribute to the higher density due to more contact areas
for inter-fiber bonding, kapok fibers were then entangled
and provided a poor paper formation. This might be the
reason for the low density of 100% kapok handsheets.
However, the effect of recycling on density was quite
small as compared to the effects of pulp type and the
amount of pulp added. The more kapok or softwood pulp
was added, the denser the handsheet became. This might
be because the better fiber bonding was obtained by
adding long fibers into the short fibers of 100% recycled

pulp.
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Figure 4 The Effects of Recycling, Kapok Pulp and Softwood
(SW) Pulp on Density (Kapok and SW pulps have 0.525 and
0.627g/m’.)

Porosity
As can be seen from Figure 5, it was clear that recycled

fibers produced the paper with the lowest porosity
because these short fibers would fill up the voids

or pores in the handsheets. Kapok pulp provided
handsheets with lowest porosity as compared to
softwood pulp probably because of its longer fiber
length. Recycling paper up to 3 cycles did not have a
strong impact on porosity while the pulp type and the
amount added affected the porosity. Since kapok pulp
itself had the lowest porosity, the paper containing kapok
fiber had much higher porosity than that containing
softwood pulp at the same ratio.
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Figure 5 The Effects of Recycling, Kapok Pulp and Softwood
(SW) Pulp on Porosity (Kapok and SW pulps have 38.2 and
24.4 s, respectively.)

Tensile index

Tensile index is defined as tensile strength divided by
grammage. The results from Figure 6 indicate that paper
made from 100% kapok pulp was strongest as depicted
by its highest tensile index due to its outstanding fiber
strength. Paper made from 100% recycled pulp was
weakest as expected since fibers were destroyed during
the recycling process. Also, the numbers of recycling
cycles had a small impact on tensile index. Both kapok
and softwood pulps seemed to improve the tensile
strength of recycle paper but the effects of kapok pulp is
more powerful than softwood pulp in term of increasing
tensile strength of papers.

Tear index

The effects of number of recycling and pulp type on tear
index are shown in Figure 7. Tear index is defined as
tear resistance divided by grammage. It was clear that the
number of recycling had no effect on tear index. Paper
made from only softwood fibers had a highest tear index
while the tear index of paper made from 100% kapok
pulp was close to those from the recycled pulp. The
lowest tear index was found when 100% recycled fibers
was used to make the paper. Adding the kapok fibers in
the recycled pulp did not provide any benefit in terms of
tear index improvement; however, tear index was
slightly improved when softwood pulp was added into
the recycled pulp.
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Figure 6. The Effects of Recycling, Kapok Pulp and Softwood
(SW) Pulp on Tensile Index (Kapok and SW pulps have 86.35
and 51.85 N m/g, respectively.)
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Figure 7 The Effects of Recycling, Kapok Pulp and Softwood
(SW) Pulp on Tear Index (Kapok and SW pulps have 6.622 and
53.037 mN m’/g, respectively.)

Conclusion

Recycling seemed to have a small impact on paper
properties. However, only up to three cycles of recycling
were evaluated in this study. If the number of recycles
increases, the effects of recycling might be possibly
detected. Increasing amount of the kapok pulp used with
the recycled pulp brought about higher porosity, opacity,
density and tensile index but lower brightness and
whiteness of the handsheets. Using higher amount of
softwood pulp led to higher tear index only. So, using
the kapok pulp or softwood pulp or both with the proper
amount of the pulp is definitely dependent on the final
paper property required.
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INTRODUCTION

Superabsorbent polymers (SAPs) and their associated SAP composites (SAPCs) have drawn much interest since the early 1970s. During
that period, Fanta et al. investigated graft copolymerization of vinyl acrylate or acrylonitrile onto starch and other polysaccharides, which yielded
products that could absorb from several hundred to several thousand times their own weight in water and also had a high water holding
capacity under pressure, also known as absorbency under load (AUL) [1], and thus the name "superabsorbent polymer" was adopted.
Research and development into SAPs have focused on their extraordinarily high-water absorbency and applications. Indeed, over 80% of
SAPs have found extensive commercial applications as sorbents in personal care products, such as infant diapers [2], feminine hygiene
products, and incontinence products [3]. Not only that, but also many new applications have already been investigated through such active
research and development, Leading to the successful application of SAPs in new fields, such as matrices for enzyme immobilization [4, 5],
bio-sorbents in preparative chromatography [6], materials for agricultural mulches and fertilizers [7, 8], matrices for controlled release devices
[9], drug delivery [10], bioactive scaffolds for bone engineering [11], bio-separation [12], moisture retention in soil [13, 14], SAPCs as a sealing
material [15], debris flow control, artificial snow [16, 17], a gel actuator [18], and fire fighting [19]. The desired features of superabsorbents are
a high swelling capacity, high swelling rate, and a greater strength of the swollen gel. The majority of the reported superabsorbents comprise
of only the first mentioned feature, i.e., a high absorbency, but there are few studies concerning improvements of the absorbency rate and gel
strength. Absorbent particles are conventionally strengthened through surface crosslinking [20]. Traditionally, an inorganic component is
used as a filling material for the purpose of improving the material properties and reducing the product cost. The addition of inorganic powder
(usually <5% w [w.sup.-1]) to a SAP provides a method for increasing the gel strength [21-23]. The utility of the inorganic nanoparticles as
additives to enhance the polymer performance has been increased. Such inorganic materials for the preparation of SAPCs can be laponite
[21], kaolin [24], montmorillonite [22, 25], attapulgite [26-28], mica [23, 29], bentonite [30], sercite [31], or rectorite [32] to form the layered
silicate structures.

A novel SAPC based upon starch-g-AM/mineral powder, with a water absorbency of about 4000 times its own weight, was synthesized by a
graft-copolymerization reaction of AM, potato starch, and mineral ultrafine powder, followed by hydrolysis with sodium hydroxide [33]. The
SAPCs doped with kaolinite powder possessed a higher water absorbency than those doped with bentonite or sercite powder, since the
kaolinite powder can moderately disperse in the water and crosslink with the AM and starch. Moreover, the collaborative absorbent effect of-
CO[NH.sub.2], ~COONa, and—-COOH groups has been found to be superior to that of a single-~CO[NH.sub.2], ~-COONa, or—COOH group.
The ultrafine mineral powder as a crosslinking point plays an important role in the formation of a network structure in SAPCs. Incorporation of
kaolin into hydrogel SAPCs caused a reduced equilibrium swelling and swelling rate to as low as 17-31% and 19-29% (w [w.sup.-1]),
respectively, but resulted in an enhanced gel strength by as much as 21-35% above that of the corresponding SAP as a control [34]. Grafted
sodium carboxymethylccllulose (CMC) - silica gel SAPC with a water absorbency capacity as high as 4000 g [g.sup.-1] in distilled water has
been reported [35]. Super porous hydrogel composites with the inclusion of modified cellulose gum or an internally cross-linked form of CMC
typically gave a significant improvement in the properties of super porous hydrogels, such as a high mechanical strength and a high swelling
ratio. Indeed, the inclusion of a suitable composite material typically increases the physical crosslinking density and so provides a high
strength and prevents the polymer chains from collapsing during air drying [36]. The in situ sol-gel method used to prepare bioactive
hydrogels [11 37 38] is considered to be quite expensive for industrial use. Therefore, the use of amorphous silica powder to form the non-
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SAP with silicate powder can be another economical way to prepare SAPCs.

In this research, poly[acrylamide-co-(itaconic acid)]/silica composites as potential SAPCs were made by in situ solution polymerization with
three different sizes of silica. The SAPCs with a high water absorbency rate and capacities were compared with the SAPCs prepared by
mechanical mixing between the P(AM-IA) SAP and silica powder of the same composition.

EXPERIMENTAL PROCEDURES
Materials and Methods

Acrylamide (AM, Siam Chemicals, Bangkok, Thailand), itaconic acid (IA, Merck, Hohenbrunn, Germany), N, N'-methylenebisacrylamide (N-
MBA, Fluka, Buchs, Switzerland), ammonium persulfate (APS, Merck, Hohenbrunn, Germany), N,N,N',N'-tetramethylethylenediamine (TEMED,
Fluka, Buchs, Switzerland), and silica (Si[O.sub.2], J.J-Degussa-Huts, Thailand) were used. The three types of silica used in this research,
and their properties, are shown in Table 1 and their IR spectra are given in Fig. 1.

[FIGURE 1 OMITTED]
Polymerization

A 100-[cm.sup.3] mixture of AM: IA of 100:0, 99:1, 98:2, and 97:3 (by % molar ratios) was supplemented with 0.5% w [w.sup.-1] N-MBA
crosslinker, the initiator couple of APS (1.0% w [w.sup.-1]) and TEMED (0.20 [cm.sup.3]), and then poured into a 500-[cm.sup.3] four-necked
round-bottomed flask equipped with a mechanical stirrer (lka-Ruhrwerke RW20, Staufen, Germany), a spiral condenser and a thermometer.
The polymerization reaction was allowed to proceed at 45[degrees]C in a water bath (WBU 45 Memmert, Schwabach, West Germany) under a
nitrogen gas atmosphere for 30 min with stirring at 250 rpm The resulting polymer was dehydrated with methanol, cut into small pieces of
half a centimeter in diameter, dried in a vacuum oven (Hotpack, USA) for 24 h to a constant weight, and then milled. The obtained copolymer
powders were then investigated for their water absorbency capacity. The monomer AM: IA molar ratio from which the synthesized P(AM-IA)
copolymer possessed the highest water absorbency was then selected to prepare the P(AM-IA)/silica SAPC.

To prepare the SAPCs, three types of silica, namely Aerosil 90, Aerosil 200, and Aerosil 300, each at four different concentrations of 0.1, 0.2,
0.5, and 2% w [w.sup.-1], were added in situ with the other ingredients in the polymerization process as shown in Table 2.

Characterization of the Copolymers

Identification of the Functional Groups of the Synthesized Copolymers. The functional groups of the copolymers were investigated by Fourier
transform infrared spectroscopy (FTTR model Nicolet Impact 410) using a KBr pellet method with 32 scans and 4 [cm.sup.-1] resolution. The
interface software (Nicolet Omnic) was connected to the Nicolet FTIR in a data acquisition system.

Surface Morphology of the Synthesized Copolymers. The surface morphology of the copolymers was investigated using scanning electron
microscopy (SEM, model JSM-6400, Japan) without cross-sectioning. The thickness of gold coated on the copolymer was 25 nm, and SEM
was operated with a 15 kV accelerating voltage. The elemental analyses of the SEM micrographs were investigated by energy dispersive X-
ray spectrometry (EDXS).

