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1.1 Preparation of Cassava Starch-Graft-Polyacrylamide Superabsorbent Polymers and 

Associated Superabsorbent Polymer Composites by Reactive Blending  

Cassava starch-g-polyacrylamide (PAM) was successfully prepared by a reactive batch 

processing using a specially designed batch reactor resulting in a superabsorbent polymer 

(SAP) with water absorption of 605 g/g being obtained under the optimized reaction conditions. 

The occurrence of a graft copolymer was confirmed by FT-IR spectra, where it was found to 

exhibit all characteristic bands of both starch and acrylamide (AM) units. SEM micrographs of 

the starch granules showed an irregular shape and varied particle sizes with a smooth surface, 

while the graft copolymers had a coarse porous structure and broad network. Various types of 

inorganic filler were added to the graft copolymer to prepare the SAP composites (SAPC). It 

was found that the SAPC with bentonite clay exhibited the highest water absorption of 

approximately 730 g/g. Conversely, the incorporation of silica to the graft copolymer gave a 

significantly lower water absorption capability than the copolymer alone.  
 

Key words: Acrylamide, Batch reactor, Cassava starch, Superabsorbent polymer composite 

 

�	����!�����������:=�������%:����%��������I��
��*	����
���	J��������'���	/������

'���������%:����%���&!+���'�$���
� 

���������<>%*�,�����&Y��
�
-�&�"�
����J,������������>�%� (������;� "�?� PAM) %*�����������

1�J�����!�&������1�3���������+C 1-�!"*>%*���������D��&������D������,� (��
���� "�?� SAP) 1�3

��������%�%DB��<-� 605 ��
�,����
�$��
���"*� 7��!,*7���$��&��������1�3������!"*�"���
� �1���� 

FTIR ,��	���
�C�������$�����"�?����%�1
<�!��&Y��������������>�%� (PAM) 7������;�,���

>�������J�
%���;%�&Y�1�3��$��%>�������� �,���=������� !�$��1�37��$�����J,��������������

����
�*��"��� ��*���������������$�����*�� >%*!
�
���,���,������1����"���'��%!"*������J,���

�����������?3��,�������������D��&������D������,������
�, (SAPC) ����� SAPC 1�3=
����%�����

�1>�,� ��������%�%DB��<-����
�% 730 ��
�,����
�$��
���"*� !�1��,���
�$*�� ���!
�=�D�����!�

���J,�������������%������%�%DB��<-��������������
�
-��
0��?3��&�����1����
������������1�3>���,��

=�D����� 
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1.2 Synthesis and Characterization of Water Swellable Natural Rubber Composites 

Superabsorbent polymer (SAP) based on cassava starch-g-polyacrylamide was prepared 

by a reactive batch processing using a specially designed batch reactor. The SAP composites 

(SAPCs) were prepared by blending with 20 phr of bentonite clay. The clay was used to 

increase water absorbency of the SAP from 605 g/g to SAPC of 730 g/g.  Water swellable 

natural rubber (WSNR) was then prepared by blending high ammonia natural rubber (HANR) 

latex, and dry blending of epoxidized natural rubber (ENR), and maleated natural rubber (MNR) 

with SAPC, poly(ethylene oxide) (PEO) and trimethylol propane trimethacrylate coupling agent 

(TMPTMA).  Curing, mechanical, morphological properties and water absorbency of WSNRs 

were characterized. The WSNR with PEO and TMPTMA gave higher mechanical strength and 

water absorbency. Increasing PEO loadings rendered higher absorbency with lower mechanical 

strength at its contents higher than 10 phr. A higher scorch time, cure time with a low 

crosslinking density, and cure rate index were found in the MNR base WSNRs compared with 

those of the unmodified NR and ENR base WSNRs.  The ENR base WSNR exhibited the 

highest water absorbency with lower mechanical strength compared with the unmodified NR 

base WSNR.  

 

Key words: Coupling agent, Poly(ethylene oxide), Superabsorbent polymer, Superabsorbent 

polymer composite, Trimethylol propane trimethacrylate, Water swellable natural rubber. 

 

�	��
��'�	�������	������
�.-��<�	�����	�,���#	��'�������%���K*	 

 >%*�,�������������D��&������D������,� (SAP) $���&Y��
�
-�&�"�
����J,������������>�%� 

�%�1-�&��������!�&�����������1�3���������+C ����,�������������D��&������D������,������


�, (SAPC) �%�=
����%������1>�,� 20 ����'���� ���!'*���%���;��?3����3������$;�������������%�%

DB��<-�$�� SAP 	�� 605 ��
�,����
�$��
���"*� �&L���� 730 ��
�,����
�$��
���"*�!� SAPC  

�,������������'�,�����<-�	�����=
����1;�D�$���������'�,�1�3�������$*�$*�$�������������� 

���=��,�������'�,�%
%�&�����<-������� 2 &���71 �?� �������'�,������D�>%
� (ENR) ������

����'�,�������, (MNR) =
��������'�,��,���&���71%*�� SAPC ������1�������>D%� (PEO) 
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���
��������>1���1����������>1���1������, (TMPTMA)  ,��	����
�C��%*�������� %*��



�G����1�� 
��
,��'���� ���������%�%DB��<-� ����� �������'�,�>��%
%�&�1�3�� PEO ��� 

TMPTMA !"*���
��
,��'�������������%�%D?��<-�%�$B<� ��?3��,�� PEO 10 ����'���� 1-�!"*�������'�,�

����<-���������%�%DB����$B<��,������$;�����'�����%�� ���!'*����1-�!"*���
��������������$B<�

�,��
����������"������$������'?3��$���,3-��� !��������'�,�����<-�������������%
'��$���
,��

������
��$B<���?3��1����
��������'�,�����<-�1�3>�������%
%�&�����
�*��$���������������'�,�

����<-������D�>%
� ���	����<����� �������'�,�����<-������D�>%
�!"*������%�%DB��<-�������������

���
��
,��'����,3-��������������'�,�����<-�1�3>��%
%�&�����
�*�� 

 

���������: ��
��!�"�, ������#��$����
���, �������
������
������
������, �������
������
������
�

�������������, 
#
��#����%�
���
#
��#��
����, ���&

�'����"��*�� 

 

1.3 Reinforcement of Dipped Natural Rubber Film by In Situ Generated Silica 

A method for preparing silica-reinforced rubber thin film by latex dipping process was 

established. The latex used in the dipping step was pre-mixed with alkoxysilane precursor and 

sulfur curing agents. By one heating step, both in situ silica formation and rubber curing took 

place successfully in the rubber thin films. This work focused on the use of two alkoxysilane 

precursors that contained one vinyl group, i.e., vinyl triethoxysilane (VTOS), and 

methacryloxypropyl trimethoxysilane (MPS). Both were able to covalently link to the double 

bonds in NR chains via sulfur or radical crosslinking. Therefore, the size and distribution of in 

situ silica as well as its reinforcement capability on the NR vulcanizates were investigated as a 

function of the type and amount of added alkoxysilanes. 

 

Key words: Particle-reinforcement, Mechanical properties, Sol-gel process. 

 

�	���������JO����	�,���#	���%%�����$��:����	&!+�����@K�Q	��� - ��������U������	 

�����	
�>%*+B�C�������������,����J\������$�����1;�D��������'�,����	��� ���1;�D���<,*��=
�

�
�������D�>D������������D������
�����D
��J������� ���!"*�����*�������$
<��%����;1-�!"*���%=�D�

����	��
�����������D�����*���
����%������J\�����������
������ �����	
���<��*����!'*������D�>D

������������D���1�3��"���>��������� 1 "��� 2 '��% �?� >����>1���1��D�>D��� (VTOS) �����1������
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D�������>1���1��D�>D��� (MPS) 
��1
<�
����<
����9���%�
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1.4 Silica Formation inside Natural Rubber Grafted with Methyl Methacrylate/Gamma- 

Methacryloxypropyl  Trimethoxysilane 

 Methyl methacrylate (MMA) and �-methacryloxypropyl trimethoxysilane (�-MPS) were both 

grafted onto isoprene units of natural rubber (NR) with the aim to prepare rubber-silica hybrid. 

The methoxy silane units of �-MPS were allowed to undergo hydrolysis and condensation 

reaction by heating the cast film of the grafted latex at 50°C to form silica particles within the 

rubber matrix. The formation of this rubber-silica hybrid was confirmed by ATR-FTIR, TEM and 

SEM. The �-MPS coupling agent could also transform into silica inside the rubber. The addition 

of tetraethoxysilane (TEOS) resulted in an increase of in situ silica of up to 6 phr. The grafting 

efficiency of MMA onto rubber was around 80%, while that of �-MPS was about 48%. The final 

composition of the hybrid rubber was 86:12:2.0 (by weight) of NR: MMA:�-MPS. 

 

Key words: In situ silica, Methyl methacrylate, �-methacryloxypropyl trimethoxysilane, Natural 

rubber 
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2. Biomedical Applications of Surface-Charged Chitosan Particles and Assembled Thin 

Film of Charged Derivatives of Chitosan 

Chitosan is a partially deacetylated form of chitin, a natural substance found abundantly in 

the exoskeletons of insects, shells of crustaceans, and fungal cell walls. Because of its 

favorable physicochemical and biological properties such as biocompatible, non-toxic, 

antibacterial, chitosan is considered as an attractive material that can be potentially used in 

many biomedical-related applications. The repeating units of chitosan constitute a large number 

of hydroxyl and amino groups. These two functional groups offer several possibilities for 

derivatization and immobilization of biologically active species. Taking advantages of functional 

group availability for chemical reactions of chitosan and the diversified bioactivity of chitosan 

and its charged derivatives, this research aimed to explore the applicability of charge-

functionalized chitosan. The research was divided into two parts. The first part concentrated on 

the formation of multilayer films from charged derivatives of chitosan via layer-by-layer 

adsorption. The charged derivatives that were of our interest are N-sulfofurfuryl chitosan (SFC), 

N-succinyl chitosan (SCC), and N-[(2-hydroxyl-3-trimethylammonium)propyl] chitosan chloride 

(HTACC). The assembly process and viscoelastic properties were monitored by quartz crystal 

microbalance (QCM). Stratification of the multilayer film was demonstrated by water contact 

angle analysis. The coverage of the assembled films was characterized by atomic force 

microscopy and ATR-FTIR spectroscopy. Biological responses of the selected assembled films 

were assessed in term of in vitro cell adhesion and proliferation of fibroblasts, antibacterial 

activity, and platelet adhesion. 

 

Keywords: Chitosan, Charged derivative, Multilayer film, Biocompatibility, Particles, Antibacterial 

activity, Biosensor, DNA, PNA, Ion exchanger 
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2.1.1 Surface-quaternized Chitosan Particles as Alternative and Effective Organic 

Antibacterial Fillers  

Taking advantage of the large surface area that is covered with permanent positive 

charges of quaternary ammonium entities, this research aimed to develop environmentally 

friendly, organic antibacterial fillers from quaternized chitosan particles that may be applicable 

for biomedical devices, health and textile industries. The particles were formulated by ionic 

crosslinking of chitosan with tripolyphosphate followed by quaternization that was conducted 

under heterogeneous condition via either direct methylation or reductive Nalkylation with a 

selected aldehyde followed by methylation. Sub-micron, spherical, and positively charged 

quaternized chitosan particles were formed, as determined by 1H-NMR, FT-IR, PCS, and TEM 

analysis. Antibacterial activity tests performed by viable cell counts suggested that all 

quaternized chitosan particles exhibited superior antibacterial activity against the model Gram-

positive bacteria, S.aureus, as compared to the native chitosan particles at neutral pH. Only 

some quaternized chitosan particles, especially those having a high charge density and bearing 

large alkyl substituent groups, were capable of suppressing the growth of the model Gram-
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negative bacteria, E. coli. The inhibitory efficiency of the quaternized chitosan particles was 

quantified in terms of the minimum inhibitory concentration (MIC). 

 

Keywords: chitosan; particle; heterogeneous quaternization; minimum inhibitory concentration 
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2.1.2 Multilayer Thin Films Assembled from Charged Derivatives of Chitosan: Formation 

and Biological Responses  

Charged derivatives of chitosan, N-sulfofurfuryl chitosan (SFC) and N-[(2-hydroxyl-3-

trimethylammonium)propyl] chitosan chloride (HTACC), were prepared by reductive alkylation 

using 5-formyl-2-furansulfonic acid, sodium salt (FFSA) as a reagent and ring opening of 

glycidyltrimethylammonium chloride (GTMAC) by amino groups of chitosan(CHI), respectively. 

Multilayer thin film of chitosan and its charged derivatives was fabricated by alternate layer-by-

layer adsorption onto a surface-treated poly(ethylene terephthalate) (treated PET) substrate. 

Assembly process was monitored by quartz crystal microbalance (QCM). Stratification of the 

multilayer film was demonstrated by water contact angle data. The coverage of the assembled 

films was characterized by AFM and ATR-FTIR analyses. Alternate biological responses of the 

assembled films were assessed by protein adsorption and in vitro cell adhesion and 

proliferation. 

 

Keywords: Chitosan, Charged derivative, Layer-by-layer adsorption, Multilayer film, 

Polyelectrolyte 
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2.2 Syntheses, Characterization and Antibacterial Activity of Chitosan Grafted  Hydrogels 

and Associated Mica Containing Nanocomposite Hydrogels  

 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 rougher surfaces 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 CSg-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
-1
. The extent of mica loading in the CS-g- poly(AA-co-HEMA) 

nanocomposite hydrogels did not affect the MIC (12.5 mg ml
-1
). 

 

Keywords:   Chitosan, Acrylic acid, 2-hydroxyethyl methacrylate, Mica, Nanocomposite hydrogel, 

Antibacterial property 
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2.3 Surface Modification of Electrospun Chitosan Nanofibers for Antibacterial Activity 

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% w/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 (HTACC). The 

reaction was characterized by Fourier-transformed infrared spectroscopy (FTIR) and degree of 

swelling. The resulting chitosan fibers were tested with two types of bacteria and the 

antibacterial activities were compared and discussed. 

 

Keywords: Surface modification, Electrospinning, Chitosan, Derivative of chitosan, Nanofiber, 

Antibacterial activity 
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3.1 Synthesis of Acrylamide/Acrylic Acid-Based Aluminum Flocculant for Dye Reduction 

and Textile Wastewater Treatment 

  Aluminum hydroxide-poly[acrylamide-co-(acrylic acid)], AHAMAA, was synthesized with a 

redox initiator by solution polymerization in which the effects of reactant contents were 

optimized. The effects of pH, temperature, and initial dye concentration on Congo red reduction 

were investigated. A mixture of Congo red and direct blue 71, and the composite textile dye 

wastewater were investigated. Adsorptions of both dyes were more effective in the non-buffered 

solution than those in the buffered solution, and Congo red were adsorbed more than direct 

blue 71 at all pHs. The adsorption of Congo red increased with increasing temperature and its 

initial concentration. Both dyes obeyed the Freundlich adsorption isotherm. The maximum 

adsorptions in 100 mg dm
-3
 solution were 109±0.5 mg g

-1
 and 62±6.6 mg g

-1
 for Congo red 

and direct blue 71, respectively. At 150 mg dm
-3
 of the mixed Congo red and direct blue 71, the 

adsorption was 142±2 mg g
-1
 by 643±3 mg dm

-3
 AHAMAA. The 40 mg g

-1
 dyes of the textile 

effluent wastewater were adsorbed by 500 mg dm
-3
 AHAMAA. AHAMAA could decrease 

turbidity of the composite wastewater containing a mixture of reactive and direct dyes from 405 

to 23 NTU.  

 

Keywords: Aluminum flocculant, Poly[acrylamide-co-(acrylic acid)], Dye adsorption, Turbidity 

reduction, Wastewater 
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3.2 Photocatalytic Efficiency of TiO2/Poly[Acrylamide-Co-(Acrylic Acid)] Composite for 

Textile Dye Degradation 

Poly[acrylamide-co-(acrylic acid)], (poly[AAm-co-(AAc)]), and TiO2/Poly[AAm-co-(AAc)] 

composite were synthesized by an aqueous solution polymerization method. Poly[AAm-co-

(AAc)] and TiO2/Poly[AAm-co-(AAc)] composite had equilibrium water absorbency of 823±2 and 

455±8 times their dry weights, respectively. The efficiency of the composite to absorb 

methylene blue was determined using UV-visible spectrophotometry. The results showed that 

88% of 5 mg L
-1
 of methylene blue solution was absorbed with an absorption rate of 0.1344 min

-1
. 

Influential factors on the photocatalytic degradation, namely type of TiO2, wavelength and 

intensity of UV radiation, were investigated. In the presence of UV radiation at 365 nm, 

TiO2/Poly[AAm-co-(AAc)] composite can degrade as high as 91% of the dye in 40 min. In 

contrast, poly[AAm-co-(AAc)] could degrade only 3% of the dye.  Degradation of the dye was 

not observed neither in TiO2/Poly[AAm-co-(AAc)] composite nor poly[AAm-co-(AAc)] without 
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exposure to UV radiation when the dye was incorporated into the system. The reused efficiency 

of TiO2/Poly[AAm-co-(AAc)] composite understudy was found that the TiO2/Poly[AAm-co-(AAc)] 

composite could be reused for only 2 times before it became slurry. This result indicated that 

TiO2/Poly[AAm-co-(AAc)] composite not only degraded the methylene blue but also 

decomposed itself under UV irradiation. This leads to a conclusion that the system does not 

cause any environmental problems. 

 

Keywords: Composite, Photocatalysts, Photodegradation, Titanium dioxide 
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3.3 Acrylamide-Based Composite Hydrogels Initiated by Titanium Dioxide Photocatalyst 

for Dye and Composite Hydrogel Degradations 

To synthesize the composite hydrogels, nano-sized titanium hydroxide particles were 

dispersed in distilled water and exposed to ultraviolet radiation (UV) for a set time while the 

dispersion was being stirred. When the titanium hydroxide had reacted with water to generate 

hydroxyl radicals, monomers and crosslinking agent were added and exposed to UV again 

while stirring the reaction mixture. A composite hydrogel was resulted in at the specified time, 

acrylamide with its co monomers namely acrylic acid and/or itaconic acid and crosslinking 

monomer of N, N'-methylenebisacrylamide were used for the synthesis. The resulting composite 

hydrogels were tested for water absorption in distilled water and dye solution such as Congo 

red or other dye solutions. The composite hydrogel and adsorbed dye degradations are to be 

experimented under UV radiation. This project is still ongoing since it has just started in 

January 2011. 