Equilibrium Water Absorbency

In deionized Water. Deionized water (150 g) was added to 0.1 g of the dry copolymer (A) in a 250 [cm.sup.3] glass beaker covered with a lid
and it was allowed to swell for 30 min. The completely swollen copolymer gel was filtered through 100-mesh aluminum sieve screen for 3 h
and the remaining swollen copolymer gel was weighed (B). The water absorbency (g [g.sup.-1] of the dry copolymer) was calculated by Eq. 1
shown below:

Water absorbency of copolymer (g[g.sup.-1]) = (B - AyA (1)

Absorbency Under Load (AUL). Deionized water (25 [cm.sup.3]) was placed in a Petri dish. A 0.16 g (A) aliquot of the dry copolymer was
carefully scattered onto the filter screen of the test device (a flexiglass cylinder of 26 mm diameter, 35 mm height, and a 100 mesh stainless
steel cloth in the bottom). A piston assembly, including an additional weight to achieve a load of 0.28 psi (1.93 X [10.sup.3] Pa) was placed on
the top of the dry copolymer. After weighing the assembly device (B), it was placed on the Petri dish, and absorbency was allowed to proceed
for 1 h after which time the entire device was reweighed (C). Similar experiments were carried out for a load of 0.70 psi (4.83 X [10.sup.3] Pa).
The AUL (g [g.sub.-1]) was calculated by Eq. 2:

AUL(g[g-sup.-1]) = (C - BYA (2)

Swelling Kinetics of the SAPs and SAPCs. Deionized water of 1000 [cm.sup.3] was placed in a 2-[dm.sup.3] beaker. The dry copolymer of 0.1
g was sealed in a teabag and placed in a beaker where it was allowed to swell for 15 min. The soaked teabag was removed from the beaker
and the swollen copolymer was weighed after excess water on the bag was blotted out on filter paper. Similar experiments were carried out
but for gel swelling times of 15, 45, 105, 225, 1125, and 1605 min. Schott's equation [39], as shown in Eq. 3, is used to describe a well-known
pseudo second-order absorbency kinetics equation and was used in these studies to test for pseudo second-order absorbency kinetics of
water absorbency by the SAPs and SAPCs. Since:

t[Q.sub 1] = t[Q.sub.finfinity]] + 1/k[Q.sub.finfinity].sup.2], (3)

where [Q.sub.t] and [Q.sub.[varies]] are the absorbencies at time t and infinite time for full swelling and k is the absorbency coefficient which
describes the rate constant of swelling, then by plotting t/[Q.sub.t] vs. t, [Q.sub.[varies]] and k can be calculated.

The Level of Retained Silica in the P(AM-IA) Gel. A 1.00 g (A) aliquot of the dry copolymer was placed in a 100 [cm.sub.3] porcelain crucible on
a hot plate and heated at 100[degrees]C for 45 min before being placed in a muffle furnace (Vulcan 3-550 PD) at 600[degrees]C for 90 min
until all the powder became white. The crucible was removed from the furnace and cool. The white powder was weighed (B), and the amount
of retained silica in the gel was calculated by Eq. 4:

Silica retained in the gel = (B - A)A (4)

SAPCs by Mechanical Mixing. A 0.2 g aliquot of the dried P(AM-IA) copolymer powder having a mesh size of not larger than 100 and the
specified amount of silica were mixed in the bottle by a home-made mixing rotator with a controllable speed at 600 rpm for 30 min for
horizontal mixing (HM). For the vertical mixing (VM), the mixture was shaken with a speed of 100 rpm in a rolling type mixer (MS1 Mini shaker,
IKA-Work, Inc, Wilmington). After mixing (either HM or VM), the sample was transferred for the water absorbency experiment. The types of
silica and copolymer used for the mixing are shown in Table 2.

RESULTS AND DISCUSSION

The assignments of the FTIR spectra of the three silicas are shown in Fig. 1. All three types of silica (Aerosil 90, Aerosil 200, and Aerosil 300)
gave the similar IR peaks with a medium OH stretching peak at 3444-3441 c[m.sup.-1], a weak C=0 stretching peak at 1630 [cm.sup.-1], a
strong peak at 1112 - 1103 [cm.sup.-1] for Si—-O-Si bending, a medium peak at 811-810 [cm.sup.-1] for Si-OH and a sharp peak at 474 - 170
[cm.sup.-1] for Si--O-Si bending. Table 1 shows that their BET surface areas and average primary particle sizes are significantly different.



The peaks of P(AM) (Fig. 2a), P(AM)/Aerosil 90 silica SAPC (Fig. 2b, P(AM-IA) (Fig. 3a) and P(AM-IA)/Aerosil 90 silica SAPC (Fig. 3b) indicated
that silica was attached onto both the AM and IA moieties via covalent bonding. All copolymers showed the strong peak at 3450 - 3440 ¢
[m.sup.-1] for the N—H stretching overlapping with the OH--stretching, the medium peak at 2939 - 2936 [cm.sup.-1] for the C—H stretching, the
medium peak at about 1650 [cm.sup.-1] of the C=0 stretching for amide I, the peak at 1415 - 1452 [cm.sup.-1] for the C—-H bending of amide,
and the medium peak at 1112-1120 c[m.sup.-1] for the N-—-H (amide Il) bending. Besides the aforementioned peaks, the Si—O-Si sharp peak
of Aerosil 90 silica at 470 [cm.sup.-1] was shifted to 448 [cm.sup.-1] in the P(AM)/Aerosil 90 silica (Fig. 2b) and to 447 [cm.sup.-1] in the P(AM-
TA)/Aerosil 90 silica SAPCs (Fig. 3b). Other SAPCs with either Aerosil 200 or Aerosil 300 silica addition demonstrated the similar spectra (not
shown here) as the Aerosil 90 silica-co-polymer composites.

[FIGURE 2 OMITTED]
[FIGURE 3 OMITTED]

The existence of silica particles in the SAPCs was confirmed by SEM micrographs (see Fig. 4). PAM and P(AM-IA) copolymers have a rough
morphology (Fig. 4a and b), while the micrograph of P( AM-IA)/Aerosil 90 silica composite shows a similar morphology but with large
agglomerates of white particles of silica trapped on the rough surface of polymer matrix (Fig. 4c). EDXS analysis of P(AM-IA) and P(AM-
IA)/Aerosil 90 silica composite (Fig. 4d and e) indicates that besides common elements such as carbon and oxygen found in both
copolymers, the presence of silicon element was also detected in the prepared copolymer composite at the energy peak at 1.75 keV.
Therefore, data from SEM-EDXS confirmed that the silica particles were retained within the SAPCs.

[FIGURE 4 OMITTED]
Effect of | laconic Acid Concentration

The Water Absorbency of the Synthesized Copolymer. The water absorbency of the copolymers synthesized in situ by solution polymerization
with three concentrations (0, 1, 2, and 3% molar ratio) of IA is shown in Table 3. Because the reactivity ratios [r.sub.1] and [r.sub.2] values for
AM/N-MBA are 0.64 and 1.77, respectively, the PAM was thus rigid due to more effective crosslinking density to cause the low water
absorbency [40]. The effective crosslinking density is defined as the number of moles of elastically effective crosslinks per unit volume of
polymer. Therefore, an increase of hydrophilic monomer (IA) in the SAPs enhances the swelling capability and, hence, decreases the effective
crosslinking density. This statement has been investigated by several researches. Our previous investigation, for example, found that SAPs
with high water absorbency were accompanied by low gel strength and the calculated low value of effective cross-linking density [41]. The
water absorbency increases with increasing concentrations of the hydrophilic and ionic functional groups of IA, in good agreement with the
previous findings by Uyanik and Erbil [42] and Pulat and Eksi [43], who reported that increasing IA concentrations in copolymer structures
decreases the effective crosslinking densities of the polymer networks. As IA cannot form superabsorbent polymers by itself, an excessive
amount of IA in the monomer mixture made it more difficult to form a copolymer gel. Thus, here we could show the results of IA concentrations
up to only 3% (molar ratio). The degree of swelling of the synthesized P(AM-IA) copolymers mainly depends on the repulsive forces between
the hydrophilic pendants (amide and carboxylic groups) in their structures. For AM/IA copolymer, |A was reported to be more reactive than AM
([r.sub.IA] > [r.sub.AM]) [42]. Therefore, IA molecules are used up via a crosslinking reaction with N-MBA before AM monomer, even if AM feed
concentrations are higher. In the present case, the structure of the copolymer should contain more units of the uncrosslinked PAM moiety
than crosslinked IA units owing to a higher AM concentration and higher reactivity of N-MBA. The synthesized copolymer must have an
optimum ratio of AM-to-IA to balance hydrophilic or ionic functional groups and chain flexibility to produce the copolymer with the highest water
absorbency capacity. The copolymer synthesized by an AM: IA molar ratio of 97:3 can absorb deionized water to as high as 233 [+ or -] 8 g
[g.sup.-1] (Table 3). However, the AUL values were nearly constant at 11 - 12 g [g.sup.-1] and 12 - 14 g [g.sup.-1] for a load of 0.28 psi (1.93 X
10 (3) Pa) and 0.70 psi (4.83 X 10 (3) Pa), respectively, regardless of the IA concentration. Thus, the AUL was essentially constant regardless
of the loads and the concentration of the hydrophilic or ionic functional groups and chain flexibility.

The AUL is a measure of the ability of an SAP to absorb a liquid while the SAP is under an application of load or restraining force. The value of
AUL is altered proportionally to the strength of the swollen gel, thus, AUL is often reported in the technical data sheets and patent articles in
order to quantify the gel strength suitable for a particular application such as diapers for baby and adult [44, 45].

In free swelling (without an application of external load), the presence of ionic charges along polymer chains significantly increases the
swelling of SAPs due to an increase in electrostatic repulsive forces between charged sites on the carboxylate anions (in case of IA) upon
their complete dissociation and thus leads to a more extended configuration, as seen in Table 3 that the copolymer system of 3% mole of IA
yielded the water absorbency of around 233 g [g.sup.-1], while the water absorbency of the P(AM) SAP was about 51 g [g.sup.-1].

However, under an application of load, the swelling ability of SAP is decreased with respect to the load-free absorbency (see Table 3) as a
result of the restricted mobility of polymer chain. Therefore, the diffusion of a liquid into the SAP particle is counterbalanced by the external
pressure applied on the SAP particles. As a result, our data imply that the extended conformations of the main chain, especially in SAP
containing ionic charges, are prohibited under an application of load. Therefore, the observed AUL value was insignificantly altered
irrespective of the applied loads and the concentration of ionic groups within the SAP.

The Swelling Kinetics of the Synthesized Copolymers. In practical applications, not only is a higher absorbency capacity required for the
absorbent, but also a high swelling rate. The swelling kinetics of hydrogels have been characterized as occurring in two stages; an initial first
order (Fickian diffusion model) stage followed by a later second order (Schott model) stage. In the initial stage, the swelling of hydrogel in
water is governed by a first order diffusion process which involves migration of water to fill the spaces between polymer chains. The Fick
model is thus valid for the initial swell stage where the fractional swelling value ([Q.sub.1]/[Q.sub.[varies]]) is less than or equal to 0.6 [46].
The Schott model is used for longer swelling times when the density of the hydrogel has increased. At this second order swelling, the
swelling kinetic is not controlled by diffusion, but by the relaxation of the polymer chains [39, 47]. The evaluated swelling kinetics of the P(AM-
IA) copolymer, synthesized by in situ solution polymerization of various concentrations (0, 1, 2, and 3% molar ratios) of IA revealed that the
higher the IA concentration, the larger the water absorbency became (Fig. 5a). In other words, the P(AM) SAP gave the lowest water
absorbency and the 97:3 (molar ratio) P(AM-IA) SAP gave the highest water absorbency (233 [+ or -] 8 g [g.sup.-1]) due to the hydrophilic
nature of the carboxylic acid of the IA monomer. The 97:3 (molar ratio) P(AM-IA) SAP could absorb deionized water up to 149 [+ or -] 2 g
[g.sup.-1] of the dry copolymer within 15 min and reached the highest absorbency within 200 min. A plot of t/[Q.sub.t] vs. t reveals that all the
absorbency data almost perfectly fit in a linear line with small positive intercepts and high [r.sup.2] values, in support of pseudo-second order
kinetics (Fig. 5b). The fitting equation and the [r.sup.2] value are reported in Table 4. Indeed, the experimentally determined water absorbency
values fit the theoretically determined values from the Schott model (Eq. 3) supporting pseudo-second order kinetics for the swelling behavior
of the P(AM-IA) SAPs (Table 4). In comparison to the P(AM) SAP, the presence of IA in the hydrogel lowered the swelling rate constant (k),
although the k value at a 3% molar ratio of IA was higher than that for 1 and 2% IA but still less than that seen in the P(AM) SAP (Table 4).
Likewise, the first order kinetics model also tested (not shown here) does not give a good straight line but gives low regression values.