  

Keywords: Acrylamide-based composite hydrogel, TiO2 photocatalyst, Hydrogel degradations, 

Dye degradation 
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4.1 Gel Strength and Swelling of Acrylamide-Protic Acid Superabsorbent Copolymers 

The viscoelastic and swelling properties of polyacrylamide-based superabsorbent 

copolymers were investigated as a function of the ionic comonomer structure.  Superabsorbent 

copolymers were synthesized by free-radical crosslinking copolymerization of acrylamide and 

one of the monoprotic acids (acrylic acid and crotonic acid) or the diprotic acids (maleic acid 

and itaconic acid) as the investigated ionic comonomer. The reaction composition of all 

components, i.e. monomer, comonomer, initiator, co-initiator and crosslinker, was fixed to be 

the same for the synthesis of all four superabsorbent copolymer systems.  Viscoelastic 

measurements were performed in all systems where the particles were closely packed.  The 

network structures of all systems were evaluated via viscoelastic and swelling measurements.  

The results indicated that superabsorbent polymers with high water absorbency were 

accompanied by low gel strength and the calculated high value of molecular weight between 

crosslinks ( cM ) and low value of effective crosslinking density (�e).  Diprotic acid-containing 

superabsorbent polymers showed higher water absorbency over monoprotic acid-containing and 

nonionic ones.  The differences in cM  and �e values of each system were explained with 

respect to the differences in the monomer reactivity ratio and hydrophilicity of the comonomers. 

 

Keywords: Superabsorbent polymers, Swelling, Viscoelastic, Molecular weight between 

crosslinks, Crosslinking density 
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4.2  Acrylamide–Itaconic Acid Superabsorbent Polymers and Superabsorbent Polymer/ 

Mica Nanocomposites 

 Superabsorbent polymer and its nanocomposite of acrylamide (AM)/itaconic acid (IA) were 

synthesized by solution polymerization in an aqueous solution of AM with IA comonomer and 

mica used as an inorganic additive. This reaction was initiated by a redox initiator couple of 

ammonium persulfate and N, N, N�, N�-tetramethylethylenediamine in the presence of N, N�-
methylenebisacrylamide crosslinker. The influences of the concentrations of IA, the crosslinker 

and mica at several reaction temperatures on water absorption of the superabsorbent polymer 

systems were examined. The superabsorbent copolymers and their nanocomposites were 

tested with a load of 0.28 or 0.70 psi in both distilled water and artificial urine. Transmission 

electron micrographs and X-ray diffraction confirmed that the polymer chains were successfully 

intercalated into the silicate layers in the mica. The water absorbency and the artificial urine 

absorbency of the composite with an AM-to-IA mole ratio of 95:5, 0.2% mol N-MBA, and 5% 

w/w mica were 748�5 and 76�2 g g
-1
, respectively, whilst the neat copolymer achieved only 

640±7 and 72±2g g
-1
 in water and artificial urine, respectively. The viscoelastic behavior 
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suggested that the swollen gel of the nanocomposites exhibited mechanical stability and 

elasticity.  

 

Keywords: Superabsorbent nanocomposites, Mica, Water absorbency, Intercalation 
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4.3  Synthesis of Acrylamide-co-(Itaconic Acid) Superabsorbent Polymers and Associated 

Silica Superabsorbent Polymer Composites 

Superabsorbent polymers (SAPs) were synthesized from acrylamide (AM) and itaconic acid 

(IA) via a crosslinking polymerization. SAP composites (SAPCs) were formed by the 

incorporation of silica with three particle sizes into the polymerization to increase the gel 

strength of SAPs. Effects of AM: IA molar ratios, silica types and concentrations on water 
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absorbency, absorbency rate and absorbency under loadings (AUL) of the composites were 

investigated. The highest water absorbency of the SAP is 233 ± 8 g g
-1
 at an AM: IA molar ratio 

of 97:3 with absorbency rate of 149 ± 2 g g
-1
 within 15 min. The highest AUL of the SAPC with 

0.5-2.0% w w
-1
 silica is 13 g g

-1
 by 1.93 x 10

3
 Pa load. A pseudo-second-order kinetics for 

water absorbency was found in both SAPs and in situ SAPCs.  In situ SAPCs and the 

mechanically mixed SAPCs in vertical and horizontal direction yielded similar water absorbency 

values. This research suggested that SAPCs can be economically prepared by mixing SAP with 

silica powders in a mixing machine to obtain a high water absorption capacity from SAPC. 

 

Keywords: Acrylamide-co-(Itaconic Acid) Superabsorbent Polymers, silica, composite, 

mechanical mixing, vertical mixing, horizontal mixing 
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4.4  Acrylamide/2-acrylamido-2-methylpropane Sulfonic Acid and Associated Sodium Salt 

Superabsorbent Copolymers with Mica Nanocomposites as Fire Retardants 

Superabsorbent polymers (SAPs) of poly[acrylamide-co-(2-acrylamido-2-methylpropane 

sulfonic acid)], poly(AM-co-AMPS-H
+
), and its sodium salt, poly(AM-co-AMPS-Na

+
), were 

synthesized by free-radical crosslinking polymerization. A maximum water absorbency in 

deionized water of 1212 g g
-1 

was achieved for poly(AM-co-AMPS-Na
+
) at an 85% mol of 

AMPS-Na
+
. The inclusion of mica at 5 – 30% (w w

-1
) into the preparation of   poly(AM-co-

AMPS-Na
+
) SAP leads to an intercalated structure, as detected by XRD and TEM analyses. 

Poly(AM-co-AMPS-Na
+
)/30% (w w

-1
) mica SAP nanocomposite showed a tap-water absorbency 

of 593 g g
-1 

with a better thermal stability, compared to the pure SAP. Cone calorimetric 

analyses revealed that the wood specimens coated with the prepared poly(AM-co-AMPS-Na
+
) 

SAP or its 30% (w w
-1
) mica nanocomposite provided excellent protection in delaying the 

ignition time after exposure to an open flame when compared to that observed with the 

uncoated specimen (186, 136 and 13 s, respectively). The maximum reduction in the peak heat 

release rate, the greatest extension of time at peak heat release rate and the minimum in total 

heat release rate were observed with the mica SAP nanocomposite-coated surface. 

Intercalating structure of mica in the SAP nanocomposites provided a better shielding effect 

against external heat sources, and the capability of poly(AM-co-AMPS-Na
+
) SAP in holding a 

large amount of water. 

 

Keywords: Superabsorbent; Acrylamide; 2-acrylamido-2-methylpropane sulfonic acid sodium salt; 

Mica; Nanocomposites; Cone calorimetry. 
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4.5 Effect of fire retardant on flammability of acrylamide and 2-acrylamido-2-

methylpropane sodium sulfonate copolymer nanocomposites 

Poly[acrylamide-co-(2-acrylamido-2-methylpropane sodium sulfonate)] superabsor- bents 

and superabsorbent composites (SAPCs) with zinc borate and/or melamine as fire retardants 

were synthesized.  Water absorbencies decreased inversely to added amount of fire retardant. 

Thermal stability of SAPC/zinc borate increases with increasing zinc borate.    Incorporating 

melamine improved thermal stability of the SAPC until 300°C. Flammability analysis 

demonstrated that wood surface coated with SAP or SAPC emulsions extended time to ignition 

of the wood.  Peak heat release rate and total heat release are smallest in specimens coated 

with SAPC/30%melamine. Wood coated with SAPC incorporating 20% zinc borate/10% 

melamine mixture gave the longest time to ignition at 4½ min. 
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Keywords: Superabsorbent, Zinc borate, Melamine, Fire retardant, Cone calorimetry. 
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4.6  Swelling Properties and Strength of Poly[Acrylamide-co-(Itaconic Acid)] Gel and Clay-

Modified Poly[Acrylamide-co-(Itaconic Acid)] Gel 

Three types of clay (montmorillonite, bentonite and mica) and chemically modified clays 

were investigated for creating better superabsorbent polymer nanocomposites (SAPCs) with 

stronger gel strength and higher water swelling at under loading conditions. The selected types 

of clay were treated by two methods, one with inorganic acids (HCl, H2SO4) and another with 

organic compound, such as cetyltrimethylammonium bromide (C19H42BrN) and anionic 

surfactant (hexadecanoic acid) were used.  Ionic exchange capacity and its interaction through 

acid-base were consideration. The SAPCs were synthesized through free radical crosslinking 

polymerization of acrylamide and itaconic acid in the presence of clays and modified clays. 
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Reaction conditions were controlled to give the optimized water absorption and high gel 

strength. This project has just started in January 2011. 

 

Keyword: Superabsorbent, Clays, Modified Clays, Gel strength, AUL, Water absorption 
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 5.1 Microencapsulation of menthol via glass membrane emulsification and controlled 

release  

This research studied the preparation of microcapsules of menthol with the Shirasu porous 

glass (SPG) membrane emulsification technique combined with a high-speed disperser. The oil-

in water emulsion from the SPG membrane was prepared by controlling operation pressures, 

the amounts of surfactant and stabilizer, and the amount of menthol loading. The average 

droplet size ( ed ) and coefficient variation (CV) of the emulsion droplets were systemically 

investigated. The emulsions of menthol so prepared were mixed with the chitosan solution 

prepared by the high-speed disperser. Tripolyphosphate (TPP) crosslinker solution was 

gradually dropped in the emulsion mixture. The effects of crosslinking time and pH of 

microcapsules on the properties of the microcapsules were investigated. The mechanism of 

menthol release of microcapsules was studied. The flow behavior of microcapsules formulated in 

a leave–on hair conditioner was also investigated. It was found that the emulsions of menthol 

were successfully prepared via the SPG membrane pore sizes of 5.2 �m. The droplets having 

the ed , of 19.6±2.3 �m and the coefficient variation (CV) of 11.5% were achieved. When the 

menthol loading in the dispersed phase increased from 5 to 10%wt, the size of emulsion 

droplets decreased but the size distribution was broader. The optimal condition of emulsion 

prepared with the high-speed disperser was 14000 rpm at 90 s mixing in 1.5 %w v
-1
 of chitosan 

solution. Chitosan layer of microcapsule shell was crosslinked via ionic bonding between the 

positive charge of chitosan and the negative charge of TPP. The average size of microcapsules 

was 27.6±7.2 �m with the CV of 26.3 %. The pH of emulsion of the microcapsules was in the 

range of 5-7 which is good for uses in hair applications. The mechanism of menthol release was 

a diffusion control which depended on the amount of chitosan-to-tripolyphosphate ratio (by mole) 

and crosslinking time. The microcapsules formulated in a leave–on hair conditioner were found to 

exhibit the pseudoplastic/thixotropic flow behavior. The conditioner was stability and applicable at 

temperatures not higher than 40 ºC. Its coating on human hair rendered soft hair and easy hair 

combing. 
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Keywords: Microencapsulation, Menthol, Glass membrane emulsification, SPG, Controlled 

release 
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5.2  Synthesis of Microcapsules Containing Eucalyptus Oil via Shirasu Porous Glass 

Membrane Emulsification 

 The emulsion of eucalyptus oil was encapsulated by sodium alginate via Shirasu Porous 

Glass Membrane which possesses uniform pore size. The eucalyptus oil, liquid paraffin and 

petroleum ether were used to compose the dispersed phase while sodium dodecylsulfate 

surfactant and poly(vinyl alcohol) stabilizer were used as ingredients in the continuous phase to 

realize an oil-in-water emulsion. Calcium carbonate was used a crosslinking agent. The reaction 

parameters of importance namely the concentrations of encapsulating sodium alginate, and the 

crosslinking agent and the crosslinking time on physical and morphological properties, 

microcapsule size and size distribution were investigated. The extent of encapsulation and 

controlled release of eucalyptus oil were experimented. This project has just started in early 

January 2011. 

 

Keywords: Eucalyptus oil, Sodium alginate, Shirasu Porous Glass Membrane, Microcapsules, 

Encapsulation, Controlled release 
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5.3  Synthesis and Characterization of Controlled Release NPK Compound Fertilizer Hydrogel 

 This research studied the synthesis of controlled-release NPK compound fertilizer 

hydrogels. The controlled-release fertilizer hydrogels were prepared by dipping the fertilizer 

granules in poly(vinyl alcohol) (PVA) solution and then in chitosan (CS) solution. The PVA- and 

CS-coated fertilizer granules were crosslinked via vapor deposition of glutaraldehyde (GA) 

solution in a 2.9-L closed chamber. Water dissolution times of the un-coated fertilizer granules 

and the coated fertilizer granules were investigated. The fertilizer hydrogel were synthesized by 

grafting the crosslinked-CS layer of coated fertilizer with acrylamide (AM) and acrylic acid (AA) 

via inverse suspension polymerization. The existences of functional groups of the crosslinked-

CS and the grafted fertilizer hydrogel were confirmed by FTIR spectroscopy. The morphologies 

of the un-coated and coated granules were viewed by optical microscopy. The surface 

morphology of hydrogel layer after swelling was also investigated by scanning electron 

microscopy. The effect of reactants on water absorbency of compound fertilizer hydrogel was 

observed. Release behaviors of the compound fertilizer hydrogel granules were investigated. It 

was found that water dissolution times of the grafted fertilizer increased with increasing the 

frequency of coating. To synthesize the compound fertilizer hydrogel, the optimal ratio of AM-to-

AA was 3:97% mol and the optimal contents of N,N,N’,N’-tetramethylethylenediamine 

(N,N,N’,N’-TEMED), ammonium persulfate (APS) and N,N’-methylenebisacrylamide (N-MBA) 

was 0.13, 0.13 and 0.01% by mol of monomers, respectively. Water absorbency of the 

compound fertilizer hydrogel was 233±5 g/g in distilled water at room temperature within 24 h 

of immersion. The release nutrient order in 30-days of compound fertilizer hydrogel granules 

was 84±18, 63±12 and 36±15%, of N, P and K nutrients, respectively. The release data of 

the N and P nutrients of the fertilizer granules hydrogel obeyed the Korsmeyer-Peppas model 

while the K nutrient release followed the exponential behavior. 

 

Keywords: NPK Compound Fertilizer, Poly(vinyl alcohol), Chitosan, Glutaraldehyde crosslinker, 

Fertilizer hydrogel 
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5.4  Synthesis and characterization of hydrogel for insulin released from hydrolyzed 

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

Hydrolyzed 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’-



36 

 

methylenebisacrylamide (N-MBA) were used as a pair of monomer, an initiator, a co-initiator, 

and a crosslinking agent, respectively. The effects of reagents on the performance and water 

absorbency of synthesized hydrogels were investigated. The grafted hydrolyzed collagen 

hydrogel was confirmed by FTIR technique. The effects of pH in buffered and non-buffered 

solutions, sodium chloride solution, and temperature on the swelling behavior of the grafted 

hydrolyzed collagen hydrogel were examined. The released behavior of insulin or methylene 

blue (as a smaller-sized model drug) was also investigated in simulated gastric and intestinal 

fluids. It was found that when the APS contents were too high or low, the synthesized products 

were not in the hydrogel form and the water absorbency cannot be determined. The high water 

absorbency of grafted hydrogel was reached 476±9 gg
-1
, when the ratio of AA-to-MAA was 

92:8 and the contents of TEMED, APS and N-MBA were 0.015, 0.2 and 0.12 % by mol of 

monomers, respectively. The grafted hydrolyzed collagen hydrogel in the acidic and neutral pH 

solution was suitable for drug delivery application at a target site. It showed that the abilities to 

release of insulin and methylene blue were slightly less in the simulated gastric fluid and 

relatively high in the simulated intestinal fluid. The results obtained were in good agreement 

with the pH responses of the synthesized hydrogel. Thus, the hydrolyzed collagen grafted 

poly[(acrylic acid)-co-(methacrylic acid)] hydrogel exhibits itself as the insulin controlled release 

medium. 

 

Keywords: Hydrogel, Hydrolyzed collagen, Grafted collagen, Acrylic acid, Methacrylic acid 
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6.1 Kapok I: Properties investigation of kapok fiber as a potential pulp source for 

papermaking  

The potential use of kapok fiber as a new source for pulping and papermaking has been 

investigated. The experiment was started by cooking kapok fibers with different dosages of 

sodium hydroxide. Then, the pulp was refined twice using a disc refiner with a disc gap of 1/100 

inch. Handsheets were made and their strength properties were evaluated to determine the 

optimal dosage of sodium hydroxide. The optimized pulping condition was then used to prepare 

kapok pulp. Then, this kapok pulp was mixed with commercial hardwood pulp and/or softwood 

pulp at different blend ratios to make papers. Addition of the kapok pulp to the mixed pulps 

improved the tensile and burst strengths of the sheets but decreased the tear resistance. Water 

repellency of the sheets prepared from the kapok pulp mixed with the commercial pulps was 

also improved. These results indicate that kapok fiber can be a quality pulp source for 

papermaking, especially for packaging paper. 

 

Keywords:  Kapok fiber;  Paper properties, Raw  material, Papermaking 
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6.2  Kapok II: Pretreatment of Kapok Fibers for Pulping and Papermaking 

  Kapok fiber is naturally coated with wax and cutin which render it hydrophobic. To obtain 

the fiber suitable for pulping, it must be immersed in water for as long as three to four weeks. 

This research investigated the effects of fiber pretreatments by chemical method or biological 

method for varied immersion times before it could be subjected to soda pulping. These 

pretreatments were compared with those obtained from the controlled fiber where the kapok 

fibers were immersed in tap water for 3 weeks (as controlled kapok). For the chemical 

pretreatment, the doses of sodium hydroxide (5 and 10% based on O.D. fiber weight) were 

used with various immersion times (1, 2 and 3 weeks). For the biological pretreatment, the 

enzyme lipase doses (0.25 and 0.5% based on O.D. fiber weight) was used under the 

immersion times (1, 3 and 5 hours). All the pretreatment results were compared with those 

obtained from the control. After the kapok fibers had passed the soda pulping process and 

further processes, the pulp and their handsheets having 60 g/m
2
 from each pretreatment were 

characterized for the pulping efficiency, physical properties and optical properties. This research 

elucidated the results and causes of each effect and suggested their benefits for the pulp and 

paper making. 

 

Keywords: Kapok fiber, Chemical pretreatment, Biological pretreatment, Soda pulping, Lipase, 

Immersion times, Paper making 
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Kapok III: Use of Kapok Pulp to Improve Properties of Recycled Paper 

Using recycled paper is 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 with good enough pulp and paper properties. 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 of the 

mixed pulps and amount of pulps used are really dependent on the final paper property 

required.  

 

Keywords: Recycled paper, Kapok fiber, Softwood, Paper properties 
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7.1  Modified chitosan pretreatment of polyester fabric for printing by ink jet ink  

The present research deals with the use of pretreatment solutions of chitosan (CH), N-[(4-

dimethyl aminobenzyl)imino] chitosan (DBIC), N-[(2-hydroxy-3-trimethylammonium) propyl] 

chitosan chloride (HTACC), glycine (Gly), and a mixture of CH and Gly, for padding polyester 

fabrics prior to printing with a set of seven-color pigmented water-based ink jet inks. After 

padding the fabrics with the above cationic pretreatments, they were printed with a piezo-

electric drop-on-demand jet printer. CH, DBIC and HTACC were characterized by IR and NMR 

spectroscopy. The zeta potentials of the pretreatment solutions, the inks and the fabrics were 

measured. The K/S values, color gamut, tone reproduction, outline sharpness, and the surface 

appearance of the fabrics were characterized. Statistical evaluation of the significance of the 

results was performed. Among the pretreatments, the HTACC at 0.1% (w/v) yielded fabrics with 

the highest K/S values, widest color gamut and gamut volume, more color saturation with good 

tonal reproduction, and the sharpest and smoothest outline of printed character, and a smooth 

fabric surface with less stiffness. The proposed ionic interactions between the protonated amino 

groups of CH and the anionic portion of the encapsulated ink pigments, and van der Waals and 

hydrophobic interactions between the polyester and the pigments are likely reasons for these 

enhanced properties of the printed fabrics. 

 

Keywords:  Chitosan; glycine, N-[(4-dimethyl aminobenzyl)imino] chitosan, N-[(2-hydroxy-3-

trimethylammonium)propyl] chitosan chloride, Color properties, Outline sharpness, Stiffness 
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7.2 Anionically surface-modified pigment/binder ink jet inks for silk fabric printing 

The purpose of this research was to prepare anionically surface-modified organic 

pigment/binder ink jet inks for printing on chitosan-pre-treated silk fabrics. Anionically surface-

modified organic pigment/binder ink jet inks were prepared in four colours (cyan, magenta, 

yellow and black). The pigment-to-binder ratio was controlled at 1:6.4 for the cyan, magenta 

and yellow inks, and 1:3.4 for the black ink. Ink formulations (by weight) were assembled and 

mixed as follows: 8% pigment dispersion, 10% diethylene glycol, 12% glycerol, 5% urea, 10% 

polyacrylate emulsion binder and 55% deionised water. The inks were mixed and filtered with a 

special type of membrane to remove the oversized particles. They were characterised in terms 

of their particle size, zeta potential, particle morphology, viscosity, surface tension and pH. The 

inks were printed onto silk or the chitosan pre-treated silk fabrics using a piezo-type ink jet 

printer. The fabrics were then heat cured and analysed for the effect of chitosan pre-treatment 

on colour gamut, wash fastness and crock fastness. The formulated ink jet inks yielded an 

acceptably good ink jetting reliability, one–year stability and printability. The chitosan pre-treated 

silk fabrics gave a wider colour gamut and colour saturation than the non-treated one. Crock 

fastness and wash fastness of the chitosan pre-treated fabrics where relatively better than 

those of non-treated fabrics. The surface modified pigments are transparent and thus their inks 

printed on the chitosan pre-treated fabrics produced slightly low K/S values of CMYK colours 

because the limited chitosan concentration in the pre-treatment is controlled by its solubility in 
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acidic solution. The higher loading of chitosan pre-treatment gave higher K/S values and a 

stiffer touch of the fabrics which is uncomfortable for users. Water-based pigmented inks having 

the sulphonate group on the pigment surface can be printed on the fabric surface pre-treated 

with chitosan molecules which have the protonated amino groups to give good color 

appearance. It is anticipated that this type of ink can be applied to any textile surface which has 

been pre-treated with the protonated chitosan. Ionic interactions between the sulphonate group 

of the pigment and protonated amino groups of chitosan in conjunction with polyacrylate binder 

enhance colour strength, widen colour gamut and chroma, and produce good adhesion for 

fabric operational properties such as wash fastness and crock fastness.  

 

Keywords: Anionic functional group, Surface-modified pigments, Ink jet, Fabric pre-treatment, 

Chitosan, Silk fabric, Polyacrylate emulsion binder 
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7.3  Simulation of Printed Images on Silk Fabric by Ink Jet Printer 

Silk fabric is a fabric in which its gloss is perceived differently in comparison with other 

fabrics due to its specific reflectance. This research measured a Bidirectional Reflectance 

Distribution Function (BRDF) of three types of silk fabric having different weaving styles in 

conjunction with reflectance characteristics. We measured BRDF of the silk fabrics and its 

reflection model was then proposed. The proposed reflection model incorporates a specular 

reflection lobe and diffuse reflection lobe. The proposed model and the measured BRDF of the 

three silk fabrics were fitted by the least-square error method. The measured BRDF of the silk 

fabric were also fitted with Phong reflection model, Oren-Nayar reflection model and Torrance-

Sparrow reflection. It was found that the proposed model fitted better with the measured BRDF 

than did the general models of Phong-reflection, Oren-Nayar reflection, and Torrance-reflection. 

The proposed model can thus be used to approximate, analyze and elucidate the 

characteristics of light reflection of the three silk fabrics. 

 

Key words: BRDF, silk fabrics, reflection model. 

 

 



46 

 

�	��
� Bidirectional Reflectance Distribution Function ����	��*	����%%�	���&$�����

���?$	/�� 

=*�>"��&L�
�3�1�1�3�������
�����������
�3�1�&���71�?3� ��?3��	��=*�>"����
�C�����
�1*��

�
�1�3�����������,
� %
��
<� �����	
���<	B�+B�C��
�C�����
�1*���
�$��=*�>"� �%��
%��� BRDF 

(Bidirectional Reflectance Distribution Function) ����-��
�����	-�������
�1*���
�$���?<�=��

=*�>"�1�3�-��B�9B����
�1*��$���
�J�Y�����
���*� �%�!'*�������"��������=�%���%�-��
�
���*��

1�3
�% (least-square error) "�����

��
�����"�������1�3�
%�
����	-���� ��?3�1%
�����	-����1�3>%*

����� ���	-����1�3�-��
����<������

��
����
� BRDF 1�3�
%>%*$��=*�>"�����������	-�������


�1*���
�1�3������1
3�>& >%*��� ���	-�������
�1*���
�$�� Phong reflection model, ���	-����

���
�1*���
�$�� Oren-Nayar reflection model ������	-�������
�1*���
�$�� Torrance-

Sparrow reflection model =�*��	
�
����9�������������
�1*���
� �������"� ����������
�C�����


�1*���
�$��=*�>"�>%*	�����	-����1�3�-��
����<  

 

��������� : �$��
��$��4, =+�
��, ���0�������
�	#+����� 

 

7.4 Effects of Chitosan and Glycine Pretreatment on Polyester Fabric Printed by Ink Jet Ink 
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 values 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. Interaction between the pretreatment agent and the active groups 

on pigment color development was elucidated. 

 

Keywords: Chitosan, Glycine, Polyester fabric, Ink jet printing 
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  7.5 Effects of Ink Formulation Containing Surface-Modified Pigmented Jet Inks on 

Jettability 

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 
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Surface-quaternized chitosan particles as an alternative and effective organic antibacterial 

filler, Colloids and Surfaces B: Biointerfaces, under review. 

16. Navagan Rachanark, Varawut Tangpasuthadol, Suda Kiatkamjornwong, Improvement 

of tensile modulus and tear strength of natural rubber dipped films by vinylated silica 

generated in situ, Polymer International, under review. 

17. Stéphane Dubascoux, Chalao Thepchalerm, Eric Dubreucq, Suwaluk Wisunthorn, 

Laurent Vaysse, Suda Kiatkamjornwong, Charoen Nakason, Frédéric Bonfils. Comparative 
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study of the mesostructure of natural and synthetic polyisoprene by SEC-MALS and AF4-

MALS, Journal of Chromatography A., under review. 

18. Graisuwan, W.; Ananthanawat, C.; Wiarachai, O.; Puthong, S.; Su, X. D.; Thongchul, 

N.; Kiatkamjornwong, S.; Hoven, V. P. Multilayer Thin Films Assembled from Charged 

Derivatives of Chitosan: Formation and Biological Responses, Langmuir, in language check. 

19. Somporn Chaiarrekij, Thippawan Hommaivai, Kuntinee Suvarnakich, and Suda 

Kiatkamjornwong, Kapok II: Pretreatment of kapok fibers for pulping and papermaking 

Bioresources, in revision before submitting to Bioresources. 

20. Roongkarn Nuisin,  Jaruwan Krongsil, Suda Kiatkamjornwong  Microencapsulation of 

menthol via glass membrane emulsification and controlled release, to be submitted to Colloids 

and Surfaces A: Physicochemicals and Engineering Aspects, in language check. 

21. Charoen Nakason, Yeampon Nakaramontee, Azizon Kaesaman, Wiyong 

Kangwansukpamonkon, and Suda Kiatkamjornwong
,
 Synthesis and Characterization of Water 

Swellable Natural Rubber Composites, in final check of figures and tables. 

 �. %&'�	�&!+����	��	��	����
�&!+���+��O�"'���	����
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22. Supaporn Noppakundilograt, Thayarat Petcharat,  Suda Kiatkamjornwong. Synthesis 

and characterization of controlled released NPK fertilizer hydrogel. 

23. Wiyong Kangwansupamonkon, Wailawan  Tiertrakulwattana, Pitt Suphapol, Suda 

Kiatkamjornwong.  Surface modification of electrospun chitosan nanofiber for antibacterial 

activity. 

24. Wasinee Sakathok,  Suda Kiatkamjornwong, Varawut Tangpasuthadol.  Physical 

properties of MMA grafted natural rubber film reinforced with in situ generated silica. 

25. Sopinya Choopromkaw, Supaporn Noppakundilograt, Suda Kiatkamjornwong, 2010, 

Synthesis, characterization and controlled release of hydrogel from collagen grafted 

poly[(acrylic acid)-co-(methacrylic acid)] 
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���< 

1. �7��� �7��
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���, ���1��� 
�������	, 
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���������	 ��� 
�%� �����,��-�	���+�, “���!'*

�
*�!�����!����&�
�&���
��
,����%�C”, ���&��'����'���� “���+����	
�” ��
<�1�3 4: ������"��

��
,����, �����1��+�
,�� �"���1���
����+��, ��C�����, 28-29 ���/��� 2551. 

2. Graisuwan, W.; Kiatkamjornwong, S. Hoven, V. P. Formation and Biocompatibility of 

Multilayer Film Assembled From Charged Derivatives of Chitosan 33rd Congress on Science 

and Technology of Thailand at Walailak University, October 18-20, 2007, �1����=�*	
%1-�"��>&

	�����
�����&��'�� 	B�>����$*����$�����
�� 

3. Graisuwan, W.; Kiatkamjornwong, S. Hoven, V. P. Formation and Biocompatibility of 

Multilayer Film Assembled From Charged Derivatives of Chitosan, Proceedings of the 3rd 

Mathematics & Physical Science International Graduate Congress, December 12-14, 2007, 

A038 with a poster, pp. 322-326. 

4. Walasinee Jitbunpot, Wiyong Kangwansupamonkon, Suda Kiatkamjornwong, “Removal 

Efficiency of Methylene Blue Dye Using TiO2/Poly[acrylamide-co-(acrylic acid)] Composites”, 

Proceedings of the 34th Congress on Science and Technology of Thailand 2008, The Queen 

Sirikit National Convention Center, Bangkok, Thailand, Oct 31- Nov 2, 2008, STT 34_F_F0003. 

5. Walasinee Jitbunpot, Suda Kiatkamjornwong, Wiyong Kangwansupamonkon, “Preparation 

and Dye Removal Efficiency Study Using Nano TiO2/Poly[acrylamide-co-(acrylic acid)] 

Composite”, Proceedings of the 1
st
 Biannual NanoThailand Symposium, 2008, The Queen 

Sirikit National Convention Center, Bangkok, Thailand, Nov 6-8, 2008, T64, pp. 290-294. 

6. Hoven, V. P.; Vallapa, N.; Thongchul, N.; Tangpasuthadol, V.; Kiatkamjornwong, S. 

“Antibacterial Activity of Surface-quaternized Chitosan” The 42nd IUPAC World Polymer 

Congress (MACRO 2008), Polymer at Frontiers of Science and Technology, June 29 – July 4, 

2008, Taipei, Taiwan, Poster. 

7. Punthorn Buranagul, Supaporn Noppakundilograt, Suda Kiatkamjornwong. Pretreatment 

of Polyester Fabric Surface with Chitosan Solution for Ink Jet Printing, Proceedings of 34th 

Congress on Science and Technology of Thailand at Queen Sirikit National Convention Center, 

October 31-November 2, 2008, STT34_E_E0118. 
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8. Kittichai Sonjaipanich, Supaporn Noppakundilograt, Nuttha Thongchul, Suda Kiatkam- 

jornwong, Synthesis of Grafted Chitosan Poly[(acrylic acid)-co-(2-hydroxyethyl methacrylate)] 

Hydrogels for Antibacterial Activity, Proceedings of 34th Congress on Science and Technology 

of Thailand at Queen Sirikit National Convention Center, October 31 - November 2, 2008, 

STT34_E_E0051. 

9. Wiarachai, O.; Thongchul, N.; Kiatkamjornwong, S.; Hoven, V. P. “Development of 

Antibacterial Fillers from Quaternized Chitosan Particles” The 5
th
 National Chitin-Chitosan 

Conference July 24-25, 2008, Bangkok, Thailand, Oral 

10. Graisuwan, W.; Puthong, S.; Kiatkamjornwong, S.; Hoven, V. P. “Formation and 

Biocompatibility of Multilayer Films Assembled from Charged Derivatives of Chitosan” The 5
th
 

National Chitin-Chitosan Conference July 24-25, 2008, Bangkok, Thailand, Oral 

11. Meebungpraw, J.; Vilaivan, T.; Kiatkamjornwong, S.; Hoven, V. P. “Determination of DNA 

Sequences Using Quaternized Chitosan Particles in Combination with MALDI-TOF Mass 

Spectrometry” The 2nd Polymer Graduate Conference in Thailand, May 21-22, 2009, 

Chulalongkorn University, Bangkok, Thailand, Poster 

12. Wiarachai, O.; Thongchul, N.; Kiatkamjornwong, S.; Hoven, V. P. “Quaternary 

Ammonium-containing Chitosan Particles: Preparation and Antibacterial Activity” Pure and 

Applied Chemistry International Conference 2009, January 14-16, 2009, Naresuan University, 

Phitsanulok, Thailand, Poster 

13. Meebungpraw, J.; Vilaivan, T.; Kiatkamjornwong, S.; Hoven, V. P. “Detection of DNA-PNA 

Hybridization using Quaternized Chitosan Particles in Combination with MALDI-TOF Mass 

Spectrometry” Pure and Applied Chemistry International Conference 2009, January 14-16, 2009, 

Naresuan University, Phitsanulok, Thailand, Poster. 

14. Meebungpraw, J.; Vilaivan, T.; Kiatkamjornwong, S.; Hoven, V. P. “Determination of DNA 

Sequences using Peptide Nucleic Acid in Combination with Chitosan Particles by MALDI-TOF 

Mass Spectrometry” The 11th Pacific Polymer Conference, December 6-10, 2009, Cairns, 

Australia, Poster. 

15. Limprayoon, N., Seetapan, N., and Kiatkamjornwong, S., “Water absorbency of 

superabsorbent copolymer of acrylamide/2-acrylamido-2-methylpropane sulfonic acid and its 

sodium salt” presented in The 2nd Polymer Graduate Conference of Thailand, 21-22 May 2009, 

Bangkok, Thailand, pp. 57-61. 
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16. Jaruwan Krongsin, Supaporn Noppakundilograt, Roongkan Nuisin, Suda 

Kiatkamjornwong, 2010. Microencapsulation of menthol by crosslinked chitosan via porous 

glass membrane emulsification technique, Proceedings of the First Polymer Conference of 

Thailand, October 7-8, 2010 at the Convention Center, Chulabhorn Research Institute, 

Bangkok, pp. 264-269. 

17. Natthaya Pheatcharat, Supaporn Noppakundilograt, Suda  Kiatkamjornwong, 2010, 

Synthesis and characterization of prolonged-dissolution NPK fertilizer hydrogel, Proceedings of 

the First Polymer Conference of Thailand, October 7-8, 2010 at the Convention Center, 

Chulabhorn Research Institute, Bangkok, pp. 124-129. 

18. Sopinya Choopromkaw, Supaporn Noppakundilograt, Suda Kiatkamjornwong, 2010, 

Synthesis and characterization of hydrogel from collagen grafted poly[(acrylic acid)-co-

(methacrylic acid)], Proceedings of the First Polymer Conference of Thailand, October 7-8, 

2010 at the Convention Center, Chulabhorn Research Institute, Bangkok, pp. 165-170. 

19. Wilaiwan.Tiawtrakoonwat Pitt Supapho, Wiyong Kangwansupamonkon,  Suda 

Kiatkamjornwong, Surface modification of electrospun chitosan nanofiber, Pure and Applied 

Chemistry International Conference (PACCON2011), Jan 5-7 2011 at the Miracle Grand Hotel, 

Bangkok, pp. 465-468. 

20. Chawan Koopipat, Boonyakiat Chaitepprasith and Suda Kiatkamjornwong, Modeling 

BRDF of Silk Fabric by modifying Phong Reflection Model, oral presentation in The 31st 

International Congress on Imaging Science (ICIS2010) Beijing May 12 - 16, 2010, in 

Proceedings, pp. 98-101. 

21. Hommaivai, T., Suvarnakich, K., Chaiarrekij, S., and Kiatkamjornwong, S., “Alkali 

Pretreatment of Kapok Fibers for Pulping and Papermaking”, the 1
st
 Polymer Conference of 

Thailand, the Convention Center of Chulabhorn Research Institute, Bangkok, Thailand, October 

7-8, 2010 pages 118-123. ("����",�: >%*�
�����
� the best oral presentation award in Polymers 

for Food and Agriculture). 

22. 

���7� �
��&\��1�
���, 
�1��1���� ��$����
���, 
�7��� ���
�����1��, 
��� '
���������	 ��� 


�%� �����,��-�	���+�, “���!'*��?3�����!����&�
�&���
��
,�$�����%�C��>D����”, ���&��'����'����

��
<�1�3 19 &��	-�&M 2554 (The Science Forum 2011), �����1��+�
,�� 	�:��������"���1���
�, 

�����1��"����, 10-11 ������ 2554 ("����",�: >%*�
�����
�'�����+�
�%
�1�3 1 The Hitachi 

Trophy 2011 
�$���1��+�
,��&�����,�����1�������) �1�
%��� 
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23. Sae-ung, P.; Meebungpraw, J.; Tumcharern, G.; Vilaivan, V.; Kiatkamjornwong, S.; 

Hoven, V. P. “Featuring Biosensing Applications of Chitosan” Pure and Applied Chemistry 

International Conference 2011, January 5 - 7, 2011, Miracle Grand Hotel, Bangkok, Thailand, 

Invited presentation. 