[FIGURE 5 OMITTED]
Effect of Silica

Type and Concentration of Silica on the Water Absorbency of SAPCs. The incorporation of each type of silica (Aerosil 90, 200, and 300) into
the 97:3 (molar ratio) P(AM-IA) copolymer to form P(AM-IA)/silica composites reduced the water absorbency of the SAPC in a dose dependent
manner, reaching a level of some 15-20% lower at 2% w [w.sup.-1] silica than that seen without silica, 0% (see Fig. 6). In addition, there was
a dependency upon the type of silica, with the larger silica particles yielding a SAPC with lower water absorbency at the same nominal silica
concentration. For example, compared to that at 0% silica, the water absorbency was decreased from 233 [+ or -] 8 g [g.sup.-1] to 199 [+ or -]
4,193 [+ or -] 6, and 188 [+ or -] 1 g [g.sup.-1], a reduction of 15, 17, and 20%, with the incorporation of Aerosil 90, Aerosil 200, and Aerosil 300
at 2%: w [w.sup.-I], respectively. This is to be expected since water absorbency is related to the higher hydrophilic properties of the hydrophilic
chain and the silica particle size, as shown in Table 1, the BET surface areas of the three silicas differ significantly. As to the dose-dependent
effect, the silica particles present in SAPs act as crosslinking points [5], and so more crosslinking points are available with the increased



addition of Si[O.sub.2] in addition to the W-MBA crosslinking agent. Although more hydrogen bonding takes place between the hydrophilic
silanol group on the silica, water absorbency through this bonding may increase the rigidity of the chain. Since the surface physical-chemical
properties are the same, and so do not differentially affect the water absorbency of the SAPCs, their surface areas and average primary
particle size are, therefore, the important attributes controlling the extent of water absorbency.

[FIGURE 6 OMITTED]

Type of Silica and Silica Content on the Swelling Kinetics. The swelling kinetics of the SAPCs, synthesized from a 97:3 molar ratio of AM:IA
with in situ incorporation of 2.0% w [w.sup.-I] of silica were essentially the same for all three types of silica (Fig. 7a) and showed pseudo
second-order absorbency kinetics regardless of the presence of silica and its concentration (Fig. 7b). The high quality of linear curve fitting is
represented by the value of [r.sup.2] equal to 1 (Table 5). Again the experimental water absorbency values were very close to those derived
theoretically from the Schott model of pseudo second-order kinetics (Table 5). In the presence of 2.0% w [w.sup.-1] silica, the resulting 97:3
molar ratio P(AM-IA)/silica SAPC could absorb water at the very similar values of 121 [+ or -] 8, 119 [+ or -] 8, and 118 [+ or -] 8 g [g.sup.-1] of
the dry polymer within 15 min for Aerosil 90, Aerosil 200, and Aerosil 300, respectively. The dependence of swelling time on the equilibrium
swelling rate arises because the mass of liquid absorbed during the swelling, so that the rate increases until constant at the absorbency
time longer than 300 min. The water swelling rate depends on the equilibrium swelling capacity of the polymer. The swelling absorbency
values of the 97:3 P(AM-IA)/silica SAPCs with Aerosil 90, Aerosil 200, and Aerosil 300 are not much different to each other but decreased with
increasing concentrations of silica (Table 6). As mentioned before, the line silica particles act as additional crosslinking junctions and so the
crosslink density increased with increasing silica levels, leading to a decreased swelling.

[FIGURE 7 OMITTED]

The swelling kinetics of the P(AM-IA)/silica SAPCs, synthesized from a 97:3 molar ratio of AM: IA with four contents of Aerosil 90, are shown in
Fig. 8a, and replotted as t/[Q.sub.t] vs. t in Fig. 8b. As mentioned earlier, all the t/[Q.sub.t] vs. t plots are linear and fit well with the calculated
values using the Schott's pseudo second-order absorbency kinetics model (Table 7). The incorporation of silica causes a dose-dependent
decrease in the water absorbency, but the rate constant of swelling (k) was accelerated by increasing silica contents, due to the increasing
level of crosslinking density within the SAPCs.

[FIGURE 8 OMITTED]

In view of the second-order absorbency kinetics observed in a later time course (Figs. 5, 7, and 8), one can describe the absorbency behavior
as follows. When the P(AM-IA) SAP or P(AM-IA)/silica SAPC contacts with the excess amount of water, diffusion takes place which is governed
by a first-order process on a short time scale (Fick model), and then subsequently the rate of swelling at long swelling times is not governed
by the diffusion, but rather is mainly controlled by stress relaxation of the amorphous regions of the polymer network which follows a pseudo
second-order kinetics control (Scott model).

The Effect of the Type of Silica and its Content on the Water AUL of the Synthesized Copolymers. The water AUL (1.93 X [10.sup.3] Pa and
4.83 x [10.sup.3] Pa) of the P(AM-IA)/silica SAPCs, synthesized from a 97:3 molar ratio of AM: |A in the presence of the three silica types
(Aerosol 90, 200, and 300) and four contents (0.1, 0.2, 0.5, and 2% w [w.sup.-1]) of silica is shown in Table 6. The AULs at 1.93 X [10.sup.3]
Pa and 4.83 x [10.sup.3] Pa for the 97:3 P(AM-IA) SAP were very similar at 12 g [g.sup.-1] 11 g [g.sup.-1] and, respectively (Table 3), and were
not significantly changed by the addition of silica, type or concentration, with all tested P(AM-IA)/silica SAPCs having an AUL of 11-13 g [g.sup.-
1] at both evaluated loads.

In general, silica has been used to help improve the gel strength so as to provide a higher AUL to swollen gels with an otherwise reduced
water absorbency. The swelling in the present work was observed to decrease slightly with increasing contents of silica in the P(AM-IA)/silica
composite. The additional amounts of silica probably act as nonreactive filler dispersed in the network. It may be attributed to the fact that fine
silica particles act as additional junctions. Therefore, silica imposes effects on gel strength or AUL improvement, in that the higher the silica
concentration, the higher the gel strength becomes.

Besides the crosslinking reaction, these characteristics may be attributed to the fact that the fine silica particles act as additional junctions for
grafting reaction on their surface to increase the SAPC density. Increasing silica contents led to increased gel strength, although the water
absorbency value of the SAPCs with different silica types (particle sizes) is not different at all. Increasing the water absorbency was achieved
by a lower crosslinking reaction, AUL decreased because the swollen particles easily deformed and clumped together under load, liquid
supplying voids or spaces were closed. If this is the case, then to increase the AUL, a second polymerization on the surface with a small
amount of additional crosslinking density may be needed.

The Retained Silica in the Gel

The actual amount of silica that is incorporated into the 97:3 P(AM-IA)/silica SAPC was evaluated by the difference in silica contents between
those in the initial pre-polymerization and the final products after the polymerization (Table 8). The amounts of silica retained in the SAPCs are
lower than the added amounts of silica added, i.e., the whole amount of silica is not incorporated into the polymer network, but rather only
some 86-95% is retained. This is not linearly dependent upon the silica content in the polymerization reaction and, although their average
primary particle sizes are significantly different, the interaction between SAPCs and the three different silica types cannot be differentiated. The
retention of silica within the SAPCs is in agreement with the IR spectra (see Fig. 3) and the SEM-EDXS data (see Fig. 4).

Effect of Mechanical Mixing on Water Absorbency of SAPCs'

Since it is possible to mix or blend the SAP with the silica particles as an organic and inorganic composite, it is of interest if the resulting
composite will perform similarly to the in situ polymerized SAPCs. That is, the performance of the silica-filled SAPC can match that the in situ
silica SAPC arises because the silica can leak out from the composite. Then, its strength might be somewhat lower compared to the in situ
polymerized SAPCs.

Effect of the Mixing Method

The VM motion uses an eccentric motion in the vertical direction with a constant speed of 100 rpm while the HM method uses a constant
rotation speed of 600 rpm in the horizontal direction. To this are added the SAP particles with silica powder, and dispersion of the
components in the cylindrical bottle is accomplished by rotating the bottle and its contents about the horizontal axis of the cylindrical bottle at a
rate sufficient to lift the silica particles to one side and then cause them to roll, slide and tumble or cascade to the lower side. At this speed,
the rotation movement is the cascade manner. When the HM rotation of SAP and silica particles in the cylindrical bottle takes place, some
parts of the particles contact with the cylindrical wall in the diameter direction of the roller movement, contact sites of the SAPs for silica
particles decrease when the movement of the cylindrical bottle is continued. In the VM motion, both the SAPs and silica particles move up and
down along the length of the cylindrical bottle. Therefore, the contact sites of the SAPs and silica particles in the VM direction are higher than
the HM motion leading to the larger probability of silica particles in adhering to the SAP surface. The adsorption of silica is strengthened by
hydrogen bonding between hydroxyl groups on silica surface and carboxylic and amine groups on P(AM-IA) SAP. Based on the mixing
mechanism and speed, the Aerosil 300 having larger surface area (BET surface area of 300 [+ or -] 30 [m.sup.2] [g.sup.-1] and 7 nm particle
size) adsorbed on SAP particles more than the Aerosil 90 silica did (BET surface area of 90 [+ or -] 15 [m.sup.2] [g.sup.-1] and 20 nm particle
size). As a result Aerosil 300-SAPC should provide the lower water absorbency since the adsorbed silica might interrupt the diffusion or the
binding of water into the SAP particle. However, the results in Table 9 indicated that both the mixing direction and types of the investigated
silica particles did not significantly alter the water absorbency of the SAPC comparative to the in situ SAPC polymerization.

When the mixture of SAPs and silica particles is mixed by an eccentric rotation (VM), they move up and down along the length of the cylindrical
bottle. Therefore, the mixing force is controlled by a centrifugal acceleration, [alpha], as shown in Eq. 5 [48, 49]:



[alpha] = ([r.sub.b] + [r.sub.c])[[omega].sup.2] (5)

where [r.sub.b] is the radius of the glass bottle, [r.sub.e] is the eccentric radius, and [omega] is the rotation angular velocity. According to the
theory of the elasticity contact between spheres [48], the contact area S increases as indicated in Eq. 6:

Slalphal[F.sup.2/3] (6)

where F is the force worked on the spheres. The Aerosil 300 silica has a stronger force to hold silica particles on the surface of the SAP due
to its larger surface area and smaller size. Thus, the SAPs and Aerosil 300 can physically interact, aggregate, or agglomerate together more
strongly than those of Aerosil 90.