24. Chalao Thepchalerm, Stephane Dubascoux1, Eric Dubreucq, Suwaluk Wisunthorn, 

Laurent Vaysse, Suda Kiatkamjornwong, Charoen Nakason, Frederic Bonfils. Characterization 

of Natural Rubber Mesostructure by Size-Exclusion Chromatography (SEC) and Asymmetric 

Flow Field-Flow Fractionation (AF4) Coupled with an Online Multi-Angle Light Scattering 

Detector (MALS), Together for Hevea and Natural Rubber Research, The Third Annual Seminar 

of HRPP: Prince of Songkla University, Surat Thani Campus, May 10th, 2011. Abstract. 
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a b s t r a c t

Cassava starch-g-polyacrylamide (PAM) was successfully prepared by a reactive batch processing using

a specially designed batch reactor resulting in a superabsorbent polymer (SAP) with water absorption

of 605 g/g being obtained under the optimized reaction conditions. The occurrence of a graft copolymer

was confirmed by FT-IR spectra, where it was found to exhibit all characteristic bands of both starch

and acrylamide (AM) units. SEM micrographs of the starch granules showed an irregular shape and

varied particle sizes with a smooth surface, while the graft copolymers had a coarse porous structure

and broad network. Various types of inorganic filler were added to the graft copolymer to prepare the

SAP composites (SAPC). It was found that the SAPC with bentonite clay exhibited the highest water

absorption of approximately 730 g/g. Conversely, the incorporation of silica to the graft copolymer gave

a significantly lower water absorption capability than the copolymer alone.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Biodegradable polymers have drawn considerable attention in

both academia and industry due to the problem of environmen-

tal pollution caused by the disposal of synthetic polymer waste.

Therefore, the development of biodegradable polymers has been

one of the main areas of current interest. One of the simple prac-

tical approaches to prepare biodegradable polymers is to blend

polymers with various types of starch. Since Thailand is one of the

world’s largest exporters of cassava products it, therefore, has a

great opportunity to search for a reliable process to use cassava

starch by modifying its molecular structure to produce biodegrad-

able products, such as superabsorbent polymers (SAPs) (Lanthong,

Nuisin, & Kiatkamjornwong, 2006). SAPs are a lightly crosslinked

network of hydrophilic polymer chains that can absorb and retain

a large quantity of aqueous fluids, and where the absorbed fluids

are hardly removed even under pressure (Zhang, Li, & Wang, 2006).

Most of the current SAPs are synthetic polymers that have a poor

biodegradability leading to environmental problems with their dis-

posal. The development of starch-based SAPs could potentially be

used to solve this problem. Potential applications of starch-based

SAPs are fairly diverse and include personal care products, fire-

∗ Corresponding author. Tel.: +66 2 218 5587; fax: +66 2 255 3021.

E-mail addresses: ncharoen@bunga.pn.psu.ac.th (C. Nakason), ksuda@chula.ac.th

(S. Kiatkamjornwong).

fighting gels, agricultural uses, and so forth (Willett & Finkenstadt,

2006). Starch-based SAPs are developed by grafting starch with

unsaturated hydrophilic monomers, such as acrylic, acrylamide

(AM) (Athawale & Lele, 1998; Karadağ, Üzüm, & Saraydin, 2005;

Lanthong et al., 2006; Mostafa, 1995; Willett & Finkenstadt, 2006;

Zhang et al., 2006) and �-caprolactone (Chen et al., 2005), and

can be formed by radical chain copolymerization via chemical ini-

tiation (Athawale & Lele, 2000; Chen, Park, & Park, 1999) or by

the use of �-ray irradiation (Caykara, Bozkaya, & Kantoğlu, 2003;

Kiatkamjornwong, Mongkolsawat, & Sonsuk, 2002).

Although reactive extrusion has been used as a continuous pro-

cess (Carr, Kim, Yoon, & Stanley, 1992; Willett & Finkenstadt, 2006;

Yoon, Carr, & Bagley, 1992), processing of most starch-based graft

copolymers is typically done in a batch process, but this consumes a

large amount of water (Fanta, 1996; Weaver et al., 1977). Starch-g-

polyacrylamide (PAM) has been successfully prepared before using

a co-rotating twin screw extruder (Finkenstadt & Willett, 2005;

Willett & Finkenstadt, 2003), but the maximum water absorption

capacity of the SAPs obtained using this process was relatively low

at only approximately 300 times their dry weight in water (Carr et

al., 1992).

In this work, a specially designed batch reactor was built and

used to prepare starch-g-PAM based SAPs via reactive processing

with low quantities of water. This was aimed to enhance the water

retention capability of the saponified starch-g-PAM SAP obtained

and also to improve some other important properties (see below).

The influence of the reaction time, temperature, concentration of

0144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.

doi:10.1016/j.carbpol.2010.02.030
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the initiator and the molar ratio of starch:AM on the conversion,

graft efficiency, graft content and water absorbency were inves-

tigated. SAP composites (SAPC) of the starch-g-PAM with silica,

bentonite clay and China clay were also prepared and their water

absorption was tested.

2. Experimental

2.1. Materials

The cassava starch used as the polymer substrate was obtained

from Siam Starch (1966) Co., Ltd., Rayong, Thailand. AM, used

as a grafting monomer, was manufactured by Fluka (Buchs,

Switzerland). Potassium persulfate (KPS), used as a free radical

initiator, was manufactured by Asia Pacific Specialty Chemicals

Ltd. (Seven Hills, Australia). Hydroquinone, used as a free radi-

cal scavenger, was manufactured by Merck (Darmstadt, Germany).

N,N′-Methylenebisacrylamide (N,N′-MBA), used as a crosslinker,

was manufactured by Fluka (Buchs, Switzerland). For the prepara-

tion of SAPCs, Ultrasil VN 3 GR silica obtained from Evonik Degussa

GmbH (Essen, Germany), bentonite clay, grade SAC-1, manufac-

tured by Thai Nippon Chemical Industry, Co., Ltd. (Samut Sakhon,

Thailand) and China clay manufactured by Renuka Minchem Pvt.

Ltd. (Udaipur, India) were each mixed in the reactive batch pro-

cessing.

2.2. Reactive polymerization

Reactive batch processing was performed using an in-house

specially designed and built batch reactor with a capacity of approx-

Fig. 1. Components of a specially designed batch reactor. A: Batch reactor, and B: specially designed mixing elements showing (B1) side view of total stirring blades, (B2)

top view of the reactor stirring blades, and (B3) top view of total stirring blades.
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Table 1
Relationship of the Reynolds number and mixing speed.

Reynolds number Mixing speed

<10 Low speed for laminar flow

10 < Nrev < 104 Medium speed for transition

>104 High speed for turbulent flow

imately 1 L, as shown in Fig. 1. It is a stainless steel reactor with a

specially designed internal geometry containing an agitator. A pro-

grammable heating element surrounded the outside cylinder of the

reactor, and a stainless steel cover for the inlet and outlet of nitro-

gen gas was also built. A high torque motor with a maximum torque

of 3000 N cm (RW 47D High-Viscosity Mechanical Overhead Stirrer

powered by a 3 × 230 V, 60 Hz, 570 W, IKA, Staufen Germany) was

fitted to an in-house made specially designed agitator to cause a

thorough mixing of the highly viscous material during the graft

copolymerization.

Graft copolymerization was begun by drying cassava starch in a

hot air oven for at least 4 h at 60 ◦C before incorporating it into the

batch reactor. Nitrogen gas was purged thoroughly into the reac-

tor and stirred for at least 1 min to eliminate oxygen gas. Distilled

water and cassava starch was added at a 1:1 (w/w) ratio and stirred

at 60 ◦C for 20 min to form the gelatinized starch. The temperature

of the mix was then increased to 80 ◦C and stirred for 2 min before

incorporating 3.70 mM KPS initiator and then stirring continuously

for another 30 min. An aqueous solution of 23.81% (w/w) AM was

then added drop wise to the reactor with a continual stirring for the

indicated time intervals (a range of 110–260 min). The actual con-

centration of the starch was also 23.81% (w/w) of the total mass, i.e.,

starch:AM = 1:1 by weight. The reactor is capable of handling gela-

tinized starch at this mixture ratio with the small amount of water

because the high torque motor is used. In this part of experiment, no

crosslinker was incorporated for characterization purposes. Then,

the ungrafted homopolymer (PAM) was soluble in ethanol/water

whereas the starch grafted PAM was insoluble.

The reaction and newly synthesized product was then quenched

by adding 0.5% (w/w) of hydroquinone in ethanol and left overnight

to remove the un-reacted monomer. The solid products were finally

collected by filtration and dried.

2.3. Saponification

To enhance the water absorbing capability of the resultant SAP,

40 g of the graft copolymer was transferred to a flask containing

100 mL of 1 mol/L of sodium hydroxide solution and 100 mL of dis-

tilled water and the content was saponified at 90 ◦C for 2 h. The final

concentration of the graft copolymer in NaOH solution was 16.67%

(w/w) of the total mass, i.e., 40 g of the graft copolymer in 240 g of

the mixture. The pH of the saponified products was then adjusted

to 7 by the addition of a 1 M HCl solution and the graft copolymer

was coagulated and precipitated by the rapid addition of an excess

amount of methanol. The solid saponified copolymer was then fil-

tered and washed thoroughly to remove the ungrafted starch as

well as the un-reacted monomer. The thoroughly washed products

were then dried in a vacuum oven at 60 ◦C until the weight of the

polymer was constant. They were then ground and filtered through

an 80-mesh screen to leave the powdery SAP.

2.3.1. Influence of the inorganic filler

Three types of inorganic filler, namely silica, China clay and ben-

tonite clay, were incorporated in the starch-g-PAM copolymer SAP

to form SAPCs. The graft copolymer was first prepared using a 1:1

(w/w) ratio of starch:AM at a reaction time and temperature of

140 min and 80 ◦C with KPS at 1.5 wt% of starch and 0.3 wt% of N,N′-

Fig. 2. Representative FT-IR spectra of cassava starch, the starch-g-PAM copolymer and its saponified product.

Scheme 1. Proposed mechanism for the formation of nitrile group from dehydration of amide group by alkaline hydrolysis at 90 ◦C.
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Fig. 3. Relationship between the level of conversion, graft efficiency and graft

content of the saponified starch-g-PAM copolymer SAP against the reaction time

employed for the copolymer formation.

MBA under a stirring speed of 300 rpm. The fillers were filtered

through a 325-mesh stainless steel screen before incorporating in

the reaction mixture at a loading level of 10 wt% of graft copolymer.

2.4. Water absorbency

The powdery SAP (0.1 g) was immersed in distilled water

(250 mL) for 24 h at ambient temperature (25–30 ◦C) to reach an

equilibrium swelling. The residual water was removed by filtration

through an 80-mesh stainless steel screen with the water absorbed

polymer left on the screen for at least 1 h to drain off the addi-

tional unabsorbed water. During this period, the screen was gently

shaken with an alternate lined angle of 15–20◦ to ensure that most

of the un-absorbed water was separated. The un-absorbed water

which was held in the free spaces among the SAP particles, due to

variation in particle sizes, by capillary force must be excluded. The

water absorption was determined by weighing the swollen graft

copolymer and its dried polymer in Eq. (1) as follows:

water absorbency (g/g) = W1 − W0

W0
, (1)

where W0 is the weight of the dried SAP and W1 is the weight of

the swollen sample.

Fig. 4. Relationship between the reaction time used for the starch-g-PAM copolymer

SAP formation and the resultant water absorption obtained by the SAP. Data are

shown as the mean ± 1 S.D. and are derived from 3 replicate samples.

2.4.1. Characterization

The nitrogen contents were measured using a Kjeldahl diges-

tion unit consisting of Kjeldatherm block digestion units (702001

KBL 20S), a programmable distillation unit with a titration unit

(Vapodest 45s) and a scrubber unit, all manufactured by Gerhardt

(Königswinter, Germany). Details for the determination of nitrogen

content were as described elsewhere (McGill & Figueiredo, 1993).

The conversion, graft content and graft efficiency were each calcu-

lated using the following equations (2)–(4) (Willett & Finkenstadt,

2003):

conversion = 100Ncrud

Nf
, (2)

graft content = 100Ni

19.72
, (3)

graft efficiency = 100(1 − f )Ni

(1 − f )Ni + fNs
, (4)

where Ncrud is the nitrogen content (wt%) of the newly synthesized

(crude) product. Nf is the theoretical nitrogen content based on

the feeding amount of the monomer. Ni is the nitrogen content

of the EtOH/H2O-insoluble fraction and f is the weight of the sol-

uble fraction in the EtOH/H2O. The nitrogen content of the PAM

was 19.72 wt% by the above method. Graft efficiency is based on

the amount of monomer polymerized, and is equal to the ratio

Fig. 5. Representative FT-IR spectra of the purified starch-g-PAM copolymer prepared at the indicated five different reaction temperatures.
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Fig. 6. Relationship between the reaction temperature used to form the starch-g-

PAM copolymer SAP and the level of conversion, graft efficiency and graft content

of the obtained SAP.

of the insoluble amount of PAM to the total amount of PAM (the

insoluble and soluble parts). It should be mentioned that GE was

calculated only in the reaction system without incorporation of the

crosslinking agent.

2.4.1.1. Morphology of SAP and SAPC. The SAP and SAPC samples

were dried at 105 ◦C for 2 h to eliminate moisture. They were cooled

in a desiccator, and coated with gold and characterized using a scan-

ning electron microscopy (JOEL SEM, JSM-5200, Tokyo, Japan) at

15 kV.

3. Results and discussion

Based on the specially designed reactor (Fig. 1), the mixing

speeds for the polymerization reaction can be controlled based on

the relationship between the Reynolds number of the reactor and

the mixing speed of the reaction mixture (Table 1). The Reynolds

number (NRe) equation is shown in Eq. (5):

NRe = �nD2

�
, (5)

where D is the diameter of the propeller (0.31 in), n is the speed

of the propeller (300 rpm), � is the initial density of the starch

(1.50 g/cm3) and � is the initial viscosity of the starch (0.018 Pa s).

Based on Eq. (5), the specially designed reactor has a Reynolds num-

ber of 224.7 and it is possible to state that the reactor is capable

of handling viscous dispersion and thus it can mix the reaction

mixture by the transition mode at a medium speed (see Table 1).

Fig. 7. Relationship between the reaction temperature used to form the starch-g-

PAM copolymer SAP and the level of water absorption of the obtained SAP. Data are

shown as the mean ± 1 S.D. and are derived from 3 replicate sample.

Fig. 8. Relationship between the KPS concentration used to form the starch-g-PAM

copolymer SAP and the level of conversion, graft efficiency and graft content of the

obtained SAP.

3.1. Influence of reaction time

The total time from the start of stirring, to mix the starch with

water, until the end of the stirring is termed the reaction time. In

this work, the reaction time was varied at 110, 140, 170, 200, 230

and 260 min, with a fixed 1:1 (w/w) ratio of starch:AM, KPS at 1 wt%

of starch, a reaction temperature of 80 ◦C with a stirring speed of

300 rpm.

Fig. 2 shows the representative FT-IR spectra of the cassava

starch, the purified starch-g-PAM and its saponified product.

The broad absorption bands in the region of wave number

3550–3200 cm−1, which represent the O–H stretching vibration,

are clearly seen, and the medium absorption peak at 2923 cm−1

represents the C–H stretching vibration. Furthermore, the triplet

peaks with a strong absorption at 1156, 1051 and 1023 cm−1

indicate the presence of the C–O–C stretching vibration. The IR

spectrum of the starch-g-PAM copolymer gives all the absorption

bands of cassava starch plus, additionally, the absorption peaks

at 3401, 1667 and 1611 cm−1, which indicate the N–H stretching,

C O stretching and N–H bending of the amide groups, respectively.

Therefore, these are the characteristics of the –CONH2 groups in the

grafted PAM. Furthermore, the peak at 1407 cm−1 that represents

–C–N stretching, and that at 766–710 cm−1 that represents the

weak band of N–H out of plane bending, all are also characteristic

bands of the amide grafted onto the cassava starch backbone. After

the saponification, the following absorption peaks were observed

Fig. 9. Relationship between the KPS concentration used to form the starch-g-PAM

copolymer SAP and the level of water absorption of the obtained SAP. Data are shown

as the mean ± 1 S.D. and are derived from 3 replicate samples.
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Fig. 10. Representative FT-IR spectra of the purified starch-g-PAM copolymer prepared from six different (w/w) ratios of starch:AM.

that confirm the occurrence of PAM; the N–H stretching of O C–NH

(amide band), the C O stretching, the N–H bending at 1450 cm−1

for the –C–N stretching and a relatively intense and sharp peak at

2360 cm−1 which is the –C N (nitrile or cyanyl) peak, an interme-

diate peak from the saponification in alkaline solution of the amide

group converted to the nitrile or cyanyl group. Although an amide

is considered a neutral functional group, it is both weak acid and

weak basic, and amide is hydrolyzed by strong acid or strong base.

Even though POCl3 is widely used as a dehydrating agent to con-

vert O=C–NH (amide) to R–C N (nitrile or cyanyl) (Wade, 1991)

it is possible that heat generated at the saponification condition

can act as a dehydrating agent to dehydrate acrylamide moiety to

nitrile moiety for the SAP prepared from high content of acrylamide

(starch:AM = 1:1). This is because the two hydrogen atoms of the

amino group can be abstracted by the hydroxide anion under heat.

The carbonyl oxygen of acrylamide moiety is simultaneously pro-

tonated to become the hydroxyl group as a leaving group which

can promote the formation of the nitrile or cyanyl group as shown

in Scheme 1.

It is further observed (see the effect of starch:AM ratio) that

at the higher starch:AM ratios, this peak (2360 cm−1 peak) dis-

appeared because more starch active sites were available for AM

grafting.

Fig. 3 shows the influence of the reaction time on the conver-

sion from monomer to polymer, graft efficiency and graft content

(based on Eqs. (2)–(4)). The conversion level slightly increased with

increasing reaction time from ∼88% at 100 min to a maximum value

of approximately 95% at a reaction time of 260 min (the longest

reaction time). On the other hand, the graft efficiency and graft

content initially increased more significantly as the reaction time

was increased from 110 to 140 min (70–85% and 40–50%, respec-

tively), and then decreased with longer reaction times. The decrease

in graft efficiency with longer reaction times was slightly more

marked for graft content but nevertheless the maximum graft effi-

ciency and content were both attained at a reaction time of 140 min.

This might be attributed to a higher level of PAM homopolymer

formation with reaction times of longer than 140 min. Further-

more, there is a possibility that the crosslinked PAM can be simply

degraded by mechanical shear into lower molecular weight frag-

ments during a prolonged reaction time. Regardless, the graft

copolymer prepared with a reaction time of 140 min incorporated

the highest grafted PAM, content and this corresponded to the high-

est water absorption capability of the saponified graft copolymer

(Fig. 4) which was also obtained from a reaction time of 140 min at

ca. 520 g/g). Increasing the reaction time above 140 min caused a

decreased water absorption capability, and this is also likely to be

due to a lower amount of the grafted PAM which becomes saponi-

fied and so more hydrophilic in nature.

Given that reaction times over 140 min only slightly increased

the level of conversion but markedly reduced that of the graft

efficiency, graft content and water absorbance, a reaction time of

140 min was selected for further investigation.

3.2. Influence of the reaction temperature

Fig. 5 shows the representative FT-IR spectra of the purified

starch-g-PAM copolymer prepared from five different reaction

temperatures (60, 70, 80, 90 and 100 ◦C) with a fixed reaction time

of 140 min, a starch:AM (w/w) ratio of 1, KPS at 1% (w/w) and

a stirring speed of 300 rpm. The characteristic bands of cassava

starch and amide groups are present, similar to those observed

for the purified starch-g-PAM copolymer in Fig. 2, which confirms

the formation of a cassava starch-g-PAM copolymer. The influence

of the reaction temperature upon the graft efficiency, graft con-

Table 2
Properties of the cassava starch-g-PAM copolymer SAP derived from various (w/w) ratios of starch:AM.

Starch:AM (w/w) ratio Conversion (%) Graft efficiency (%) Graft content (wt%) Absorbency in DI water (g/g)

1:1 90.9 ± 1.5 85.6 ± 2.1 47.8 ± 1.7 606 ± 10.2

1.25:1 86.7 ± 1.8 80.6 ± 3.5 44.0 ± 3.7 479 ± 9.8

1.5:1 76.4 ± 2.1 76.7 ± 3.9 31.3 ± 3.1 407 ± 11.1

2:1 73.2 ± 3.2 71.1 ± 2.7 28.3 ± 4.7 349 ± 9.7

2.5:1 61.7 ± 3.8 55.6 ± 3.9 23.1 ± 3.1 222 ± 8.9

3:1 48.2 ± 2.7 39.4 ± 4.1 16.8 ± 2.9 132 ± 10.4

The experiment was carried out in triplicate and the data was presented within ±1 S.D.
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Fig. 11. Representative SEM micrographs of (A) cassava starch, and the purified starch-g-PAM copolymer SAP prepared from starch:AM (w/w) ratios of (B) 1:1, (C) 1.25:1,

(D) 1.5:1, (E) 2:1, (F) 2.50:1 and (G) 3:1.

tent and level of conversion of monomer to polymers is shown in

Fig. 6, where the conversion linearly and significantly increases

with increasing temperature within the range of 60–80 ◦C and

then reaches a smooth plateau (or mild decrease) region at reac-

tion temperatures higher than 80 ◦C. This might be related to the

optimum decomposition temperature of KPS at 80 ◦C, where at

temperatures lower than 80 ◦C the initiator molecules decompose

less to give fewer free radicals. On the other hand, at tempera-

tures higher than 80 ◦C too high a rate of free radical generation

is attained which then recombine and so reduce the efficiency of

the initiator. The graft efficiency and graft content also increased

with increasing reaction temperatures up to 80 ◦C, and thereafter

at higher temperatures an abrupt decrease in the graft efficiency

and graft content was observed (Fig. 6). This is attributed to the

increasing rate of graft copolymerization in reaction temperatures

in the range of 60–80 ◦C, but at higher temperatures a greater

rate of PAM homopolymer formation occurred at the expense of

the graft copolymerization. In addition, chain transfer at higher
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temperatures is likely to significantly reduce the extent of graft

copolymerization. These results correlated well with the water

absorption ability of the saponified starch-g-PAM copolymer based

SAP at various reaction temperatures, where the maximum water

absorption was obtained in the saponified starch-g-PAM copoly-

mer prepared at 80 ◦C (Fig. 7). This is because the graft copolymer

contains the highest grafted PAM that thereafter was hydrolyzed

by the saponification process to result in the presence of the more

hydrophilic carboxamide and carboxylic acid groups and therefore

a greater level of water absorption.

3.3. Influence of the concentration of potassium persulfate

initiator

The conversion level, graft efficiency and graft content of the

starch-g-PAM copolymer prepared using KPS at five different con-

centrations (0.25, 0.50, 1.00, 1.50 and 2.00 wt% of the cassava

starch), with a fixed starch:monomer (w/w) ratio of 1, a 140 min

reaction time at 80 ◦C and a stirring speed of 300 rpm is sum-

marized in Fig. 8. The conversion level obtained increased with

increasing KPS concentrations up to a maximum conversion value

at 1.50–2.00 wt% KPS. This may be attributed to the increasing

availability of reactive free radicals to initiate the polymeriza-

tion of PAM to form the grafted PAM and PAM homopolymer.

Increasing the concentration of KPS from 1.50–2 wt% did not

cause any further significant effect upon the conversion level,

although a slight numerical decrease was seen. Although an

abundant level of free radicals were formed in the system, the

amount of monomer available for the reaction was limiting and,

therefore, any further excess production of free radicals might

recombine.

The graft efficiency and graft content of the starch-g-PAM

copolymer also increased with increasing KPS concentrations

within the range of 0.25–1.00 by 1.50 wt% KPS, with the maximum

values observed between 1 and 1.5 wt%. Likewise, the graft effi-

ciency and content both decreased with further increases in the KPS

concentration above 1.50 wt% (Fig. 8). The higher concentrations

of initiator (KPS) produced a higher grafted PAM level in cassava

starch molecules but at 2 wt% the KPS concentration is too high

and chain transfer to monomer or homopolymer formation was

more pronounced causing lower graft content and graft efficiency

(Fig. 8) as well as the lower water absorption capability (Fig. 9).

Indeed, as expected, the water absorption of the saponified cassava

starch-g-PAM copolymer prepared using KPS at 1.50 wt% exhib-

ited the highest water absorption capability (ca. 605 g/g), which

is approximately 2–3 times higher than those of the graft copoly-

mers prepared by reactive extrusion reported elsewhere (Willett &

Finkenstadt, 2006).

3.4. Influence of the starch:acrylamide ratios

The influence of the starch:AM ratios, at six different (w/w)

ratios of 1:1, 1.25:1, 1.5:1, 2:1, 2.5:1 and 3:1, was analyzed using a

140-min reaction time at 80 ◦C, a stirring speed of 300 rpm and a

KPS concentration of 1.5 wt% of the starch.

The FT-IR spectra of the purified starch-g-PAM derived from

the six different starch:AM (w/w) ratios revealed all the charac-

teristic bands of both cassava starch and PAM (Fig. 10), as shown

respectively in Figs. 2 and 5, supporting the formation of a starch-

g-PAM copolymer in all six different starch:AM (w/w) ratios. The

characteristics and properties of these six different starch-g-PAM

copolymers based SAPs are shown in Table 2, where it is clear

that increasing the starch content decreased the level of con-

version, graft efficiency, graft content and water absorption of

the SAP. This is attributed to the lowering level of the newly

formed graft PAM, which plays the main role in water absorp-

Fig. 12. Water absorption of the saponified starch-g-PAM copolymer SAP (without

filler) and the derived composite based SAPCs with the indicated inorganic fillers.

Data are shown as the mean ± 1 S.D. and are derived from 3 replicate samples.

tion of the polymer. Therefore, a starch:AM (w/w) ratio of 1:1

was selected to prepare the graft copolymer for further stud-

ies.

Representative SEM micrographs of starch and of the starch-

g-PAM copolymers with different starch:AM (w/w) ratios are

illustrated in Fig. 11. Starch granules (Fig. 11(A)) had an irreg-

ularly oval shape and a fairly diverse array of particle sizes

(in the range of 0.3–1.2�m in diameter) with a smooth sur-

face. On the other hand, the graft copolymers had a clearly

different surface morphology in that the oval particle shape

was absent but rather they had a coarse and broad network

structure with a rather rough surface. This yields a higher

water absorption capability for the copolymer, especially in the

case of the SAP derived from a starch:AM (w/w) ratio of 1:1

(Fig. 11(B).

3.5. Influence of inorganic fillers

The water absorption of the saponified starch-g-PAM copoly-

mer based SAP and the three SAPCs derived from the SAP is

shown in Fig. 12, where the water absorption of the bentonite

(730 g/g) and China clay (650 g/g) based SAPCs are significantly

higher than those of the base SAP, i.e., without filler (606 g/g)

or the silica based SAPC (310 g/g). This is because the hydration

of bentonite powder is higher than that of China clay and espe-

cially silica and also that the bentonite powder dispersed more

readily and produced more particulates in water than did either

the China clay or the silica. Unfortunately, the incorporation of

the silica resulted in a significantly lower water absorption of

the resulting SAPC than that of the original starch-g-PAM copoly-

mer based SAP. Perhaps this type of silica caused a smooth

surface with a low content of coarse pores, a notion that is

supported to some extent by the SEM micrographs (Fig. 13(A)).

In contrast, the SAPCs formed with bentonite clay (Fig. 13(C))

and China clay (Fig. 13(B)) both showed a more porous surface

which allowed a higher water intension capability of the compos-

ite.

Bentonite is an aluminium phyllosilicate absorbent and con-

sists mostly of montmorillonite. Both bentonite and China clay are

hydrous aluminium phyllosilicates, while silica is a porous silica

dioxide. The former two phyllosilicates can both graft and interca-

late the polymer chains but the latter cannot. The work (Foungfung,

Seetapan, Phattanarudee, & Kiatkamjornwong, 2010) showed that

the inclusion of phyllosilicate clay at an appropriate amount in

the in situ polymerization of the monomer both enhances the

superabsorbent polymer strength and gives a higher level of water

absorption. The bentonite, after alkaline saponification, becomes
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Fig. 13. Representative SEM micrographs of the purified starch-g-polyacrylamide composites with (A) silica, (B) China clay, (C) bentonite clay, and (D) without filler.

sodium bentonite which can increase the water absorption more

than the kaolinite in the China clay. The N,N′-MBA crosslinker at

0.3 wt% was used for connecting the acrylamide units to starch or

the acrylamide itself. Then the crosslinker could be used to crosslink

the ungrafted PAM to be the crosslinked homopolymeric SAPC

which can influence water absorption of the whole system. Besides,

the clay powder can act as a crosslinking point and plays an impor-

tant role in the formation of network structure of the SAPC (Wu,

Wei, Lin, & Wu, 2003). Likewise, the N-MBA crosslinker might also

crosslink the active site of the clay with acrylamide monomer or

the starch graft PAM SAP (Foungfung et al., 2010; Wu et al., 2003).

4. Conclusions

A high water absorbing copolymer, based on the graft copoly-

merization of cassava starch and AM, was successfully prepared by

reactive batch processing using a specially designed batch reactor.

The reactor has a Reynold number of 224.7 and can mix the mixture

effectively even at low water content. The highest obtained water

absorption capability of the saponified starch-g-PAM copolymer

was 605 g/g when prepared with a reaction time and tempera-

ture of 140 min and 80 ◦C, a KPS concentration of 1.5 wt% of starch

and a starch:AM (w/w) ratio of 1:1. The FT-IR spectra confirmed

the formation of saponified starch-g-PAM copolymer by exhibit-

ing all the characteristic bands of both starch and AM units. The

starch granules, as viewed by SEM, had irregularly oval shaped

particles of variable sizes with a smooth surface. However, the

graft copolymers exhibited coarse porous structures and a broad

network, which may contribute to the higher water absorption

capability of the copolymer and the SAPCs over the SAP. The ben-

tonite clay SAPC exhibited the highest water absorption capability

(ca. 730 g/g), significantly higher than that of the unfilled graft

copolymer SAP (606 g/g). This is due to larger hydration of bentonite

powder than those of the China clay and silica.
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a b s t r a c t

This research aimed to increase the antibacterial activity of the chitosan surface by introducing quaternary

ammonium groups via a heterogeneous two-step process: reductive alkylation using a series of differ-

ent aldehydes followed by methylation with methyl iodide. ATR-FTIR and XPS analyses, together with

water contact angle and zeta potential measurements, confirmed the success of the surface quaterniza-

tion. The antibacterial activity of the surface-quaternized chitosan film against Staphylococcus aureus and

Escherichia coli, as model Gram-positive and Gram-negative bacteria, respectively, were superior to that

of the virgin chitosan film. The apparent damaged bacterial morphology upon contact with the surface-

quaternized chitosan film was verified by SEM. Thus, the introduction of additional positive charges to

the chitosan surface via the versatile and yet simple process of heterogeneous quaternization can sig-

nificantly improve the antibacterial activity of the chitosan surface, especially in a neutral environment.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Chitosan has progressively attracted attention due to its multi-

ple bioactivities, such as antimicrobial (Lim & Hudson, 2004; Ong,

Wu, Moochhala, Tan, & Lu, 2008) and antitumor (Gorbach et al.,

1994). The antibacterial activity, in particular, has been followed

with great interest. Chitosan inhibits the growth of a fairly diverse

range of bacteria (Choi et al., 2001; Fujimoto, Tsuchiya, Terao,

Nakamura, & Yamamoto, 2006) and thus offer great benefit to a

wide variety of applications, ranging from medical (Alves & Mano,

2008) to agriculture (Campaniello, Bevilacqua, Sinigaglia, & Corbo,

2008) The exact mechanism of the antimicrobial action of chitosan

is still ambiguous, although six main mechanisms, none of which

are mutually exclusive, have been proposed (Raafat, von Bargen,

Haas, & Sahl, 2008; Rabea, Badawy, Stevens, Smagghe, & Steurbaut,

2003) as follows: (1) Interactions between the positively charged

moieties on the chitosan molecules and those negatively charged

ones on the microbial cell outer membranes leads to changes in the

cell membrane structure and permeability inducing the leakage of

∗ Corresponding author. Tel.: +66 2218 7626–7; fax: +66 2218 7598.

E-mail address: vipavee.p@chula.ac.th (V.P. Hoven).

proteinaceous and other intracellular constituents and so challeng-

ing the biochemical and physiological competency of the bacteria

leading to loss of replicative ability and eventual death. (2) Chitosan

acts as a chelating agent that selectively binds trace metals and sub-

sequently inhibits the production of toxins and microbial growth.

(3) Chitosan activates several defense processes in the host tissue,

acts as a water binding agent and inhibits various enzymes. (4) Low

molecular weight chitosan penetrates the cytosol of the microor-

ganisms and, through the binding of chitosan with DNA, results in

the interference with the synthesis of mRNA and proteins. (5) Chi-

tosan on the surface of the cell can form an impermeable polymeric

layer which alters the cell permeability and prevents nutrients from

entering the cell. (6) Finally, since chitosan can adsorb the elec-

tronegative substances in the cell and flocculate them, it disturbs

the physiological activities of the microorganism leading to their

death.

Nonetheless, chitosan, shows its antibacterial activity only in

acidic medium, which is ascribed to the poor solubility of chi-

tosan above its pKa (pH 6.5). For this reason, a number of chitosan

derivatives have been developed not only to expand the use

of chitosan into a broader pH range and so media but also to

improve the bactericidal actions of chitosan. Amongst all the

derivatives that exhibit superior antibacterial activity to native

0144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbpol.2010.08.075
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chitosan, quaternary ammonium-containing ones have gained the

most attention. They are typically synthesized either by direct quat-

ernization of the amino groups of chitosan using alkyl halides

under alkaline conditions (Domard, Rinaudo, & Terrassin, 1986;

Polnok, Borchard, Verhoef, Sarisuta, & Junginger, 2004), by reduc-

tive N-alkylation reaction of chitosan with aldehydes via Schiff’s

base intermediates followed by quaternization with methyl iodide

(Muzzarelli & Tanfani, 1985; Sajomsang, Gonil, & Saesoo, 2009)

or by reductive N-alkylation reaction of chitosan with quater-

nary ammonium-type aldehydes (Suzuki, Oda, Shinobu, Saimoto,

& Shigemasa, 2000). Reaction of the amino groups of chitosan with

glycidyltrimethylammonium chloride (GTMAC) has been intro-

duced as an alternative for N-selective reaction under acidic and

neutral conditions (Seong, Whang, & Ko, 2000; Sun, Du, Fan, Chen,

& Yang, 2006). A recent review on the synthesis and applications

of quaternized derivatives of chitosan have been available in pub-

lished literatures (Mourya & Inamdar, 2009; Sajomsang, 2010).

Chitosan in its solid form (film, fiber or particles) holds promis-

ing values in many applications for which interfacial contact

inhibition is sufficient, although its bactericidal action is only

favorable in acidic media (pH < 6.5) when most of its amino

groups hold their cationic character. As a means to permanently

introduce a positive charge to solid chitosan, without having

to incorporate additional cationic species or altering the pro-

cessability of chitosan, heterogeneous quaternization seems to

be an attractive approach. The reactions can be accomplished

in the absence of tedious purification process that are certainly

required if the quaternization is done homogeneously in solu-

tion. Chitosan can be fabricated into the desired solid form (film,

fiber or particle) prior to the surface modification. Previously,

we have demonstrated that it is conceivable to tune the surface

properties of chitosan, namely hydrophilicity/hydrophobicity, and

protein adsorption, by chemical modification of the chitosan sur-

face by choosing the suitable reagents under a heterogeneous

condition (Amornchai, Hoven, & Tangpasuthadol, 2004; Hoven,

Tangpasuthadol, Angkitpaiboon, Vallapa, & Kiatkamjornwong,

2007; Tangpasuthadol, Pongchaisirikul, & Hoven, 2003).

This research aimed to conduct the quaternization of chitosan

by a well-developed chemistry based on a two-step approach using

firstly a reductive N-alkylation reaction of chitosan with aldehy-

des via the formation of Schiff’s base intermediates, followed by

quaternization with methyl iodide. Besides the positive charge of

quaternary ammonium groups, it is envisaged that the hydropho-

bicity introduced from the hydrocarbon chains of the different

aldehydes should help elevate the antibacterial activities, as has

been formerly described by others (Badawy, 2010; Kim & Choi,

2002; Ye et al., 2007).

2. Materials and methods

2.1. Materials

Chitosan flakes (DAC of 92%, MV = 550,000 Da) were purchased

from Seafresh Chitosan (Lab) Co., Ltd. (Thailand). Chitosan films

and particles were prepared according to the published proce-

dure by Hoven et al. (2007) and Qi, Xu, Jiang, Hu, and Zou (2004),

respectively. Methanol, as commercial grade, was distilled over

4A molecular sieves prior to use. Methyl iodide (CH3I), acetalde-

hyde, glutaraldehyde, sodium borohydride (NaBH4), sodium iodide

(NaI) and were all purchased from Fluka (Switzerland), and used as

received. Benzaldehyde and butyraldehyde were purchased from

Merck (Germany) and Sigma Chemical Co. (USA), respectively, and

used as received. Staphylococcus aureus (S. aureus) and Escherichia

coli (E. coli) were purchased from the National Center for Genetic

Engineering and Biotechnology (Thailand). Trypicase soy agar (TSA)

and Trypicase soy broth (TSB) were purchased from PPL System

Co., Ltd. (Thailand). Phosphate buffer saline (PBS) was supplied by

Aldrich (USA). Ultrapure distilled water was obtained after purifi-

cation using a Millipore Milli-Q system (USA).

2.2. Preparation of N-alkyl chitosan films or particles

An anhydrous methanol solution of each selected aldehyde

(10 mL) at the desired concentration (0.4–1 M) was added into a

flask containing chitosan films (2 cm × 2 cm) or particles (0.03 g).

After stirring for a given time at ambient temperature (∼28–30 ◦C),

NaBH4 (0.3 g, 0.8 mol) was added into the reaction mixture and

the solution was stirred for 24 h. The films were removed from

the solution, rinsed thoroughly with methanol, and dried in vacuo.