It is necessary to mention that SAPs at various AM:IA ratios without silica were also mixed horizontally or vertically as for a control purpose at
the same condition for the SAPCs. The mixing force given to SAPs actually helps only disperse the particle agglomeration and imposes a
slight effect on water absorbency as shown in Table 9. Regardless of the dependence of the mixing time on the SAPs-silica contact, the HM
rotation rate is higher than the VM rotation and, therefore, the force between the SAP and silica particles by HM rotation increases rapidly. The
mixing force between the SAP and silica particles can be divided into three regions: elastic, plastic and destructive. In the low mixing force
region, the contact between SAPs and silica particles is supposed to be elastic, in good approximation, and after the mixing, the shapes of
SAPs and silica do not change. Over the elastic force range, some plastic region can be observed, and if the force becomes greater than
plastic region, SAP destruction may arise.

The results in Table 9 indicate that all the SAPs having various silica types and contents mixed under VM or HM motions are linear and it can
be concluded that their mixing forces are elastic because the water absorbency values are in a linear trend. The extent of water absorbency of
the in situ SAPCs containing a 97:3 molar AM: |A ratio with various silica contents used in comparison with the mechanical mixing SAPCs at
the same monomer ratio are similar with only a small deviation in most cases.

The Role of Silica in SAPCs

The preparation of SAPs needs to have a crosslinking agent to control the gel properties. However, when a crosslinking agent, such as N-
MBA, is used, the water absorbency decreased. To control the desirable level of water absorbency through the chemical crosslinking reaction,
a well-designed recipe and reaction condition must be strictly controlled. Inorganic particulate filler with a hydrophilic surface, such as silica,
is normally recommended for incorporation during the polymerization of SAPs as another crosslinking site or grafting site for the in situ
prepared SAPCs or mechanical mixing of SAPs and silica to give SAPCs. As shown above, the silica particles can be embedded in the
polymer to give a better overall strength. Moreover, the presence of silica in the SAPCs reduces the load-free water absorbency very slightly.
Data from the water AUL, however, were not significantly different between the SAP and SAPCs due to the aforementioned discussion. When
the SAPCs are assembled as a baby diaper or famine napkins, the absorbed fluid is still held within the superabsorbent network and silica
also helps the polymer to flow easily from the sack and can improve fluid permeability of the hydrated SAPs. In this work, we tuned the
combination between the chemical crosslinking reaction by N-MBA and the minimum silica incorporation to obtain the desirable water
absorbency behavior.

CONCLUSIONS

The P(AM-IA) SAPs prepared by in situ solution polymerization produced a high level of water absorbency and a much lower AUL water
absorbency. Increasing the IA concentration in the SAPs significantly increased the water absorbency. In situ polymerized SAPCs containing
various molar ratios of AM: A and incorporating three types of silica particles at various contents were synthesized. The water absorbency of
SAPCs was lower than those of SAPs, the extent of which depended on the amount of silica incorporated. However, the AUL of SAPs and
SAPCs at a 97:3 molar ratio of AM: IA was almost unchanged regardless of the type and amount of silica added. The amounts of silica
retained in the SAPCs of the three silica types and contents were in the range of 88-95% by weight. Water absorbency kinetics of the P(AM-IA)
SAPs or the P(AM-|A)/silica SAPCs obeys Langmuir absorbency isotherm with a pseudo second-order absorbency phenomenon. Horizontal
or vertical mixed SAPs with two types of silica at 0.1, 0.5, and 2% by weight did not give significant differences in water absorbency. In addition,
the levels of water absorbency of the mechanically mixed SAPCs did not significantly vary from the levels obtained from the in situ SAPCs.
Therefore, the obtained results indicated that in order to prepare SAP with improved mechanical properties via the addition of silica particles,
one could avoid the complicated in situ polymerization reaction in the presence of the silica particles by mechanical mixing the neat SAP with
silica particles to obtain the associated SAPC.
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TABLE 1. Silica types and their physical properties.

Physical properties Aerosil 90 Aerosil 200 Aerosil 300
BET surface area, 90 [+ or -] 15 200 [+ or -] 25 300 [+ or -] 30
([m.sup.2]

[g.sup.-1])

Average primary 20 12 7

particle size, (nm)

PH 3.7-4.7 3.7-4.7 3.7-4.7
Si[O.sub.2] (% w >99.8 >99.8 >99.8
[w.sup.-1])

[AI.sub.2] [0.sub.3] <0.05 <0.05 <0.05

(% w [w.sup.-1])

[Fe.sub.2] [0.sub.3] <0.003 <0.003 <0.003
(% w [w.sup.-1])

HCI (% w <0.025 <0.025 <0.025
[w.sup.-1])

TABLE 2. Basic formulation for the preparation of P(AM-IA) SAPs and
P(AM-IA)/silica SAPCs.

Ingredient In situ polymerization Mechanical mixing method
method

AM/IA 100/0, 99/1, 98/2, 97/3 100/0, 99/1, 98/2, 97/3

(mole/mole)

Aerosil 90 silica 0.1, 0.2, 0.5, 2.0 0.1, 0.5, 2.0

(w [w.sup.-1])

Aerosil 200 0.1, 0.2, 0.5, 2.0 -
silica (w

[w.sup.-1])

Aerosil 300 0.1, 0.2, 0.5, 2.0 0.1, 0.5, 2.0
silica (w

[w.sup.-1])

N-MBA (w 0.5 0.5
[w.sup.-1])

APS (w 1.0 1.0
[w.sup.-1])

TEMED 0.2 0.2
([cm.sup.3])

Horizontal mixing 600 600
(rpm)

Vertical mixing 100 100
(rpm)

TABLE 3. Effect of itaconic acid concentration (molar ratio) on the
water absorbency of the P(AM-IA) SAP.

Water absorbency under load (AUL [Pa]) of

Itaconic acid 0 1.93 x [10.sup.3] 4.83 x [10.sup.3]
concentration

(% molar

ratio)

0 51 [+ or -] 2 14 12

1 157 [+ or -] 9 14 12

2 191 [+ or -] 6 13 11

3 233 [+ or -] 8 12 11

APS, 1.0% w [w.sup.-1]; N-MBA, 0.5% w [w.sup.-1] at 45[degrees]C, 250
rpm, 30 min.

TABLE 4. Equilibrium water absorbency ([Q.sub.[infinity]]) and rate



constant of swelling of P(AM-IA) SAPs prepared from various IA
contents.

IA [Q.sub. [infinity]] K ([min.sup.-1]) [Q.sub.[infinity]]
content (Schott model) (experimental)
(%

molar)

0 62 6.14e-3 51 [+ or -] 2
1 156 2.53e-4 157 [+ or -] 9
2 182 2.27e-4 191 [+ or -] 6
3 238 5.44e-4 233 [+ or -] 8
IA Fitting second order kinetic equation [r.sup.2]
content

(%

molar)

0 y = 0.0161x + 0.0422 0.9894

1 y = 0.0064x + 0.162 0.9996

2 y = 0.0055x + 0.1333 0.9997

3 y = 0.0042x + 0.0324 1

TABLE 5. Equilibrium water absorbency ([Q.sub.[infinity]] and rate
constant of swelling (k): of SAPCs prepared from P(AM-IA)/2% w w
[w.sup.1l] silica (97:3 molar ratio of AM: IA), with the indicated
different types of silica particles.

System [Q.sub. [infinity]] k ([min.sup.-1]) [Q.sub. [infinity]]
(Schott model) (experimental)

No silica 238 5.44e-4 233 [+ or -] 8

Aerosil 90 189 9.03e-4 188 [+ or -] 6

Aerosil 200 185 3.14e-4 184 [+ or -] 2

Aerosil 300 182 6.53e-4 183 [+ or -] 4

System Fitting second order kinetic equation [r.sup.2]

No silica y = 0.0042x + 0.0324 1

Aerosil 90 y = 0.0053x + 0.0311 1

RAerosil 200 y = 0.0054x + 0.0928 0.9994

Aerosil 300 y 0.0055x + 0.0463 1

TABLE 7. Equilibrium water absorbency ([Q.sub.[infinity]]) and rate
constant of swelling (k): of SAPCs prepared from P(AM-IA)/Aerosil 90
silica (97:3 molar ratio of AM: IA) with the incorporation of the
indicated final Aerosil 90 concentration.

Aerosil 90 ([Q.sub. [infinity]] k [Q.sub. [infinity]]
(w (Schott model) ([min.sup.-1]) (experimental)
[w.sup.-1])

0 238 5.44e-4 233 [++or--] 8
0.1 238 5.78e-4 235 [++or--] 6
0.2 227 7.53e-4 227 [++or--1 1
0.5 213 8.09%e-4 214 [++or--]1 6
2 189 9.3%-4 188 [++or--] 6

Aerosil 90 Fitting second order kinetic equation [R.sup.2]
(w

[w.sup.-1])

0 y = 0.0042x + 0.0324 1
0.1 y = 0.0042x + 0.0305 1
0.2 y = 0.0044x + 0.0257 1
0.5 y = 0.0047x + 0.0273 1
2 y = 0.0053x + 0.0299 1

TABLE 6. Effect of silica types and concentrations on the water
absorbency of SAPCs (97:3 molar ratio of AM:IA).

Water absorbency (g [g.sup.-1]) under loads (Pa) of

0

Concentration Aerosil 90 Aerosil 200 Aerosil 300
or silica (% w

[w.sup.-1])

0.1 228 [+ or -] 1 228 [+ or -] 7 225 [+ or -] 2
0.2 220 [+ or =] 1 218 [+ or -] 2 216 [+ or -] 3
0.5 218 [+ or =] 1 210 [+ or -] 5 208 [+ or -] 5
2.0 199 [+ or =] 4 193 [+ or -] 6 188 [+ or -] 1

Water absorbency (g [g.sup.-1]) under loads (Pa) of



1.93 x [10.sup.3] 4.83 X [10.sup.3]

Concentration Aerosil Aerosil Aerosil Aerosil Aerosil Aerosil

or silica (% w 90 200 300 90 200 300
[w.sup.-1])

0.1 12 12 12 11 11 11
0.2 12 12 13 11 11 12
0.5 13 13 13 12 12 12
2.0 13 13 13 12 12 12

TABLE 8. The silica retained in the gel at various silica
concentrations.