In the case of particles, they were isolated by centrifugation at

6000 rpm. The supernatant was discarded and the particles were re-

suspended in and centrifugally washed with methanol three times

prior to being dried in vacuo.

2.3. Preparation of quaternized N-alkyl chitosan films or particles

An anhydrous methanol solution of NaI (0.2 M) was added via

syringe into a flask containing N-alkyl chitosan films (2 cm × 2 cm)

or particles (0.03 g) and NaOH (0.13 g, 0.3 mol). The total volume of

the reaction mixture was 10 mL and the concentration of CH3I was

varied within a range of 0.4–2.4 M. The reaction mixture was stirred

at 50 ◦C for the indicated time and then the films were removed

from the solution, rinsed thoroughly with methanol, and dried in

vacuo. In the case of particles, they were isolated by centrifugation,

washed with methanol and dried in vacuo as detailed above.

2.4. Characterization of surface-quaternized chitosan

films/particles

A contact angle goniometer, model 100-00, equipped with a

Gilmont syringe and a 24-gauge flat-tipped needle (Ramé-Hart, Inc.,

USA), was used for the determination of water contact angles. The

reported angle expressed as the mean ±1 standard deviation is the

average of five measurements on different areas of each sample. All

attenuated total reflectance-Fourier transform infrared (ATR-FTIR)

spectra were collected at a resolution of 4 cm−1 and for 128 scans

using a Nicolet Magna 750 FT-IR spectrometer (USA) equipped with

a liquid-nitrogen-cooled mercury-cadmium-telluride (MCT) detec-

tor using a variable angle reflection accessory (SeagullTM, Harrick

Scientific, USA) with a hemispherical Ge IRE. X-ray photoelectron

spectroscopy (XPS) analysis was performed using a VG ESCALAB

220i-XL instrument (UK) equipped with a monochromatic Al K�
(1486.7 eV photons) and an unmonochromated Mg K�X-ray source

(1253.6 eV photons). The zeta potential of chitosan particles was

determined using a Zetasizer Nano-ZS (Malvern Instruments, UK)

at 25 ◦C using a scattering angle of 173◦. All data are displayed as

the mean ± 1 standard deviation and are derived from at least three

independent experiments.

2.5. Evaluation of antibacterial activity

All glasswares used for the tests were sterilized in an autoclave

at 121 ◦C for 15 min prior to use. The quaternized N-alkyl chitosan

films or particles were sterilized by exposing to UV radiation for

30 min prior to the tests. The quaternized N-alkyl chitosan films

(1 cm × 1 cm) were placed one per well of a 24-well plate contain-

ing 2 mL TSB. Then 12�L of bacterial suspension in distilled water

(OD600 = 0.5) was pipetted into each well and the plate incubated in

a shaking incubator (Model G-25, New Brunswick Scientific Co., Inc.,

USA) at 37 ◦C, 110 rpm, for 24 h. The bacterial suspension (100�L)

was then transferred from each well into a well of a 96-well plate
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Scheme 1. Surface quaternization of chitosan.

to determine the OD600 by UV–vis spectroscopy (Multi-Detection

Microplate Reader Model All, Bio-TekTM Instruments Inc., USA).

Another 100�L of each of the bacterial suspensions was diluted

1010 times and 100�L of this diluted bacterial suspension was

then spread onto TSA. After incubating at 37 ◦C for 24 h, the num-

ber of colonies, and thus replication competent bacteria were then

counted as a measure of assumed viability. The results, after correc-

tion for the dilution factor, were expressed as the mean number of

colony forming units per volume (CFU/mL). All tests of antibacterial

activity were performed in triplicate per sample and upon at least

three independent samples. The antibacterial ratio was calculated

using the following relationship:

antibacterial ratio (%) = A − B

A
× 100 (1)

where A is a number of original viable bacterial cell after incubation

in media alone (control) and B is a number of viable bacterial cell

after incubation with the designated chitosan film.

Statistical analysis was performed using the Statistical Package

for the Social Science (SPSS) version 17.0 software. Statistical com-

parisons were made by One-Way Analysis of Variance (ANOVA)

with the Least Square Difference (LSD) tests post hoc evaluations

of differences between groups. The threshold level for accepting

statistical significance was set at p < 0.05.

2.6. Determination of bacterial morphology

Bacterial morphology on the quaternized N-alkyl chitosan films

was examined under a scanning electron microscope (SEM, JEOL

Model JSM-5800L, Japan). After incubation with the bacterial sus-

pension (OD600 = 0.5) for 24 h, the quaternized N-alkyl chitosan

films were removed from the bacterial suspension by sterile for-

ceps and immersed in 3% (w/v) glutaraldehyde solution at 4 ◦C in

order to fix the adherent bacteria on the films. After 24 h, the glu-

taraldehyde solution was removed and the films were washed with

PBS, followed by a stepwise dehydration with 30%, 50%, 70%, 90%

and 100% (v/v) ethanol in water for 10 min each. The films were

then dried and sputter-coated with a thin film of gold before being

characterized by SEM.

3. Results and discussion

3.1. Surface quaternization

The methods used for modifying the chitosan surface are out-

lined in Scheme 1. The reaction introduces quaternary ammonium

groups via a heterogeneous two-step process, the reductive N-

alkylation using selected aldehydes followed by methylation with

methyl iodide to form quaternized N-alkyl chitosan surface. Con-

tact angle analysis was used to monitor the extent of both reductive

N-alkylation and quaternization as a function of reaction time

and reagent concentrations. As shown in Fig. S1 (Supplemen-

tary data), the reaction with butyraldehyde and benzaldehyde, but

not acetaldehyde, intrinsically introduced additional hydrophobic-

ity to the chitosan films. Water contact angle of the virgin chitosan

film is 79.8 ± 3.1◦. The trend was reversed, however, in the case

Fig. 1. Water contact angle (�) and zeta potential (©) of the quaternized N-

benzyl chitosan film/particle prepared by methylation of the N-benzyl chitosan

film/particle using varied [CH3I].

of acetaldehyde. Upon using the optimized condition that yield the

maximum extent of surface reductive N-alkylation (summarized in

Table S1, Supplementary data), the water contact angle of N-ethyl

chitosan film, N-butyl chitosan film, and N-benzyl chitosan film

was 82.1 ± 0.7◦, 93.8 ± 0.8◦, and 93.0 ± 2.3◦, respectively. A series of

quaternized N-alkyl chitosan films were subsequently obtained by

methylation of these three different N-alkyl chitosan films. Accord-

ing to Fig. S2 shown in the Supplementary data, the surface of all

N-alkyl chitosan films essentially became more hydrophilic after

quaternization. Upon using a reaction time of 12 h, the optimized

methyl iodide [CH3I] for the step of methylation of all N-alkyl chi-

tosan substrates together with their lowest water contact angles

obtained are displayed in Table S2 (Supplementary data).

In order to verify that the reductive N-alkylation followed by

methylation can increase the magnitude of positive charges on

the chitosan surface, a series of surface-quaternized chitosan par-

ticles prepared by conditions equivalent to those used for the films

were subjected to zeta potential measurements. The results, also

summarized in Table S2, reveal that, as anticipated, all surface-

quaternized chitosan particles possessed higher zeta potential

values than the virgin unmodified chitosan particles (zeta poten-

tial = +13.11 ± 0.6 mV). The highest zeta potential (+58.60 ± 0.3 mV)

was achieved in the case of the quaternized N-benzyl chitosan

(QBzCS) particles implying that its charge magnitude can be broadly

tailored. To test this hypothesis, a series of QBzCS films/particles

were prepared from N-benzyl chitosan films/particles using varied

concentrations of CH3I (Fig. 1), where the degree of quaterniza-

tion, expressed in terms of zeta potential value, clearly increased

as a function of the CH3I concentration used. The water contact

angle, on the other hand, was initially raised as the CH3I concen-

tration was increased up to 0.8–1.2 M, reaching a maximal value

of ∼95◦, but the surface then became more hydrophilic as the CH3I

concentration was increased further to 1.6–2.0 M. This trend can be

explained as a result of the balance between two competing effects.

The methyl groups introduced from CH3I during quaternization

enhance the hydrophobicity of the N-benzyl chitosan film. How-

ever, the higher level of methylation leads to the greater magnitude

of surface positive charge density due to the formation of quater-

nary ammonium groups. The surface of the modified chitosan film

thus became more hydrophilic at high levels of quaternization. The

lowest water contact angle obtained in the series was ∼75◦.

ATR-FTIR spectroscopy was also used to confirm the success

of quaternization of N-alkyl chitosan (Fig. 2). Absorption peaks at

1650 cm−1 and 1590 cm−1 were assigned to the C O stretching

(Amide I) and N–H bending (Amide II) of the glucosamine unit,

respectively. After the reaction, the peak intensity of the N–H bend-

ing of chitosan at 1590 cm−1 correspondingly decreased, whereas

the intensity of C–H deformation peaks at 1470 cm−1 increased,

indicating that the substitution of the alkyl groups occurred at the
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Fig. 2. ATR-FTIR spectra of the (a) chitosan, (b) QECS, (c) QBuCS, and (d) QBzCS films.

amino group of the chitosan film. The results from the ATR-FTIR

analysis apparently indicated that the reaction should proceed to a

depth of at least 1–2�m (estimated depth of ATR-FTIR sensitivity).

XPS analysis further supports the success of surface quaterniza-

tion on QBuCS and QBzCS films (Fig. 3), which were selected as

representative samples from the series to be characterized by XPS.

Besides C, O, and N, the basic elements already present in the chi-

tosan film, there were no additional elements introduced to the

chitosan surface after reductive N-alkylation and methylation. The

only way to detect the quaternary ammonium groups after surface

modification is by considering the N 1s spectrum of the surface-

quaternized chitosan film in comparison with the virgin chitosan

film. As seen from Fig. 3(a), the N 1s peak of the virgin chitosan

film can be fitted with one peak at 400 eV. The N 1s signals of both

QBuCS and QBzCS films (Fig. 3(b) and (c)), on the other hand, can

be split into two peaks. One appears at the same binding energy as

the chitosan film (Peak A). The other having higher binding energy

emerges at 403 eV (Peak B). This latter peak can be regarded as a

signal from the positively charged nitrogen atom of the quaternary

Fig. 3. XPS N 1s spectra of (a) chitosan, (b) QBuCS, and (c) QBzCS films.

Fig. 4. Total replication competent (viable) cell counts of bacteria grown for 24 h

in media alone (control) or in the presence of chitosan and different quaternized

N-alkyl chitosan films, and below in the table, the corresponding antibacterial ratio.

Statistical significance with p < 0.05 of the viable count is compared with the control

(*) and the chitosan film (#).

ammonium moiety. The %DQ in the surface region could be esti-

mated from the relative ratio of atomic composition of Peak A to

Peak B. For the QBzCS series, it was found that the %DQ of the N-

benzyl chitosan film after quaternization with 0.4 M and 1.6 M CH3I

was equal to 19.2% and 39.6%, respectively. To some extent, these

values corresponded with the zeta potential values measured on

the quaternized chitosan particles (see Fig. 1 for comparison).

3.2. Evaluation of antibacterial activity

The antibacterial activity of the quaternized N-alkyl chitosan

films was tested against the Gram-positive and Gram-negative rep-

resentative bacteria, S. aureus and E. coli, respectively, in terms of

the total number of replication competent (viable) cells as mean

colony forming units per volume (CFU/mL). In order to determine

the effect of the alkyl substituent on the antibacterial activity of the

three quaternized N-alkyl chitosan films, QECS, QBuCS and QBzCS,

having a similar zeta potential of ∼30 mV were selected for the

investigation. It is interesting to see from Fig. 4 that the chitosan

film, at pH 7.4, showed almost no antibacterial action in comparison

with the control of which the bacteria were grown in the absence

of chitosan film. This is not quite unexpected, considering that the

amino groups on the surface of chitosan films are in the neutral

form, not positively charged, at that pH. This also implied that the

chelation of the amino groups of chitosan, which has been proposed

by others (Cuero, Osuji, & Washington, 1991; Kong et al., 2008) as

one of the antibacterial mechanism, does not play a major role in

this particular case. This outcome, in fact, suggests a potential sig-

nificance for the surface quaternization in promoting antibacterial

activity under a neutral environment.

Apparently, the QECS and QBuCS films exhibited a greater

antibacterial activity than the QBzCS film against both bacterial

species. Among all surface-quaternized chitosan films, it seems

that the greater the hydrophobicity of the film was, the lower the

antibacterial activity was obtained considering that all samples

having the similar zeta potential. With the highest water con-

tact angle value (93.0 ± 1.4◦), the QBzCS film was not the best
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substrate to interact with the bacteria, as previously anticipated

based on the assumption that the hydrophobic character should

favor the interaction with the lipid bilayers, another major com-

ponent of the bacterial membrane and subsequently enhances the

antibacterial activity. The QECS, on the other hand, exhibited the

highest antibacterial activity despite its lowest water contact angle

(71.7 ± 0.9◦) in the series. This somewhat suggested that the bac-

tericidal action of the surface-quaternized chitosan film may take

place through not only the contact-inhibitory mechanism as pre-

viously expected, but also through a release-inhibitory mechanism

similar to what has been observed for soluble chitosan and its quat-

ernized derivatives. A similar speculation that the surface leaching

of a soluble protonated glucosamine fraction from the chitosan film

as being responsible for the antibacterial activity has also been

made recently by Fernandez-Saiz, Lagaron, and Ocio (2009). The

extent of weight loss which is presumably caused by surface erosion

of all surface-quaternized chitosan films determined by gravimetric

analysis was varied roughly in a similar range of 0.1–0.2%. Although

there was no specific correlation between the magnitude of weight

loss and the type of quaternized derivative, it should be more likely

for the QECS to possess the greatest ability to erode out considering

its lowest hydrophobicity in the series. It should be noted that there

was no detectable weight loss in the case of the virgin, unmodified

chitosan film.

The QECS film was detrimental to both S. aureus and E. coli,

although perhaps at a greater magnitude to S. aureus, where it

yielded a 100% and almost a 100% antibacterial ratio against S.

aureus and E. coli, respectively. The QBuCS film delivered a bet-

ter inhibitory effect on the Gram-positive bacteria, S. aureus than

the Gram-negative bacteria, E. coli, but neither was as strong as

that seen for the QECS film. It is conceivable that the absence of an

outer membrane and the presence of negatively charged teichoic

acid within a thick peptidoglycan layer (20–80 nm) on the surface

of S. aureus (Talaro, 2005) should make them more attractive to

the positively charged, quaternized chitosan films and easier to be

damaged through the contact-inhibitory mechanism than E. coli

(Fernandez-Saiz et al., 2009). Although E. coli, with its thinner dou-

ble protective layer (the outer lipopolysaccharide layer embedded

with a number of small channels of porins and the inner peptido-

glycan layer (7–8 nm)) (Talaro, 2005) should be more structurally

vulnerable to damage than S. aureus, which has a peptidoglycan

layer that is several magnitudes thicker than that of E. coli, it has

been recently been reported, based on AFM analysis, that the stiff-

ness of S. aureus is indeed lower than that of E. coli (Fernandez-Saiz

et al., 2009). However, that did not seem to be the case for the QBzCS

films. The antibacterial activity against E. coli was relatively com-

parable to that against S. aureus. In fact, the higher susceptibility of

E. coli than S. aureus towards chitosan has also been reported before

by others (Chung et al., 2004; Devlieghere, Vermeulen, & Debevere,

2004) For comparison, the investigation was also conducted on

the chitosan film that was quaternized by direct methylation with

1.2 M CH3I for 8 h. It was found that the methylated chitosan film

having a comparable zeta potential of +29.3 mV exhibited %antibac-

terial ratio of ∼26 and 29% against S. aureus and E. coli, respectively.

These significantly lower antibacterial efficiency values as opposed

to those of the QECS, QBuCS, and QBzCS films helped verifying

the indispensable role of the alkyl groups namely ethyl, butyl, and

benzyl, respectively, introduced in the step of reductive alkylation,

in enhancing the antibacterial activity of the chitosan surface via

heterogeneous quaternization.

To further demonstrate the influence of the chitosan surface

positive charge density on the antibacterial activity, the latter was

examined against E. coli and S. aureus on a series of QBzCS films in

which the charge magnitude was varied as a function of the CH3I

concentration used in the quaternization step. It should be noted

that the number written in front of QBzCS displayed in the hor-

Fig. 5. Total replication competent (viable) cell counts of bacteria grown for 24 h

in media alone (control) or in the presence of chitosan and QBzCS films having

different degree of quaternization (varied as a function of the CH3I concentration)

and below in the table, the corresponding antibacterial ratio. Statistical significance

with p < 0.05 of the viable count is compared with the control (*) and the chitosan

film (#).

izontal axis of Fig. 5 represents the CH3I concentration used for

preparing each QBzCS film. The viable count data shown in Fig. 5

suggested that the antibacterial activity of the surface-quaternized

chitosan carrying the same hydrocarbon moiety from the step of

N-reductive alkylation, benzyl group in this case, can be propor-

tionally tailored as a function of the CH3I concentration. Besides the

increase in charge density, the elevated hydrophilicity introduced

by quaternization may also help promote antibacterial activity of

the QBzCS films, perhaps through the same mechanism previously

described based on surface erosion. This may be the reason why the

highly quaternized QBzCS films that were prepared from 1.6 M and

2.0 M of CH3I and possessed relatively low water contact angles (see

Fig. 1 for data) are so potent that they can almost entirely suppress

the bacterial growth (∼100% antibacterial ratio).

In order to determine the morphological changes of bacteria

upon prolonged contact with the surface-quaternized chitosan,

and to be able to simultaneously correlate the extent of damage

with charge magnitude of the chitosan surface, SEM analysis was

conducted on the surface of the series of QBzCS films having var-

ied charge magnitude which can be manipulated as a function of

CH3I concentration. It was our intention not to rinse the surface-

quaternized film after incubation with the bacterial suspension in

order to keep as many bacterial cells adhered onto the film surface

as possible, so that both normal and damaged cells can be observed

in case they, as is likely, vary in their adherent strength. As revealed

in Fig. 6(a) and (b), the typical spherical shape and clustered forma-

tion of S. aureus cells (Eaton, Fernandes, Pereira, Pintado, & Malcata,

2008) was evident on the surface of chitosan and 0.4QBzCS films

with no detectable signs of damage. This corresponds quite well

with the fact that the CS and 0.4QBzCS film exhibited no and low

antibacterial action against S. aureus, respectively. Although most of

bacteria on the surface of the 0.8QBzCS and 1.2QBzCS films appear

normal in morphology, the cells became less clustered and appar-

ent morphological damage can be easily visualized, especially by

those pointed out by arrows and magnified images shown in the

inset in Fig. 6(c) and (d). Some cells were ruptured with broken
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Fig. 6. SEM micrographs of (a) chitosan, (b) 0.4QBzCS, (c) 0.8QBzCS, (d) 1.2QBzCS, (e) 1.6QBzCS, and (f) 2.0QBzCS films after being incubated with the suspension of S. aureus

(OD600 = 0.5) for 24 h. Micrographs shown are representative of at least 5 such fields of view per sample and 3 independent samples.

cell membranes, others were deformed, collapsed and shrunken in

size. A further increase in the surface charge density caused exten-

sive lysis of the cells and only few intact bacteria remained on the

surface of the 1.6QBzCS and 2.0QBzCS films (Fig. 6(e) and (f)). It is

feasible that what appear on those surfaces are fragments of dis-

rupted cytoplasmic membrane and/or intracellular components of

the bacteria.