Type of Aerosil Silica Silica Silica
concentration added concentration concentration
in polymerization after retained in the
% w [w.sup.-1]) sintering (% w gel (% w
[w.sup.-]) [w.sup.-1])
Aerosil 90 0.1 0.09 90
0.2 0.19 95
0.5 0.44 88
2.0 1.79 90
Aerosil 200 2.0 1.85 93
Aerosil 300 2.0 1.71 86

TABLE 9. Mechanical mixing of the superabsorbent copolymer with
silica by horizontal mixing or vertical mixing.
Water absorbency (g [g.sup.-1]) of SAPCs from AM/IA (mol %)

100/0
Silica Silica In situ VM HM
surface area content
([m.sup.2] (% w)
[g.sup.-11)
90 0 51 [+ or =] 2 35 [+or -] 1 35 [+or -] 1
0.1 - 36 [+ or -] 2 19 [+ or -] 2
0.5 - 37 [+ or -] 5 20 [+ or -] 3
2.0 - 34 [+ or -] 0 21 [+ or -] 3
300 0 51 [+ or -] 2 35 [+o0or -] 1 35 [+or -]1
0.1 - 41 [+ or =1 2 37 [+ or -] 1
0.5 - 40 [+ or -] 1 40 [+ or -] 1
2.0 - 40 [+ or -] 2 42 [+ or -] 2
99/1
Silica Silica In situ VM HM
surface area content
([m.sup.2] (%5 w)
[g.sup.-1])
90 0 157 [+ or -] 9 144 [+ or -] 8 144 [+ or -]
0.1 - 177 [+ or -1 7 182 [+ or -]
0.5 - 165 [+ or -] 2 183 [+ or -]
2.0 - 189 [+ or -] 35 136 [+ or -]
300 0 157 [+ or =] 9 144 [+ or -] 8 144 [+ or -]
0.1 - 147 [+ or -] 19 151 [+ or -]
0.5 - 143 [+ or -] 8 132 [+ or -]
2.0 - 141 [+ or -] 19 135 [+ or -]
98/2
Silica Silica In situ M HM
surface area content
([m.sup.2] (% w)
lg.sup.-1])
90 0 191 [+ or -] 6 201 [+ or -] 5 201 [+ or -]
0.1 - 178 [+ or -] 9 174 [+ or -]
0.5 - 155 [+ or -] 7 176 [+ or -]
2.0 - 165 [+ or -] 19 164 [+ or -]
300 0 191 [+ or -] 6 201 [+ or -] 5 201 [+ or -]
0.1 - 191 [+ or -] 6 213 [+ or -]
0.5 - 198 [+ or -] 14 208 [+ or -]
2.0 - 193 [+ or -] 6 205 [+ or -]
97/3
Silica Silica Tn sitn M HM

41
24
19

12



surface area content

([m.sup.2] (% w)

[g.sup.-1])

90 0
0.1
0.5
2.0

300 0
0.1
0.5
2.0

233
228
218
199
233
225
208
188

0.2 g sample, mixing time

and horizontal mixing
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SYNTHESES, CHARACTERIZATION AND ANTIBACTERIAL ACTIVITY
OF CHITOSAN GRAFTED HYDROGELS AND ASSOCIATED MICA-

CONTAINING NANOCOMPOSITE HYDROGELS

Abstract

Chitosan (CS) grafted poly[(acrylic acid)-co-(2-hydroxyethyl methacrylate)]
(CS-g-poly(AA-co-HEMA)) at different molar ratios of AA and HEMA, and the
associated nanocomposite hydrogels of CS-g-poly(AA-co-HEMA)/mica were
synthesized by radical copolymerization. The grafting positions at the amino or
hydroxyl groups in the CS were identified by Fourier transform infrared spectroscopy.
CS-g-poly(AA-co-HEMA) hydrogels were intercalated in the mica and the amount of
hydrogel insertion did not affect the spacing of the silicate layers in mica. The higher
mica loadings produced a rougher surface of the nanocomposite hydrogel. The water
absorbency of the CS-g-poly(AA-co-HEMA)/mica nanocomposite hydrogels
decreased with increasing levels of mica loading to a lower level than those of the CS-
g-poly(AA-co-HEMA) hydrogels. Both CS-g-poly(AA) and CS-g-poly(AA-co-
HEMA)/mica nanocomposite hydrogels exhibited a higher antiproliferative activity
against Staphylococcus aureus than did the neat CS hydrogel with CS-g-poly(AA)
revealing a very pronounced minimum inhibition concentration (MIC) of 1.56 mg ml’
!. The extent of mica loading in the CS-g- poly(AA-co-HEMA) nanocomposite

hydrogels did not affect the MIC (12.5 mg ml™).

Keywords:  Chitosan; Acrylic acid; 2-hydroxyethyl methacrylate; Mica;

Nanocomposite hydrogel; Antibacterial property
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1. Introduction

Hydrogels are slightly crosslinked hydrophilic polymers that can swell and
absorb at least 15 times of their dry weight. The relative density of hydrophilic groups
and the degree of crosslinking of the hydrogel are the two main factors that affect the
water absorbency of a hydrogel." Chitosan (CS) has found wide applications in the
biomedical field, as well as other fields, because of its interesting biological properties,
such as biocompatibility, biodegradability, hemostatic activity and bacteriostatic
effects. Recently, CS-based hydrogels have been extensively researched and used in a
wide field of applications because of their biocompatibility, biodegradability, non-
toxicity and antibacterial activity,2 as well as that CS is a plentiful, renewable and
relatively cheap material. The hydrogels derived from CS grafted with hydrophilic
vinyl monomers, such as acrylic acid (AA) or itaconic acid (IA), showed an increased

water absorbency compared to CS alone.””

The 2-hydroxyethyl methacrylate
(HEMA) monomer has long been used in biomedical applications because it improves
the graft copolymer biocompatibility.6 HEMA monomer is harmful in the dental
application if it does not completely polymerize, because it induces DNA damage,
apoptosis and cell-cycle delay by the production of reactive oxygen species. However,
it was found that the presence of antioxidant and/or CS can decrease the genotoxicity
of HEMA monomer.”® CS-g-poly(AA-co-HEMA) was reported to exhibit good
cytocompatibility and hemocompatibility and thus possesses a high potential as an
application for wound dressing.” Suitable wound dressings normally possess an
antibacterial activity for protecting the wound from infection, and have a water
absorbency of around 25 - 32 times their dry weight so as to be able to remove

secretion or pus from the wound.” Bacterial infection is one of the main factors for the

development of chronic wounds. Infected wounds may cause trauma and higher

John Wiley & Sons, Inc.
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treatment costs. Pathogens frequently associated with wound infections include
Staphylococcus aureus (S. aureus), Enterococcus sp., Escherichia coli, Pseudomonas
aeruginosa, Enterobacter sp., Proteus mirabilis, Klebsiella pneumonia, Streptococcus
sp., and Candida albicans. S. aureus is the most commonly found human pathogens
which cause wound infections, boils, pustules and other human skin infections.'®
Infection by S. aureus is accounted for about 20% frequency of occurrence in burns,
wounds, and surgical sites. Due to the above mentioned, any developed wound
dressing materials should therefore possess an inhibitory effect on the most frequently
found S. aureus in wounds.

Generally, the gel strength of a bio-absorbent is naturally rather weak and this
unfortunately limits its useful applications. To improve the gel strength, thermal and
inherently antibacterial properties of CS and/or grafted CS, clay minerals, such as

12,13 e 14 e
and sepiolite, " have been used as a filler incorporated

montmorillonite, 1 rectorite
into the CS to produce CS/nanocomposite hydrogels. Wang et al. *> found that the
antibacterial activity against S. aureus of CS/rectorite nanocomposite film was better
than that of the neat CS film. This result agreed with the research reporting that clay
minerals alone did not destroy bacteria, but they could adsorb and kill bacteria when
the antimicrobial materials were intercalated into silicate layers.16

Mica is a clay mineral known as a 2: 1 phyllosilicate and its general formula is
AM,3T40,0X,, where A is usually Na, K or Ca. The M can be Fe, Al and Mg; T is Si
and/or Al and X is (OH), O, Cl and F.Y 1t is composed of two-dimensional layers of
an edge-shared octahedral sheet that is fused to form two tetrahedrals by the shared
oxygen ions of one octahedral sheet and two tetrahedral sheets.'® Mica showed the

antimicrobial activity, but it has a tendency of cytotoxicity with a larger platelet size

than that of montmorillonite."” Nanosilicate platelet of montmorillonite has a low

John Wiley & Sons, Inc.

Page 4 of 38



Page 5 of 38

Journal of Applied Polymer Science

cytotoxicity with antibacterial activity.lg’20

However, only a few research reports on
CS/mica nanocomposite hydrogels are available, leaving its potential suitability for
many applications, including as a wound dressing material, unknown. Therefore, the
synthesis and characterization of grafted CS/mica nanocomposite hydrogels was the
main aim of this research. The effects of the reaction parameters on the morphology,

water absorption and antibacterial activities of the resultant hydrogels were

investigated.

2. Experimental
2.1 Materials

CS with a viscosity average molecular weight of 57,000 g mol”' and an 85%
deacetylation degree was purchased from Seafresh Industry Public Co., Ltd.
(Bangkok, Thailand). Industrial grade AA and HEMA monomers were kindly
supplied by Thai Mitsui Specialty Chemicals Co., Ltd. (Bangkok, Thailand). N, N’-
Methylenebisacrylamide  (N-MBA)  crosslinker and N, N, N, N’-
tetramethylethylenediamine (TEMED) co-initiator were purchased from Fluka (Buchs,
Switzerland). Ammonium persulphate (APS), purchased from Ajax (Australia), was
used as the initiator. Swelling mica was purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). Deionized water, used as the reaction medium, was
obtained from an Elga Deionizer (Model LA611, Marlow international, Bucks, U.K.).
Sodium ampicillin (drug grade) was purchased from T.P. Drug Laboratories
(Bangkok, Thailand). Staphylococus aureus (S. aureus) isolate from textile
wastewater was provided by the National Center for Genetic Engineering and
Biotechnology (NSTDA, Pathum thani, Thailand). Mueller-Hinton Broth (MHB) and
Mueller-Hinton Agar (MHA), used for the growth of S. aureus were from Difco, New

Jersey, USA.

John Wiley & Sons, Inc.
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2.2 Syntheses
2.2.1 Synthesis of grafted CS hydrogels

CS (1 g) was added into 30 ml of 2% w v acetic acid solution in a 500-ml
four-necked round-bottom flask with a mechanical stirrer (Ika RW 28, IKA® Werke
GmbH & Co. KG, Staufen Germany), assembled with a half-moon shaped Teflon
blade paddle and a condenser. The mixture was stirred for 30 min at room temperature
and then heated at 60 + 2°C under nitrogen gas which was fed constantly through the
gas inlet at 10 ml min™' for 30 min. APS (0.01-0.15 g) was then added and stirred for
10 min, followed by the sequential addition of either AA or HEMA or both and N-
MBA (0.01 - 0.15 g) to the desired final concentration and stirred for 5 min. Finally,
TEMED was added (0.01 - 0.4 g) to the mixture and stirred at 250 rpm for another 60
min. The reaction was then cooled down to room temperature and adjusted to pH 8 by
1 M sodium hydroxide solution. The product was dewatered with acetone, cut into
pieces of approximately 1 x 1 cm square and dried in an oven at 50°C for 24 h. The
dried product was extracted with an excess amount of methanol in a Soxhlet apparatus
for 24 h to remove the unreacted components and obtain the CS grafted polymer (e.g.
CS-g-poly(AA-co-HEMA)). The extracted product was dried in the oven at 50°C for
24 h, milled and sieved through a 100 mesh sieve to obtain the hydrogel particles in

the range of 50 - 100 mesh (200 - 400 micrometers).

2.2.2 Synthesis of CS-g-poly(AA-co-HEMA )/mica nanocomposite hydrogels

The desired amount of mica was dispersed in the mixture of AA and HEMA
monomers for 60 min by stirring at 250 rpm with a magnetic stirrer. CS (1 g) was
dissolved in 30 ml of 2% v v’ solution of acetic acid, and then added into a 500-ml

four-necked round-bottomed reaction flask equipped with the mechanical stirrer and a

John Wiley & Sons, Inc.
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condenser. The reactor was then immersed in a temperature controlled water bath,
stirred at 250 rpm under a constant nitrogen gas fed through the gas inlet tube for 30
min before APS (0.1 g) was added and stirred for 10 min. The well-dispersed mica
suspension was added into the solution of CS and APS, stirred at 250 rpm and heated
to 60 = 2°C under the nitrogen gas circulation for 30 min before N-MBA (0.1 g) was
then added and stirred for 5 min. Finally, TEMED (0.4 g) was added and stirred for
another 60 min. The polymerization product was cooled down and the product was

obtained by the same procedure as described above for the grafted CS hydrogels.

2.3 Grafting ratio and efficiency of the grafted CS hydrogels by acid hydrolysis

The grafted CS hydrogel (0.5 g) was dissolved in 50 ml of 1 M HCl in a 125-
ml Erlenmeyer flask which was assembled with a condenser and refluxed at 120°C for
2 h. After the acid hydrolysis, the remaining solid (grafted copolymer) was filtered,
dried and weighed. The filtrate was neutralized to pH 7 by 1 M sodium hydroxide
solution and then precipitated by ethanol. The precipitate was filtered and dried at
room temperature for 24 h to obtain its dry weight. Finally, the filtrate from the
precipitation step was evaporated to remove the residual solvent. The white solid was
dried at room temperature and weighed. The remaining solid and precipitate after acid
hydrolysis were investigated for functional groups by Fourier Transform Infrared
Spectroscopy (FT-IR; model Tensor 27, Billerica, USA) using KBr pellets. The
grafting ratio, grafting efficiency and homopolymer content were calculated from
Equations (1) - (3):*'%

Weight of remaining solid after acid hydrolysis x 100 (1)
Weight of homopolymer + Weight of grafted copolymer

% grafting efficiency =

) i Weight of remaining solid after acid hydrolysis x 100
% grafting ratio = (2)
Weight of precipitate from ethanol

John Wiley & Sons, Inc.
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9% homopolymer = Weight of grafted CS hydrogel before Soxhlet (3)
extraction - weight of grafted CS hydrogel after Soxhlet

extraction

2.4 Identification of functional groups of grafted CS hydrogels and CS-g-poly(AA-co-
HEMA )/mica nanocomposite hydrogels
The functional groups of mica, the grafted CS hydrogels and grafted CS-g-

poly(AA-co-HEMA )/mica nanocomposite hydrogels were characterized by FT-IR.

2.5 Characterization of the grafted CS hydrogels and CS-g-poly(AA-co-
HEMA )/mica nanocomposite hydrogels
The surface morphologies of the mica, and the grafted CS and grafted

CS/mica nanocomposite hydrogels were photographed on a scanning electron

microscope (SEM, model JSM-5410LV, Tokyo, Japan) without prior cross sectioning.

Each sample was fixed on an aluminum stub and coated with gold. X-ray diffraction
(XRD) patterns of the samples were recorded using Bruker AXS (model D8 Discover,
Bruker AXS Munich, Germany) with Cu radiation, voltage of 40 kV, a current of 40
mA and scanned from 1 - 35° with a scanning rate of 0.02° min'. The transmission
electron micrographs (TEM) were taken on JOEL (JEM-2100, Jeol Ltd., Tokyo,

Japan).

2.6 The effect of the reagent contents on water absorbency of grafted CS hydrogels

and CS-g-poly(AA-co-HEMA )/mica nanocomposite hydrogels

John Wiley & Sons, Inc.
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The water absorbencies of the grafted CS hydrogel and the grafted CS-g-
poly(AA-co-HEMA )/mica nanocomposite hydrogels were carried out with distilled
water at room temperature in a closed system to minimize water evaporation. Distilled
water (200 ml) was added to 0.1 g of the dry grafted hydrogels or the nanocomposite
hydrogels. The hydrogel was swollen to equilibrium for 24 h and the swollen gel was
then filtered through a 100-mesh aluminum screen sieve for 2 h. The water
absorbency was determined for at least three replications for each synthesized product
by Equation (4):

W, -W,)

Water absorbency (Q) = ——= 4)
Wd

where W; is the weight of swollen hydrogels or nanocomposite hydrogels (g) and W,

is the weight of the dry hydrogels or nanocomposite hydrogels (g).

2.7 Antibacterial activity
2.7.1 Turbidity method

The CS, CS-g-poly(AA), CS-g-poly(HEMA) and CS-g-poly(AA-co-HEMA)
hydrogels, and the CS-g-poly(AA-co-HEMA)/mica nanocomposite hydrogels, each
weighing 250 mg, and distilled water were sterilized by UV radiation for 1 h prior to
the test.

The diluted stock culture of S. aureus was adjusted to 0.5 units by sterile
deionized water. The S. aureus suspension (2.5 ml) was inoculated into 47.5 ml of
sterile Mueller-Hinton Broth (MHB) in a 250 ml sterile Erlenmeyer flask. For each
hydrogel type, the sterile sample (250 mg) was then added to the S. aureus suspension
in MHB media and incubated at 37°C while being shaken at 250 rpm. At every two

hours a 50 ml aliquot was harvested and the swollen gel removed by filtration through
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filter paper no. 1 (Schleicher & Schuell, Whatman, Kent, U.K.) prior to measuring the
ODs¢1o nm of the filtrate as a measure of the growth of S. aureus wusing a
spectrophotometer (Spectronic 21, Bausch & Lomb Inc., Rochester, New York,
U.S.A). The OD results of the growth with or without the hydrogel were plotted
versus time to obtain the bacterial growth profiles. The culture time at which the
antibacterial activity of the grafted CS hydrogel was found to be maximal by the
optical density measurement was used to evaluate the total replication competent
(viable) bacterial number using the total plate count method (see section 2.7.2. below)
so as to calculate the mean colony-forming units per milliliter (CFU ml™), and from

this the relative degree of inhibition of bacterial proliferation can be obtained.

2.7.2 Total plate count method

The six and eight hour old S. aureus cultures in MHB were diluted with sterile
deionized water to 10° - 10° CFU ml" and then 100 pl aliquots of each diluted S.
aureus suspension were spread on each MHB plate. The plates were incubated for 24
h at 37°C where upon the number of viable bacteria was counted. Mean CFU ml™ and
the relative inhibition were calculated by Equations (5) and (6), respectively. The

negative control was the sterilized S. aureus cultured in MHB.

mean numbers of counted colonies o
CFU/ml = x dilution factor
amount of dilute S.aureus for spread plate (ml) 5)
CFU /ml of th l
Relative inhibition =100 — mi of the sample 1 1, (6)
CFU / ml of negative control
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2.7.3 Minimum inhibition concentration (MIC)

The antibacterial activity was determined in terms of the minimum inhibition
concentration (MIC). The diluted stock culture of S. aureus was adjusted to 0.5 Ago
units by sterile deionized water and 100 pl was inoculated into 4.9 ml of sterile MHB
in a 10 ml test tube. The hydrogels, each evaluated at the five concentrations of 0,
3.12, 6.25, 12.5 and 25 mg ml”, were added to the 0.01 Ag10 unit suspensions of S.
aureus (see above) in sterile MHB. The cultures were then incubated at 37°C with
shaking at 120 rpm for 24 h. The mean CFU ml" of each sample tested were
measured by the total plate count method as above and the experiment was performed
in triplicate. The MIC was thus determined from the derived CFU ml™ and statistical

significance (ANOV A) was accepted at the 99% significant level or o = 0.01.

3. Results and discussion
3.1 Characterization of the grafted hydrogels
3.1.1 Grafted CS hydrogels

The spectrum of the CS hydrogel (Figure 1(a)) shows the characteristic amino
group peaks at 3428 cm™ for N-H stretching, 1640 cm™ for the C=0 stretching of
amide 1,”* 1594 cm™ for the N-H bending of amide II, 1381 cm™ for the -NHCO

125

stretching of amide IT*> and 1253 cm™ for C-N stretching.”® The characteristic peaks

of the saccharide structure in CS exhibit at 1152 cm™ for the bridge O stretching,*’
and 1085 cm™ and 1031 cm™ for the C3-OH and C4-OH stretching, respectively.® In
addition, the absorption peak at 1420 cm™ is the O-H and C-H vibration which

indicates the presence of a hydroxyl group.24 The peak of C-H stretching appears at

2921 and 2864 cm™.%’

John Wiley & Sons, Inc.



Journal of Applied Polymer Science

12

The CS-g-poly(AA) hydrogel spectrum (Figure 1(b)) shows a new absorption
peak at 1724 cm™ assigned to C=O stretching of the carboxyl group from the grafted
poly(AA) part,27 which was shifted from the peak at 1713 cm™ of the carboxyl group
of poly(AA). In addition, the new absorption peaks at 1563 cm™ and 1402 cm™ are
ascribed to asymmetric and symmetric stretching of the carboxylate anion of
poly(AA) in the CS-g-poly(AA) hydrogel.’ The absorption peak at 1594 cm’,
assigned to N-H bending of CS, disappeared in the CS-g-poly(AA) hydrogel. Thus,
the NH, group is grafted in the CS backbone.”® Moreover, the characteristic peaks of
the saccharide structure of CS in the CS-g-poly(AA) hydrogel was shifted to 1065 cm’
"and 1019 cm™ (C3-OH and C4-OH stretching) and the peak of O-H bending at 1420
cm’! disappeared (Figure 1(b)). From these results, the poly(AA) chains were
confirmed to be grafted at both the NH; and OH sites on the CS backbone.

The CS-g-poly(HEMA) spectrum (Figure 1(c)) shows an absorption peak at
1730 cm’', assigned to C=0 asymmetric stretching, which indicates the presence of
the ester carbonyl group of poly(HEMA),3 and a new absorption peak at 746 cm™ that
is attributed to the CH, rocking of the poly(HEMA) moiety.*” The absorption peak of
N-H stretching of CS also disappeared. Thus, the NH; group of CS had been reacted
in the graft polymerization.”® The characteristic peaks of the saccharide structure of
CS in the CS-g-poly(HEMA) hydrogel were shifted to 1069 cm™ and 1021 cm™ (Cs-
OH and C¢-OH stretching) and the CS O-H bending peak at 1420 cm’ disappeared.
Thus, the poly(HEMA) was grafted at both NH, and OH sites on the CS backbone as
well.

The CS-g-poly(AA-co-HEMA) hydrogel spectrum (Figure 1(d)) shows the
absorption peak at 1722 cm’ that is assigned to the C=0 asymmetric stretching and

so indicates the presence of the ester carbonyl group of the poly(HEMA) moiety,3 and
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a new absorption peak at 753 cm™ that is attributed to the CH, rocking of the
poly(HEMA) moiety.29 In addition, it also shows peaks at 1585 cm’ (C=0
asymmetric stretching) and 1402 cm™ (C=0 symmetric stretching) of the carboxylate
anion in the poly(AA) moiety.” Moreover, the characteristic peaks of the saccharide
structure of CS in the CS-g-poly(AA-co-HEMA) hydrogel (Figure 1(d)) shifted to
1074 and 1021 cm™ (C3-OH and Ce-OH stretching) and the peak of O-H bending at
1420 cm’ (Figure 1(a)) disappeared (Figure 1(d)). Thus, poly(AA-co-HEMA) was

also grafted at both the NH, and OH sites on the CS backbone.

3.1.2 CS-g-poly(AA-co-HEMA )/mica nanocomposite hydrogels

The FT-IR spectrum of mica is shown in Figure 1(e). It shows a peak of O-H
stretching at 3600 - 3400 cm’ that indicates the presence of the hydroxyl group. The
absorption peaks at 2924 and 2852 cm are attributed to the C-H stretching of the
organic part and indicate that the mica used is synthetic mica. It also shows the
absorption peaks of H-O-H bending of water at 1637 and 1620 cm™,** and Si-O and
Al-O stretching peaks at 1016 and 473 cm™ !