Similar destructive features were also observed in the case of E.

coli (Fig. 7), even though there was a higher density of E. coli cells in

the suspension containing chitosan and 0.4QBzCS films than those

containing other QBzCS films (see Fig. 5), very few of them adhered

onto the surface of chitosan and 0.4QBzCS films, even despite the

absence of agitation and washing prior to fixation of the samples,

as can be seen from Fig. 7(a) and (b). This may imply that there

are no particular attractive forces between the virgin and slightly

surface-modified chitosan films under a neutral pH environment.

This is entirely the opposite behavior to that observed for S. aureus

under the same conditions. Nevertheless, the damage to E. coli cells

became apparent with the QBzCS films having a greater extent

of quaternization. As indicated by the arrows, and shown in the

insets, in Fig. 7(c)–(f), E. coli were severely damaged and appeared

in the form of deformed and collapsed rods. Fewer E. coli cells in the

suspension, together with remnants of destroyed cell membranes

and/or intracellular materials of the bacteria that were left on the

surface of the 2.0QBzCS film (Fig. 7(f)), indicate that most of them

were lysed and did not survive. This outcome is in excellent agree-

ment with the antibacterial activity based on the total viable cell

count data.
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Fig. 7. SEM micrographs of the (a) chitosan, (b) 0.4QBzCS, (c) 0.8QBzCS, (d) 1.2QBzCS, (e) 1.6QBzCS, and (f) 2.0QBzCS chitosan films after being incubated with the suspension

of E. coli (OD600 = 0.5) for 24 h. Micrographs shown are representative of at least 5 such fields of view per sample and 3 independent samples.

4. Conclusions

Quaternized N-alkyl chitosan films/particles having differ-

ent alkyl substituents were successfully prepared. Conventional

antibacterial test based on total viable plate counts, as well as

microscopic evidences obtained from SEM analysis, support that all

surface-modified chitosan samples exhibited greater antibacterial

activity against S. aureus (Gram-positive bacteria) and E. coli (Gram-

negative bacteria) than the virgin chitosan surface at neutral pH.

The additional positive charges introduced by surface quaterniza-

tion apparently made the chitosan films more antibacterial. The

ability to fine tune the antibacterial activity of the chitosan sur-

face by controlling the degree of quaternization which can readily

be varied as a function of CH3I concentration, renders the het-

erogeneous quaternization a powerful route for enhancing the

antibacterial efficacy of chitosan. This is particularly desirable con-

sidering that the process can be done simply on the pre-fabricated

solid form of chitosan without the need for a tedious purification

process. These surface-quaternized chitosan films/particles should

potentially be useful for many technologically important applica-

tions requiring antibacterial activity.
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Synthesis of Acrylamide/Acrylic Acid-Based
Aluminum Flocculant for Dye Reduction
and Textile Wastewater Treatment
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Aluminum hydroxide-poly[acrylamide-co-(acrylic acid)],
AHAMAA, was synthesized with a redox initiator by so-
lution polymerization in which the effects of reactant
contents were optimized. The effects of pH, tempera-
ture, and initial dye concentration on Congo red reduc-
tion were investigated. A mixture of Congo red and
direct blue 71, and the composite textile dye waste-
water were investigated. Adsorptions of both dyes
were more effective in the nonbuffered solution than
those in the buffered solution, and Congo red
adsorbed more than direct blue 71 at all pHs. The
adsorption of Congo red increased with increasing
temperature and its initial concentration. Both dyes
obeyed the Freundlich adsorption isotherm. The maxi-
mum adsorptions in 100 mg dm�3 solution were 109 6
0.5 mg g�1 and 62 6 6.6 mg g�1 for Congo red and
direct blue 71, respectively. At 150 mg dm�3 of the
mixed Congo red and direct blue 71, the adsorption
was 142 6 2 mg g�1 by 643 6 3 mg dm�3 AHAMAA.
The 40 mg g�1 dyes of the textile effluent wastewater
were adsorbed by 500 mg dm�3 AHAMAA. AHAMAA
could decrease turbidity of the composite wastewater
containing a mixture of reactive and direct dyes from
405 to 23 NTU. POLYM. ENG. SCI., 50:1535–1546, 2010.
ª 2010 Society of Plastics Engineers

INTRODUCTION

Wastewater from the textile dyeing and finishing

industries is often polluted by azo dyes which can

decompose to hazardous aromatic amines that are

highly carcinogenic. These potent pollutants are highly

toxic to organisms and cause skin irritation, cancer, and

mutation of aquatic organisms and humans [1, 2].

Therefore, it is mandated to remove those hazardous

chemicals before discharging the wastewater into natural

water sources [3–6].

Congo red, C.I. 22120, is a hazardous azo dye [7], and

its use in many countries is prohibited but in those where

it is allowed it has gained favor for textile dyeing espe-

cially in silk due to its vivid, bright, and striking color.

However, it is difficult to degrade, making its disposal

from wastewater which is a severe problem. Attempts to

remove Congo red from wastewater by several kinds of

absorbents, such as activated carbon [8], fly ash [9], chito-

san [10], acid activated red mud [11], and electrocoagu-

lated metal hydroxide sludge [12] have been reported.

Some low-cost absorbents have typically attained a low

adsorption capacity. Direct blue 71, C.I. 34140, having a

slightly larger structure than Congo red, it is also widely

used in the textile industry but in contrast to Congo red,

there have been a few research work reporting its adsorp-

tion isotherm [13, 14].

Anionic polymeric flocculant hydrogels have been

reported to be able to remove cationic dyes [15] but not

for anionic dyes such as Congo red [16]. In general, the

usage of polymeric flocculants could decrease the con-

sumption of alum or aluminum complex and may be an

alternative method for solving the problematic Alzhei-

mer’s disease in human, which is induced from the leak-

ing aluminum ions from aluminum complex in the drink-

ing water. Moreover, an increase in the concentration of

residual Al ions in sewage sludge became a potential

problem as a toxic source in water treatment processes

[17–19].
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However, there are still needs to have some new

adsorbents for treating a wide variety of textile waste-

water. The synthetic polymer of aluminum hydroxide

poly[acrylamide-co-(acrylic acid)], AHAMAA, used for
turbidity reduction in synthetic wastewater as a complex

polymeric flocculant (CPF) [20] has been reported. In the

research, decreases in Congo red and direct blue 71 by

AHAMAA considered as a model of anionic dye in

wastewater are evaluated since AHAMAA can be an al-

ternative remedy material for the textile industry. Here

we report on the synthesis and characterization of AHA-

MAA, the active ingredients needed for synthesizing the

AHAMAA and its capacities to adsorb and decrease the

dye concentrations under different pHs and initial dye

concentrations. The adsorption isotherms of the two dyes

by AHAMAA are studied. Decreases in color and turbid-

ity, by AHAMAA, of the textile effluents containing mix-

tures of reactive, acid, and direct dyes from the two tex-

tile finishing plants are also investigated.

EXPERIMENTAL

Materials

Acrylamide (AM) was provided by Siam Chemical

Industry Co. (Bangkok, Thailand). Acrylic acid (AA),

N,N0-methylenebisacrylamide (N-MBA) and N,N,N0,N0-tet-
ramethylethylenediamine (TEMED) were purchased from

Fluka (Buchs, Switzerland) and used as a co-monomer,

crosslinking agent, and polymeric modifier, respectively.

Ammonium persulfate initiator (APS) was purchased from

Merck (Hohenbrunn, Germany). Sodium carbonate and

aluminum sulfate (both were AR grade) were supplied by

BDH (Poole, U.K.). Congo red (molecular weight ¼
696.68) in Fig. 1a [11], and direct blue 71 (molecular

weight ¼ 965.94) in Fig. 1b [13], were purchased from
Fluka (Buchs, Switzerland) and Sigma-Aldrich (St. Louis,

USA), respectively. Deionized water was processed by

Elga Deionizer (Model LA611, Buckinghamshire, U.K.).

Composite mixtures of reactive dyes, direct dyes, and acid

dyes from the textile dyeing and finishing effluents were

supplied from two volunteer factories.

Synthesis of Aluminum Hydroxide Suspension

A suspension of Al(OH)3 was prepared by slowly

dropping 22.5 cm3 of 0.2 M sodium carbonate into 20

cm3 of 0.1 M aluminum sulfate at a constant rate with

stirring at room temperature. The Al(OH)3 suspension

was then used as it was.

Synthesis of Polymeric Flocculants of Aluminum
hydroxide-poly[acrylamide-(acrylic acid)] (AHAMAA)

AHAMAA was synthesized by the polymerization of

AM and AA in the presence of the Al(OH)3 suspension.

AM and AA were added to a 500-cm3 four-necked round-

bottomed reaction flask containing the newly prepared

Al(OH)3 suspension. This reaction flask was equipped

with a mechanical stirrer, a condenser, and an inlet tube

for nitrogen gas feed, and it was then immersed in a

water bath at a controlled temperature of 458C 6 28C.
The mixture was stirred with a small bladed propeller at

250 rpm under a constant nitrogen gas atmosphere fed

through the gas inlet tube for 30 min. The crosslinking

agent (N-MBA), initiator (APS), and TEMED were subse-

quently added (see Table 1) and stirred for another 30

min. The copolymer was filtered, dehydrated with ace-

tone, cut into small pieces of �1 cm 3 1 cm, and dried
in a vacuum oven at 508C for 24 h to a constant weight.
The dried samples were then milled and sieved through a

100-mesh sieve. Existence of the synthesized polymers

was identified by Fourier Transform Infrared Spectros-

copy (FTIR, model Nicolet Impact 410, Madison, WI),

and 27Al nuclear magnetic resonance (27Al-NMR, model

Unity Inova-500, Palo Alto, CA). The 27Al-NMR mea-

surement was performed in a solid state method and the

frequency of 27Al was at 130 MHz. The sample powder

was put in a cylindrical sample cell (0.64 cm diameter

and 2.0 cm height) and it was then measured at 268C.
The measurement conditions were set as follows: relaxa-

tion delay was 1.000 s (first pulse at 58.58 and the second
pulse at 9.08), acquisition time was 0.006 s, and a total
time was 16 min 15 s.

FIG. 1. The molecular structures of (a) Congo red (C.I. 21120) and (b)

direct blue 71 (C.I. 34140).

TABLE 1. The synthesis parameters of AHAMAA.

Reactants Quantity

Acrylamide: acrylic acid (310�3 mol) 98:2, 96:4, 94:6, 92:8, 90:10

N-MBA (310�4 mol) 1.2, 2.3, 4.6, 9.2

APS (310�4 mol) 0.8, 1.6, 3.1, 6.2

TEMED (310�4 mol) 1.5, 3.0, 6.0, 12.0

Synthesized Al(OH)3 suspension (cm
3) 42.5
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Stability of AHAMAA in Water

Stability of the AHAMAA in water was performed by

determining the leaching aluminum ion concentration from

its complex. Portions of the dry AHAMAA polymer com-

posite material weighing 0.04 g were added into 200 cm3 of

deionized water and kept covered at room temperature for

15, 30, 45, and 60 days. The swollen material was filtered

through a 100-mesh aluminum screen sieve. The filtrate

was then collected and the aluminum ion concentration in

the filtrate was determined by the ICP-AES (PerkinElmer

model PLASMA-1000, Waltham, MA).

Effect of the Reactant Contents on Dye Reduction of
AHAMAA

The effects of the AM:AA, N-MBA, APS, and TEMED

contents on the efficiency of the resultant AHAMAA poly-

mer to decrease Congo red were investigated at room tem-

perature and pH 5. A 50 cm3 solution containing 24 mg

dm�3 of Congo red was added to 0.03 g of the dry AHA-
MAA powder and they were allowed to swell for 24 h. The

swollen material was then filtered through a 100-mesh alu-

minum screen sieve at ambient temperature. The filtrate

absorption was measured by a UV–visible spectrophotome-

ter (UV-2550, Shimadzu, Tokyo, Japan) at a wavelength of

497 nm and the amount of the decreased dye expressed as

dye removal can be calculated from Eq. 1:

%Dye removal ¼ Ci � Ce
Ci

� 100 (1)

where Ci is the initial dye concentration and Ce is the equi-
librium dye concentration.

Evaluation of the equilibrium water absorbency of each

AHAMAA polymer was carried out using the deionized

water at room temperature in a closed system. The deion-

ized water (200 cm3) was added to 0.1 g of dry AHAMAA,

which was then allowed to reach equilibrium swelling for

24 h. The swollen material was then filtered through a 100-

mesh aluminum sieve screen for 2 h. The water absorbency

was then obtained from the increased weight in the cross-

linked AHAMAA and was recorded as water absorbency

(Q) expressed as a weight ratio of the absorbed water in the
polymer over the dry polymer, calculated from Eq. 2:

Water absorbency ðQÞ ¼ ðWs �WdÞ=Wd (2)

where Wd is the weight of dry AHAMAA (g), and Ws is the
weight of the equilibrium swollen material (g). The result-

ant water absorption is the average of three replications

with one standard deviation.

Effect of pH upon Dye Adsorption by AHAMAA

The AHAMAA polymer was prepared from AM, AA,

N-MBA, APS and TEMED contents at 96 3 10�3, 4 3

10�3, 2.3 3 10�4, 1.6 3 10�4, and 12 3 10�4 mol,
respectively. The dye adsorption was tested at room tem-

perature using 50 cm3 solution containing 50 mg dm�3 of
Congo red or direct blue 71 in 0.3 g dry weight of the

polymer material in the two systems. The first system is

the nonbuffered solution where pH of the dye solution

was adjusted to within the range of 5–11 by using 0.1 M

HCl or 0.1 M NaOH. The buffered solution as the second

system in which pH of the dye solution was adjusted with

a buffer solution consisting of a mixture of 0.2 M boric

acid, 0.05 M citric acid, and 0.1 M tri-sodium phosphate,

and the pH was maintained in the same range as those in

the nonbuffered system [21]. The absorption was meas-

ured by the same UV–visible spectrophotometer (UV-

2550, Shimadzu, Tokyo, Japan) at their maximum absorp-

tions at 497 nm and 587 nm for Congo red and direct

blue 71, respectively.

Effect of Temperature upon Dye Adsorption by AHAMAA

The effect of solution temperature on the decrease of

Congo red by AHAMAA was studied at 35, 40, and 508C
using 50 cm3 of the dye solution containing 100 mg

dm�3 of Congo red at pH 7 in the nonbuffered system.

Effect of the Initial Dye Concentration

The effect of the initial dye concentration on Congo

red reduction was evaluated using the dye solution con-

centrations of 24, 50, 75, and 100 mg dm�3 in the non-
buffered system.

Adsorption Isotherm

The dye solutions of Congo red and direct blue 71

were prepared. Each solution was measured by the same

UV–visible spectrophotometer at their maximum absorp-

tion wavelength. The amount of the dye adsorbed was

calculated from Eq. 3:

qe ¼ ðC0 � CeÞ v
m

(3)

where qe is the equilibrium amount of the dye adsorbed
per unit weight of AHAMAA (mg g�1), C0 is the initial
concentration of Congo red or direct blue 71 (mg dm�3),
Ce is the concentration of dye at equilibrium (mg dm

�3),
v is the solution volume (dm�3), and m is the mass of
AHAMAA (g) [4].

A linear form of the Langmuir isotherm represents a

model of monolayer adsorption on a surface containing a

finite number of identical sites. This isotherm is given in

Eq. 4:

Ce
qe
¼ 1

QmaxKL
þ Ce
Qmax

(4)
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where Ce is the concentration of the dye solution (mg
dm�3) at equilibrium, qe is the amount of dye adsorbed
per unit weight of AHAMAA (mg g�1), Qmax is the
monolayer capacity of the adsorbent (mg g�1) and KL is
the Langmuir adsorption constant (dm3 mg�1). A plot of
Ce/qe against Ce gives a linear line where the Qmax and
KL values are obtained from the slope and intercept,

respectively.

The Freundlich isotherm reveals a multilayer adsorp-

tion model on a heterogeneous surface. This model is for-

mulated in a linear form as shown in Eq. 5 [22]:

ln qe ¼ lnKF þ 1
n
lnCe (5)

where Ce is the concentration of dye solution (mg dm
�3)

at equilibrium, KF is the adsorption capacity representing
a quantity of dye adsorbed onto adsorbent (mg g�1) and n
is an empirical parameter representing a heterogeneity

factor for measuring the deviation from linearity of the

adsorption between solution concentration and adsorption.

A plot of ln qe versus ln Ce gives n and KF values from
the slope and intercept, respectively.

Wastewater Treatment

The decreases in color and turbidity were investigated

by AHAMAA from textile wastewater provided by the

two textile factories. The sample from the Factory A,

named as sample A, contained a mixture of reactive and

direct dyes, whereas the sample from the Factory B was

mainly acid dye, named as sample B1, and a mixture of

disperse and acid dyes, named as sample B2. A synthetic

wastewater was also prepared from a mixture of 75 mg

dm�3 Congo red and 75 mg dm�3 direct blue 71 as a
model dye wastewater for the quantitative analysis of the

color.

The amount of 500 mg dm�3 AHAMAA was added
into 500 cm3 of each wastewater sample from which the

solution pH was adjusted to 7. It was stirred at 120 rpm

for 3 min and at 30 rpm for 30 min. It was then filtered

and the color and turbidity of the filtrate were measured.

Turbidity of the textile wastewater was measured by a

portable turbidity meter (model 2100P, Hach, Loveland,

CO). The decrease in turbidity by AHAMAA was calcu-

lated from the turbidity before and after the AHAMAA

addition.

The decrease in color by AHAMAA for the wastewater

treatment was measured using a simple spectrophotomet-

ric technique. The filtrate was measured at its maximum

absorbance wavelength. The dye concentrations were

measured before and after the AHAMAA addition.

The absorption spectral data of the wastewater samples

were recorded from 200 to 700 nm. For a quantitative

analysis, a calibration curve of the mixture of model dye

concentration (mg dm�3) against the absorbance at the
kmax of 519 nm was plotted. The dye concentrations were

quantified according to the calibration curve of the mixed

model dye. Then the decrease in relative dye concentra-

tion of the textile wastewater was calculated.