The FT-IR spectra of CS-g-poly(AA-co-HEMA)/mica nanocomposite
hydrogels, containing mica at 7, 10 or 15% w w™' of the monomer, are shown in
Figure 1(f-h), respectively. In comparison with the spectra of mica (Figure 1(e)), the
characteristic peaks of CS are shifted to 1636 and 1389 cm'l, whilst the characteristic
peaks of poly(AA-co-HEMA) are also shifted to 1724, 1572, 1404 and 754 cm™. In
addition, new absorption peaks appear at 473, 469 and 467 cm” (Figure 1(f-h),
respectively), all of which are attributed to the Al-O stretching of mica. The intensity
of the absorption peak at 1016 cm™ (Si-O stretching) increased with increasing mica

loadings in the CS-g-poly(AA-co-HEMA)/mica nanocomposite hydrogels, which
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indicates the existence of mica in the CS-g-poly(AA-co-HEMA) nanocomposite
hydrogel. Based on these FT-IR data, the AA or HEMA group is grafted at the OH
group of the C-6 position and/or the amino group of CS. The FT-IR peaks in the
spectra further confirmed that CS-g-poly(AA-co-HEMA)/mica nanocomposite

hydrogels with various loadings of mica were successfully synthesized.

3.2 The grafting performance of grafted CS hydrogels

Analysis of the acid hydrolysis suggests the grafting ratio of the CS-g-
poly(AA) hydrogel (87%) is lower than that of the CS-g-poly(AA-co-HEMA) (269%)
and CS-g-poly(HEMA) hydrogels (343%). However, the grafting ratios of CS-g-
poly(AA-co-HEMA) and CS-g-poly(HEMA) hydrogels were calculated from the
weight differences because a poly(HEMA) C=0 peak at 1710 and 1722 cm™ is still
observed. Thus, at least some poly(HEMA) is still incorporated in the precipitate after
acid hydrolysis, it means that the acid hydrolysis of the CS-g-poly(HEMA) was not
completed. In comparison with the amount of CS, a greater amount of HEMA was
used and so HEMA can generate an interpenetrate polymer network (IPN) hydrogel™
on the CS backbone. This result reflects the high grafting ratio as expected. The
grafting efficiency of CS-g-poly(AA), CS-g-poly(AA-co-HEMA) and CS-g-
poly(HEMA) hydrogels is 93, 94 and 96%, respectively. The amount of homopolymer
normally generated during graft polymerization and the homopolymer chains could
form the IPN chains. Therefore, the amount of homopolymer cannot be derived
directly just from the Soxhlet extraction and acid hydrolysis. Therefore, the amounts
of free poly(AA), poly(AA-co-HEMA) and poly(HEMA) found are only 3, 5 and 3%,
respectively, which are considered to be quite small, and would probably have been

incorporated as the IPN in the polymeric hydrogels.
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3.3 Surface morphology

The surface morphologies of the CS, mica, CS-g-poly(AA-co-HEMA)
hydrogel and CS-g-poly(AA-co-HEMA)/mica nanocomposite hydrogels with 5 to
15% (w w™' of the monomer) mica loadings are shown as the representative SEM
micrographs in Figure 2. The relatively smooth surface of the CS hydrogel and the
flat sheets of mica at approximately 1 - 3 micrometers along with their aggregated
state is clearly visible (Figure 2(a,b)). The surface of the CS-g-poly(AA) hydrogel
(see Figure 2(c)) exhibits the larger porous structure in many areas than those of CS-
g-poly(HEMA) (see Figure 2(d)) and CS-g-poly(AA-co-HEMA) hydrogel (see Figure
2(e,f)). The surface morphology of the CS-g-poly(HEMA) hydrogel shows a gel
network surrounded by a wide spread of uniformly distributed micro-pores and this is
especially regular on the surface of the CS-g-poly(AA-co-HEMA) hydrogel (Figure
2(d)). The CS-g-poly(AA-co-HEMA) hydrogel surface exhibits further a nano-porous
structure (Figure 2(e,f)).

The internal morphologies of the CS-g-poly(AA-co-HEMA)/mica
nanocomposites containing 5 - 15% w w' mica of the monomer (Figure 2(g-j)) are
slightly different from those of the mica-free CS-g-poly(AA-co-HEMA). It is seen
that the higher the mica loading, the more the surface roughness increased and that the
mica flakes are imbibed in the inner areas of the gel. When the mica loadings were
high, they were agglomerated, aggregated, resided, deposited and covered the whole
polymer surface. Based on these results, CS-g-poly(AA-co-HEMA)/mica
nanocomposite hydrogels are confirmed to have been successfully synthesized. One
must state that no residual HEMA was retained in the resulting hydrogels because no
indication of the double bonds peaks was found in the IR spectra because many

extractions of the unused materials were made in solvent.

John Wiley & Sons, Inc.



Journal of Applied Polymer Science

16

3.4 XRD and TEM analyses

The XRD pattern of the CS hydrogel (Figure 3(a)) shows the 2-theta of CS at
10.53° and 19.93°, which corresponds to the hydrated crystals of low crystallinity of
the form I and crystallinity of the form II, respectively.’>** The XRD pattern of CS-g-
poly(AA), CS-g-poly(HEMA) and CS-g-poly(AA-co-HEMA) exhibit the broader and
weaker peaks at 20.19, 18.49 and 20.31°, respectively, whereas the 2-theta at 10.53°
of all these three CS grafted hydrogels disappeared. These indicated that the
crystallinity of the grafted CS was dramatically decreased. Changes in the intensity of
the peaks at approximately 20° relate to different packing of the chains and/or
different hydrogen bonding networks in the grafted CS.*” Thus, the introduction of
AA and/or HEMA chains onto the surface of the CS causes the breakdown of its
crystallinity. These results confirmed that the grafting of polymer onto the CS chain
occurred.™?***® The XRD patterns of mica revealed 2-theta values of 7.13 and 9.22°
that correspond to a basal spacing of 13.58 and 9.58 A, respectively. The XRD
patterns of the CS-g-poly(AA-co-HEMA)/mica nanocomposite hydrogel reveal that
the 2-theta value of mica in the nanocomposite hydrogels were shifted towards a
lower angle (6.27°) and that the interlayer spacing of mica increased by 1.7 A
compared with that of the swelling mica. This confirms that intercalation had taken
place and that the CS-g-poly(AA-co-HEMA)/mica nanocomposite hydrogels are
intercalated composites with more spacing in the silicate layers.”” In addition, it also
shows that increasing the mica loadings from 5 to 15% (w w™' based on the weight of

monomer) does not affect the intercalated structure of the CS-g-poly(AA-co-

HEMA )/mica nanocomposite hydrogels but rather they exhibit the same basal spacing.

These results agree well with the previous report of Wang and coworkers. '
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Representative  TEM micrographs of the CS-g-poly(AA-co-HEMA)/mica
nanocomposite hydrogels with mica loadings of 5, 7, 10 and 15% w w of the
monomer are shown in Figure 4. The dark lines in Figure 4 belong to the mica
structure and the bright area is the grafted chitosan matrix. All the TEM micrographs
of nanocomposite hydrogels revealed that the distance between the two adjacent dark
lines, the spacing of the two silicate layers, results in an intercalated structure. Indeed,
parts of the silicate layer can be seen in Figure 4(a-d). The results of the TEM analysis
are consistent with the XRD data (Figure 3), and support that CS-g-poly(AA-co-
HEMA)/mica nanocomposite hydrogels have an intercalated structure and no

significant if any level of an exfoliated structure.

3.5 Equilibrium water absorbency
3.5.1 Effect of monomer type (AA or HEMA) on the properties of the grafted CS

hydrogels

The equilibrium water absorbency of CS alone was rather low but was
significantly affected by the copolymerization with AA, but not with HEMA (Table
1). CS-g-poly(AA) had ten-fold higher water absorbency, whereas the water
absorbency of the CS-g-poly(HEMA) was not significantly different to that for CS
alone (Table 1). The water absorbency of the CS-g-poly(AA-co-HEMA) decreased
~1.2- and 3.2-fold as the AA: HEMA ratios decreased from 3:1 to 1:1 and 1:3,
respectively (Table 1). That the water absorbency of CS-g-poly(AA-co-HEMA)
increased as the content of AA increased is due to the increase in the density of
hydrophilic groups from the carboxylic acid contents,”® which then provides a greater
repulsion of the anionic portion allowing for the expansion of the polymer chains.

This also then explains the increased water absorbency of the CS-g-poly(AA)
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hydrogels over that of the CS hydrogels. On the other hand, CS-g-poly(HEMA) had
very low water absorbency because HEMA is not as polar as AA but rather has a
rather rigid chain due to the methacrylate substituent group. The longer chain of the
poly(HEMA) hydrogel thus is likely to have resulted in more molecular
entanglements that limited the chain expansion® and caused the water absorbency of
the CS-g-poly(HEMA) hydrogel to decrease. Thus, although CS-g-poly(HEMA)
would be unlikely to be beneficial to intercalate with mica, the HEMA moiety is more

compatible with human cells than the other types of monomer moieties.

3.5.2 Effect of mica loading

The equilibrium water absorbency of the CS-g-poly(AA-co-HEMA) hydrogel
ata 1:1 AA: HEMA molar ratio was ~5.4- and 5-fold higher than that of CS or CS-g-
poly(HEMA), respectively, but almost half that of the CS-g-poly(AA) hydrogel
(Table 1). The addition of mica at 5, 7 or 10% (w w™' of monomer) caused a 1.2-fold
drop in the equilibrium water absorbency from that seen with the mica-free CS-g-
poly(AA-co-HEMA) hydrogel, but did not vary significantly between the three
different mica loading levels (Table 1). In contrast, when the mica loading was
increased to 15% w w' of monomer, the water absorbency was significantly
decreased a further 1.3-fold compared to that seen with the 5 — 10% w w™ mica
loaded CS-g-poly(AA-co-HEMA), or 1.54-fold less than that for the mica-free CS-g-
poly(AA-co-HEMA). This is because the polymer chains were inserted into the
spacing between the silicate layers of mica and so the polymer chains were restricted
in these limited spaces and so less able to expand. Another reason could be the degree
of rigidity of the nanocomposite hydrogel that is induced by the mica. This also

supports the notion that the structure of this nanocomposite hydrogel was intercalated.
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3.6 Antibacterial activity

Particle sizes of the CS, CS-g-poly(AA-co-HEMA) hydrogels and CS-g-
poly(AA-co-HEMA)/mica nanocomposite hydrogel were in the range of 200 - 400
pm by the sieve size 50-100 mesh which is anticipated to have an important effect on
the bacterial growth inhibitio.*” This was therefore evaluated using a co-culture of S.
aureus with each hydrogel type and evaluating the bacterial growth relative to the
control culture by measuring the culture turbidity by absorbance (after removal of the
hydrogel by filtration), and by total plate counts of replication competent (‘“viable”)

cells, over a 24 h time period.

3.6.1 Turbidity method

This well used method assumes that the turbidity of a medium solution
increases solely due to the increase in the number of bacterial cells. Although this
method is easy to perform the bacteria sample must be in a liquid suspension state,
and typically it can only be used to detect bacteria in the range of 10° to 10" bacteria
ml"'. Moreover, the measurement of bacterial growth in the lag phase is less accurate
and is an indirect measurement that needs a calibration curve, where a direct
measurement of bacterial counts must be performed.

The preliminary results of the antibacterial activity testing of the CS-g-
poly(AA-co-HEMA) hydrogel, evaluated by measuring the optical density at 610 nm
every 2 h and compared with the negative control (containing only the medium and
the gram-positive S. aureus), revealed three phases in the growth cycle (Figure 5).
The lag phases of S. aureus growth in the negative control and in the presence of CS-
g-poly(AA-co-HEMA) hydrogel were similar, lasting for 4 h. Then, during the

exponential phase, the growth rate of S. aureus grown in MHB containing the CS-g-
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poly(AA-co-HEMA) hydrogel was lower than that of the negative control during the
first 2 h of growth (4 - 6 h of total culture time), but then this growth rate decreased in
the control culture from after 6 h up to reaching the start of the stationary phase (12
h), whereas the growth rate did not slow down in the cultures with CS-g-poly(AA-co-
HEMA) until 10 - 12 h of total culture time, by which time the total bacterial number
(as culture optical density) was slightly higher (1.5-fold) than in the control culture.
From 12 — 24 h of total culture time, S. aureus in both conditions remained in
stationary phase. Thus, the presence of the CS-g-poly(AA-co-HEMA) hydrogel
appeared to render a slower early exponential growth rate of S. aureus (or to delay it)
but did not reduce the final bacterial density reached after 12 — 24 h in the stationary
phase. Since we did not count the viable bacteria that are attached to the gel, or wash
them out from the gel, then the CS-grafted hydrogels may not be inhibitory at all but
rather the bacteria grow attached to the gel surface and so are not in suspension first
and only in suspension subsequently after the gel surface is full swollen and thus has

the apparent delayed kinetics appearance.

3.6.2 The total Plate count method

The antibacterial activities of sterile sodium ampicillin (positive control), CS
and grafted CS hydrogels against S. aureus were determined by the total plate count
method. The mean CFU ml"' and the relative inhibition of CS and grafted CS
hydrogels are summarized in Table 2. The relative inhibition observed with the CS
hydrogel was 2.9-fold greater at 6 h of culture time (early log phase) than that after 8
h of culture (the late log phase). When the CS was grafted with poly(AA), the
antibacterial activity was significantly improved 1.53- and 4.23-fold after both 6 and 8

h of culture at 93 and 89% relative inhibition, respectively, because of the
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hydrophilicity of poly(AA),41 and the biological activity of the free amino groups at
the C-2 position of the native CS.** The higher antibacterial activities of the CS-g-
poly(AA) hydrogel can be caused by the interaction between the negative charges on
the bacteria surface with the positive surface of the CS-g-poly(AA). The more
positively charged hydrogels could promote bacterial adhesion onto the hydrogel
surface and reduce the remaining amount in the free suspension, resulting in a
decrease in the bacteria colonies in the liquid medium. It is relevant to note here that
the amount (molar ratio) of the AA or HEMA monomers that were grafted onto the
CS is almost the same for the three different grafted CS derivatives studied here.

It was anticipated that the pores on the CS-g-poly(AA) hydrogel surface would
improve the ability to capture bacteria. Although, the relative inhibition of the CS-g-
poly(AA-co-HEMA) hydrogel would be higher than that of CS, because of the
hydrophilicity resulting from the carboxyl group of poly(AA), the surface of the CS-
g-poly(AA-co-HEMA) hydrogel is much rougher than the ungrafted CS hydrogel
surface, which may increase bacterial adhesion sites and result in a higher
antibacterial activity in the CS-g-poly(AA-co-HEMA) hydrogel than that of the CS.
However, the relative inhibition of the CS-g-poly(AA-co-HEMA) hydrogel was found
to actually be 1.35- and 3.3-fold lower than that of the CH-g-poly(AA) hydrogel in
the early (6 h) and late (8 h) log phases, respectively. This is likely to be due to the
decreased hydrophilicity of the HEMA moiety.*' Thus, graft copolymerization of CS
with a 1:1 molar ratio of AA: HEMA can delay (or inhibit) the growth of S. aureus in
the early exponential phase.

The antibacterial activity of the CS-g-poly(AA-co-HEMA)/mica
nanocomposite hydrogels are summarized in Table 2. The relative inhibition of CS-g-

poly(AA-co-HEMA)/mica nanocomposite hydrogels having mica loadings at 7 and
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10% w w' of the monomer was slightly higher (1.3- and 1.11-fold) at a culture time
of 6 h than that of the CS and CS-g-poly(AA-co-HEMA) hydrogel, respectively. This

1.."> However, CS-g-

finding is in agreement with those reported by Wang et a
poly(AA-co-HEMA) exhibited higher relative inhibition against S. aureus growth by
1.2- and 1.1-fold comparing with 10 and 7% w w™' mica loading, respectively, at 8 h
of culture. Increasing the mica loading to 15% w w™' of the monomer significantly
decreased the apparent antibacterial activity 2.03- and 2.13-fold of that seen with no
mica addition, and 2.25- and 1.9-fold of that seen with a 7% w w™' mica loading after
6 and 8 h of culture, respectively. This result agreed quite well with Meng et al.,'®
finding that CS intercalated mica hydrogels could kill more bacteria than the neat CS
or the clay minerals.

Nanocomposite hydrogels can generate a larger surface area to absorb more
bacterial colonies and so give a greater chance to increase the antibacterial activity
through interactions between the positive charges of the CS hydrogel and the negative

15,42 cet
342 1 addition, S. aureus

charges on the cytoplasmic cell membrane of the bacteria.
does not have an outer membrane to prevent the influx of foreign molecules*? and so
it can be inhibited more easily. However, the higher mica loading at 15% w w™' of the
monomer revealed a significantly decreased level of relative inhibition of S. aureus

growth. This might be because the higher mica content screens and prevents the

polymer chains from adhering with the bacteria to trigger the antibacterial activity.

3.6.3 Minimum inhibition concentration (MIC)
The MIC obtained for the CS-g-poly(AA) at 1.56 mg ml" against the 0.01
Ag10 Units of S. aureus cultured in MHB for 24 h (i.e. to the late stationary phase) at

room temperature was 16- and >16-fold better than that of CS and CS-g-poly(HEMA),
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respectively (Table 3). These MICs agree with that of viable counts and relative
inhibition of S. aureus in the log phase of growth (Table 1). The extent of the water
absorbency and acidity of the hydrogels plays influencing roles as described in the
total plate count method for the MIC result. The more the hydrogel expanded, the
higher the number of colonies of S. aureus that could be trapped and inhibited through
the diffusion effect by water in the hydrogel. The higher acidic moiety of the CS-g-
poly(AA) hydrogels, which carry a higher positive charge, may enhance the inhibitory
effect with CS. It is worth noting that the presence of the COO  group in the poly(AA)
containing hydrogels (CS-g-poly(AA) and CS-g-poly(AA-co-HEMA)) becomes a
major driving force for bacterial adhesion in the positively charged CS. AA in the
feed is a key factor governing the antibacterial property in the resulting hydrogel and
nanocomposites hydrogels. The high MIC value for the CS-g-poly(HEMA) was
potentially caused by the proposed semi-IPN structure and the rigid conformation of
poly(HEMA) chains grafted onto the CS backbones.

Surprisingly, the CS-g-poly(AA-co-HEMA)/mica nanocomposite hydrogels
with mica loadings of 5, 7, 10 and 15% w w! of the monomer had the same MIC
values as each other and as that for the CS-g-poly(AA-co-HEMA) hydrogel (Table 3).
This correlates with the almost constant water absorbency observed for the CS-g-
poly(AA-co-HEMA) and the CS-g-poly(AA-co-HEMA)/mica nanocomposite
hydrogels regardless of the mica loadings but relatively lower water absorbency at
15% w/w. Likewise, a much higher concentration of CS (25 mg ml"') or CS-g-
poly(HEMA) (>25 mg ml") or CS-g-poly(AA-co-HEMA)/mica nanocomposite
hydrogels (12.5 mg ml™) is required for inhibiting S. aureus after 24 h of incubation.

Typical SEM micrographs of S. aureus cells cultured for 24 h in the MHB

media alone (negative control), and in the various grafted CS copolymer and CS-g-
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poly(AA-co-HEMA )/mica nanocomposite hydrogels are shown in Figure 6. Since the
positive control in the total plate count did not produce any viable cells, then the
positive control in MIC was not performed. The normal roundish-shapes of S. aureus
cells were evident when cultured in the MHB media alone and also as adhered on the
surface of mica (Figure 6(a,b), respectively). However, the cell walls of some of the S.
aureus in or on the CS-g-poly(HEMA) and CS-g-poly(AA-co-HEMA) hydrogels
after culture for 24 h were destroyed to give open cells (Figure 6(c) as shown in
Figure 6(d)). Moreover, of the S. aureus cells that were adsorbed and immobilized on
the surface and in the pores of the CS-g-poly(AA-co-HEMA)/mica nanocomposite
hydrogels, some had distorted shapes and were destroyed to give fractured cell walls
and these were randomly distributed in the hydrogel matrix (Figure 6(e-h)).

Although the water absorbency of the nanocomposite hydrogels was relatively
lower than that of the grafted CS hydrogel, the hydrogels had larger surface area to
absorb more bacterial colonies.'”” With this compensation, the MIC values of
nanocomposite hydrogels are not different from that of the grafted CS hydrogel. Thus,
CS-g-poly(AA-co-HEMA) hydrogel or CS-g-poly(AA-co-HEMA)/mica
nanocomposite hydrogels were at an equilibrium condition and gave similar MIC
values.

The MIC values and SEM micrographs support that the mica content in the
grafted CS hydrogel did not influence the antibacterial activity. On the other hand, the
different results from the plate count method are caused by the absorbance assays
undertaken in the mid- and late-log phases of growth at 6 and 8 h, respectively, whilst
the MIC was evaluated at a late stationary phase (24 h). The different culture times
could have resulted in different cell numbers due to different chances of cell

adsorption by the nanocomposite hydrogels, as well as growth and death rates
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4. Conclusion

CS was used to graft with AA and/or HEMA to give the grafted-CS hydrogels.
CS-g-poly(AA-co-HEMA)/mica nanocomposite hydrogels were synthesized at
different mica loadings and all hydrogels were characterized by FT-IR spectroscopy,
SEM, XRD, TEM and equilibrium water absorbency. FT-IR spectroscopy indicated
that the CS was grafted at the NH, and OH sites on the CS backbone. The water
absorbency of the CS-g-poly(AA) hydrogel was the highest whilst those of CS and
CS-g-poly(HEMA) were the lowest. The CS-g-poly(AA-co-HEMA)/mica
nanocomposite hydrogels had an intercalated structure, as revealed by XRD and TEM
analyses.

At the fixed 1:1 molar ratio of AA: HEMA, the extent of water absorbency of
the nanocomposite hydrogels was constant at 5, 7 and 10% (w w™ of the monomer)
mica loading but slightly decreased at 15% w w mica loading. The CS-g-poly(AA)
hydrogel can inhibit the early-to-mid-log phase growth of S. aureus up to 93% with a
MIC value as low as 1.56 mg ml'. For the CS-g-poly(AA-co-HEMA)/mica
nanocomposite hydrogels, the relative inhibition was very similar (at ~81%) with
mica loadings of 5, 7 and 10% w w™' of the monomer, but abruptly decreased at a
15% w w™' mica loading. Regardless of the mica loading levels in the CS-g-poly(AA-
co-HEMA)/mica nanocomposite hydrogels, the MIC value at the late stationary phase
was constant at 12.5 mg ml”. The CS-g-poly(HEMA) had a greater MIC (>25 mg ml’
") than CS (25 mg ml™). Several possible explanations for the different inhibitory

activities against S. aureus are discussed, but await further research for clarification.
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