RESULTS AND DISCUSSION

Characterization of Functional Groups by FTIR
Spectroscopy

The FTIR spectra of the synthesized Al(OH)3 and

AHAMAA are shown in Fig. 2 in which Al(OH)3 in spec-

trum (a) shows a peak of ��OH stretching at 3352 cm�1
indicating the presence of the hydroxide group. In addi-

tion, it also shows the peaks of Al��OH and O��Al at
980 and 618 cm�1, respectively. The strong and broad
absorption band centered at 618 cm�1 is probably resulted
from the combined absorptions of sulfate, the Al��O
stretching vibrations and the Al��OH wagging vibration
mode of molecular water [23]. This result strongly sup-

ports that the hydrolysis product of the aluminum sulfate

was aluminum hydroxide, and the absorption peaks at

1129 and 1653 cm�1 are the sulfate group of residual alu-
minum sulfate within the Al(OH)3 suspension [24]. The

IR spectrum (b) of poly[AM-co-AA] shows the peaks of
O��H stretching and C¼¼O stretching of carboxylic acid
group at 3440 and 1638 cm�1, respectively. Moreover, it
shows the peaks of N��H stretching and C��N stretching
of carboxamide group at 3291 and 1350 cm�1, respec-
tively. The spectrum (c) (see Fig. 2) of AHAMAA shows

evidence of the coordination between the carboxylate

anion and aluminum ion at the strong absorption peak

of 1658 cm�1, indicating a complex formation of the
poly[AM-co-AA] and Al(OH)3 [23]. This result also
supports the presence of the carboxylic acid group (3435

and 1627 cm�1) and carboxamide group (3198 and
1350 cm�1) in the three-dimensional crosslinked structure
of the copolymer.

FIG. 2. FTIR spectra of (a) Al(OH)3, (b) poly[AM-co-(AA)], and (c)
AHAMAA.
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Characterization of Al(OH)3 and AHAMAA by
27Al-NMR

Figure 3 indicates the form of Al(OH)3, and the coor-

dination of the aluminum ions from the 27Al-NMR sig-

nals. There is one signal at 9.132 ppm designated for

Al(OH)3 in spectrum (a) which indicates that Al(OH)3
was the monomeric species because its signal appears

near 0 ppm [25]. On the other hand, the AHAMAA gave

the signal at 8.008 ppm of peak (b). It confirms that the

aluminum atoms in AHAMAA were mostly in an octahe-

dral coordination [26]. A possible structure of AHAMAA

is postulated in Fig. 4.

Stability of the AHAMAA in Water

The amount of aluminum ions leached from AHA-

MAA in deionized water was found to be in the range of

0.09–0.2 mg dm�3 regardless of the soaking time (15–60
days), which suggests that the stability of the aluminum

ions in the AHAMAA is high. Under these conditions,

the free aluminum ion concentration remained in the

treated water is not likely to be harmful to fish, plant, or

human health. For example, the aluminum ions in natural

groundwater are found from 0.4 mg dm�3 to 5 mg dm�3

in acidic soils, and the maximum contaminant level of

aluminum ions in the human body is not higher than 0.2

mg dm�3 [27]. Indeed, the highest stringent amount that
is limited by WHO for aluminum ions in human drinking

water is as high as 0.2 mg dm�3. Thus, the AHAMAA
seems to be quite stable and is safe to be used as a sor-

bent in aqueous solution to decrease Congo red or direct

blue 71 before discharging the treated water to natural

water resources.

Dye Decreasing Efficiency

Congo red was used a model to investigate the dye

decreasing efficiency of AHAMAA. Considering the mo-

lecular structure of Congo red (Fig. 1a) and AHAMAA

(see Fig. 3), there are several active points, namely the

amino and azo groups, which can interact with the car-

boxylic acid groups of AHAMAA. To achieve the opti-

mized performance of AHAMAA in decreasing the dye

content, the comonomer is a key factor. Other important

factors for the dye adsorption are dye permeability, the

extent of contact surface and interaction between the dye

and the adsorbent via carboxylic acid and aluminum ion.

Water absorption can be one of the indicators for the dye

molecules to access and permeate into the adsorbent.

Effects of Reactant Contents in AHAMAA Polymerization
on Decreasing Congo Red Content

Monomer Contents. Basically, Congo red is a dipolar

molecule which exists in a cationic form with positively

charged azo (��N¼¼Nþ��H) and amino (��NþH2) groups
at pH 5 [8]. Thus, subjecting to the solution pH relative

to the dye and the AHAMAA respective pKa values,
AHAMAA can remove Congo red through the ionic inter-

actions between the negatively charged carboxylate anion

of AHAMAA and the positively charged azo or amino

groups of Congo red [4]. The efficiency of Congo red

reduction (qe) by the crosslinked AHAMAA synthesized
with different contents of AA and N-MBA are illustrated

in Fig. 5. The Congo red reduction efficiency increased

with increasing the AA content, which is likely to be due

to the increasing amount of the resultant carboxylate

anions, leading to more ion–ion interactions between

AHAMAA and Congo red. In addition, a twofold increase

in the AA content also caused water absorbency to

increase by 1.3-folds due to increases in hydrophilicity of

the polymer chains with increasing levels of the carboxy-

late anions [28]. The higher the repulsion between car-

boxylate groups in crosslinked polymer chains, the greater

the water absorbency [29]. The highest water absorbency

was achieved when the AA content was 4 3 10�3 mol
and declined slightly afterward but not significantly with

further increases in AA contents (Fig. 5a). This could be

caused by a complex formation between the carboxylate

anions and the aluminum cations, similarly to another

type of crosslinking reaction, to yield a more rigid chain

structure. Moreover, this complex structure can certainly

decrease the anionic repulsion, which lowers the water

absorption [30, 31]. Likewise, the formation of complex

along with the decreased amount of free carboxylate

anions in AHAMAA may account for the lower Congo

FIG. 3. The 27Al-NMR spectra of (a) Al(OH)3 and (b) AHAMAA syn-

thesized with 4 3 10�3 mol AA, 2.3 3 10�4 mol N-MBA, 1.6 3 10�4

mol APS, and 12 3 10�4 mol TEMED.

FIG. 4. The structure of AHAMAA.
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red reduction efficiency by AHAMAA polymers synthe-

sized with the higher amounts of AA. Thus, when all

other conditions remain constant, the Congo red reduction

efficiency by AHAMAA was optimal when the AA

amount was 4 3 10�3 mol.
Since the crosslinked AHAMAA may principally

remove Congo red via the contributions of the negatively

charged carboxylate group, any positive effect on decreas-

ing Congo red content could not be expected when

increasing the amount of N-MBA. Changing the N-MBA

contents did not impose any significant effect on the dye

reduction efficiency of AHAMAA (Fig. 5b) because N-

MBA is a crosslinking agent, which affects only the dou-

ble bonds in the network structure but not the number of

cations or anions on the polymeric backbone. However,

the increasing N-MBA levels did decrease the water

absorbency of the resultant AHAMAA polymer (Fig. 5b).

This is because increasing rigidity of the crosslinked

chains [32] is in a sense analogous to that with AA con-

tents higher than 4 3 10�3 mol as discussed above. From
these findings, 4 3 10�3 mol of AA and 2.3 3 10�4 mol
of N-MBA were selected to synthesize AHAMAA to

investigate the effect of APS content on decreasing Congo

red content.

Effect of Initiator and TEMED Contents. In the redox

initiated polymerization by APS and TEMED, TEMED is

normally the coinitiator or starter to induce the decompo-

sition of the APS initiator. The role of APS is to generate

free radicals to control the length of polymer chains,

which affects the water absorbency. The water absorbency

was low when using low contents of APS in the polymer-

ization (Fig. 6a) because a few radicals were generated

and led to short polymer chains having a few carboxylate

anions to induce low anionic repulsions. However,

increasing the APS level by twofold to 1.6 3 10�4 mol

yielded a 10% increase in water absorbency. Further

increase in AA contents decreased the water absorption

gradually and markedly by 30% at further increases in

APS content. Basically, an abundance of radicals was

generated at the higher APS contents resulting in the for-

mation of too many short polymer chains in the AHA-

MAA. The chains can swell less due to the lower chain

flexibility and the less repulsion caused by the smaller

number of carboxylate groups [32]. Surprisingly, increas-

ing APS contents did not increase Congo red reduction

efficiency at all (Fig. 6a), which may be caused by the

limited amount of ions in the polymer chains. However,

4 3 10�3 mol of AA, 2.3 3 10�4 mol of N-MBA, and
1.6 3 10�4 mol of APS were selected to synthesize
AHAMAA to investigate the effect of TEMED content on

dye decreasing efficiency of AHAMAA.

The water absorbency increased markedly with increas-

ing TEMED concentrations in the polymerization reaction

(Fig. 6b). In the APS/TEMED initiation, the free radicals

[(CH3)2NCH2CH2(CH3)N
�CH2)] and (

�OSO3H) are both
responsible for the initiation of vinyl polymerization [33];

thus, TEMED accelerates free radical production rates

resulting in longer and more flexible polymer chains. The

lower the TEMED content, the lower the water absorption

(Fig. 6b). The highest Congo red reduction efficiency by

AHAMAA polymers was observed at 91% (36 mg g�1)
when TEMED content used was 12 3 10�4 mol. The low
TEMED content at 1.5 3 10�4 mol can produce AHA-
MAA polymer that removes 25 mg g�1 of Congo red, de-
spite its low water absorption (27 6 2 g g�1). The
decrease in dye content depends more or less upon water

absorption because water is a medium, where dye is dis-

solved, diffused, and transported to the AHAMAA gel.

It is necessary to mention that TEMED is a strong base

having a pH value of 11. This implies that TEMED can

hydrolyze the carboxamide in acrylamide moiety to give

FIG. 5. Effect of the acrylic acid and N-MBA contents on Congo red adsorption efficiency and water

absorbency of AHAMAA synthesized by 3.2 3 10�4 mol APS, 12 3 10�4 mol TEMED, 250 rpm, at 458C
and 1 h polymerization time with: (a) 4.6 3 10�4 mol N-MBA with varied contents of AA and (b) 4 3
10�3 mol AA with varied contents of N-MBA.
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the carboxylate group which is the functionality in acrylic

acid. Such a hydrolysis at the solution temperature of

458C which is similar to the NaOH saponification of poly-
acrylamide could be another attribute to the higher water

absorption when higher concentrations of TEMED are

used.

Effect of pH on Dye Reduction by AHAMAA Polymer

In a Low Ion Content, the Nonbuffered System. Congo

red has a propensity to form ribbon-like micellar meso-

phases in water solution [34], and is pH dependence (pKa
of the azo, sulfonate, and amine functional groups). The

molecular form of Congo red in a solution medium changed

markedly in the pH range of 3–5, and at a high alkaline pH

of 12, e.g., the color of Congo red changes from dark blue

at pH 3–5 to red at pH 12 from the original red in a solid

form [11]. Therefore, pH of the 50 mg dm�3 Congo red so-
lution was adjusted to pH 5, 7, 9, or 11 with 0.1 M HCl or

0.1 M NaOH.

At pH 5, the dipolar Congo red exists in a cationic

form which is positively charged at the azo

(��N¼¼Nþ��H) and the amino (¼¼NþH2) groups [8].
Thus, AHAMAA can remove Congo red from the solu-

tion by strong ionic interactions between the positive

charge of the dye and the negative charge of the carboxy-

late groups in AHAMAA outcompeting the hydrogen

bonding of water with the dye, leading to a rather highly

dye decreasing level (89% 6 1%) at pH 5, as summarized
in Table 2. On the other hand, at pH 7, Congo red in an

anionic form is negatively charged at the sulfonate group

[8], again allowing Congo red reduction by AHAMAA

via ionic interactions, but this time between the aluminum

ion in the complex of AHAMAA and the sulfonate anion

of the dye, at an apparently higher dye removal efficiency

(95% 6 1%). Further increases in pH to 9 and to 11
resulted in a predominance of deprotonated carboxylate

groups of AHAMAA, leading to the repulsion between

the sulfonate and carboxylate anions of the dye and AHA-

MAA, respectively, and a lower decreasing efficiency

from 95% 6 1% at pH 7 to 43% 6 2% at pH 9 and none
at all at pH 11. In addition, the aluminum ion (the cati-

onic part) in AHAMAA might react with the hydroxide

ion at the higher pH values instead of the anionic group

of the dye [35], leading to a smaller deplete in the dye

content.

Direct blue 71 is a triazo dye (Fig. 1b), where the azo

form appears to be the predominant species in solution,

and it has a tendency to form a nonaggregated state due

to the four negatively charged sulfonate groups [36].

Here, AHAMAA was able to moderately deplete direct

blue 71 from the solution at pH 5 (59% 6 3%) when the
sulfonate groups are partially protonated and thus are

weakly anionic. However, as direct blue 71 has a more

sulfonate group per molecule than does Congo red, and

thus the higher net charge density and repulsion from the

AHAMAA carboxylate anions, the efficiency of AHA-

MAA in removing direct blue 71 was, of course, lower

than that observed for Congo red at all pH values tested

FIG. 6. Effect of the initiator and TEMED contents on Congo red adsorption efficiency and water absorb-

ency of AHAMAA synthesized by 4 3 10�3 mol AA, 2.3 3 10�4 mol N-MBA, 250 rpm, at 458C and 1 h
polymerization time with: (a) 12 3 10�4 mol TEMED with varied contents of APS and (b) 1.6 3 10�4 mol
APS with varied contents of TEMED.

TABLE 2. Effect of pH in the buffered and nonbuffered systems on

the dye removal efficiency of the synthesized AHAMAA.a

pH

% Dye removal

Congo red Direct blue 71

Buffer Nonbuffer Buffer Nonbuffer

5 62 6 2 89 6 1 NDb 59 6 3
7 13 6 2 95 6 1 NDb 43 6 1
9 NDb 43 6 2 NDb 35 6 3
11 NDb NDb NDb NDb

a Polymerization reactions were carried out with 4 3 10�3 mol AA,
2.3 3 10�4 mol N-MBA, 1.6 3 10�4 mol APS, 12 3 10�4 mol
TEMED, 42.5 cm3 Al(OH)3, 250 rpm, at 458C and 1 h polymerization.

b Cannot be detected.
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(5, 7, 9, and 11), and especially at the higher pH values.

Thus, as the pH increases to 7, 9, and 11, the direct blue

71 reduction efficiency by AHAMAA (Table 2) decreases

with no detectable decrease in color at pH 11 as discussed

above in the case of Congo red.

In a Relatively High Ion Content, the Buffered

System. Very interestingly, the dye reduction efficiency

in the nonbuffered (a low ion content) system of AHA-

MAA was significantly greater than that of the buffered

system (relatively high ion content) at pHs 5, 7, and 9

(Table 2). This is because the low molecular weight ci-

trate and borate anions of the buffer system created a

complex formation with the aluminum ion complexes in

AHAMAA [26, 37] as shown in Fig. 7, leading to a

decreased ionic attraction between the aluminum cations

in the AHAMAA polymer and the sulfonate anions in the

dye, and thus resulted in a lower dye reduction. More-

over, the repulsion between the citrate and sulfonate

anions would further decrease the dye reduction effi-

ciency.

Effect of Temperature on Congo red Reduction by
AHAMAA

The adsorption capacity of dye reduction generally

depends on the temperature of the dye solution [38,

39], whilst Congo red has been reported to have a high

water solubility of 50–100 g dm�3 at 808C [3]. Thus,
the effect of temperature on Congo red adsorption by

AHAMAA was studied at 35, 40, and 508C at pH 7
with a 100 mg dm�3 Congo red solution. Its adsorption
capacity on AHAMAA in the nonbuffered system

increased with increasing solution temperatures (Table 3)

because thermal energy enhances the adsorbent to swell

more and facilitates higher diffusion of Congo red mol-

ecules onto the adsorbent surface and causes more dye

penetration into the internal structure of AHAMAA

[40].

Effect of the Initial Dye Concentration on Congo Red
Reduction

The effect of the initial Congo red concentration on

dye reduction by AHAMAA at 308C at pH 7 was investi-
gated with four Congo red concentrations at 24, 50, 75,

and 100 mg dm�3. The results in Fig. 8 indicate that
when the initial Congo red concentration increased from

24 to 100 mg dm�3, the adsorption capacity for Congo
red increased from 38 to 109 mg g�1, i.e., the dye content
was gradually decreased. The dose-dependent response at

the low dye concentrations (0–50 mg dm�3) is linear but
the response declines as a linear asymptote at the higher

dye concentrations (75–100 mg dm�3). The higher Congo
red concentrations adsorbed on the AHAMAA gel could

be caused by the absorbed water as a medium to dissolve

and transport the dye to the gel.

Adsorption Isotherm Analysis

The adsorption isotherms of Congo red and direct blue

71 by AHAMAA did not obey the Langmuir isotherm at

all. The data (not shown here) did not fit well to the

Langmuir isotherm model with nonlinearity when a plot

of Ce/qe versus Ce was constructed, and the correlation
coefficient R2 values of the lines were 0.6273 and 0.0037
for Congo red and direct blue 71, respectively. The Lang-

FIG. 7. A possible structure of Al-citrate complex in the buffered

system.

TABLE 3. Effect of the temperature on the Congo red removal

efficiency of the synthesized AHAMAA.a

Temperature (8C) Adsorption capacity (mg g�1)

35 109 6 1
40 110 6 0.3
50 118 6 0.6

a Polymerization reactions were carried out with 4 3 10�3 mol AA,
2.3 3 10�4 mol N-MBA, 1.6 3 10�4 mol APS, 12 3 10�4 mol
TEMED, 42.5 cm3 Al(OH)3, 250 rpm, at 458C and 1 h polymerization
time.

FIG. 8. Effect of the initial dye concentration on the Congo red

removal by AHAMAA.
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muir adsorption isotherm is only valid for adsorption of a

solute from a solution as a monolayer on an adsorbent

surface containing a finite number of identical sites with

uniform energy of adsorption.

In contrast, the plots of ln qe versus ln Ce (Fig. 9a and
b) give a linear relationship with R2 of 0.9036 and 0.9788
for Congo red and direct blue 71, respectively. That is,

the result fits well with the Freundlich isotherm, which

characterizes a multilayer adsorption model and describes

the adsorption behavior on a heterogeneous surface [22].

In fact, the polyacrylamide-based hydrogel synthesized by

a redox initiation is a heterogeneous gel. For Congo red

and direct blue 71, the KF values were 9.73 and 1.45,

respectively, whereas the n values were 1.31 and 1.04,
respectively. The n value of Congo red (1.31) is higher
than unity and also higher than that of direct blue (1.04),

indicates that the adsorption of Congo red favors a physi-

cal process rather than a chemical process. However, one

can also state that both dye adsorptions took place by a

physical process such as Van der Waal force and electro-

static force. The difference in KF between the two
dyes reflects the higher qe value of Congo red, and that
AHAMAA can adsorb more Congo red than direct blue

71. These results are in good agreement with those pre-

sented the above section in the dye reduction. The maxi-

mum dye adsorption capacities were 109 6 0.5 mg g�1

FIG. 9. Freundlich isotherm of: (a) Congo red by AHAMAA and (b) direct blue 71 by AHAMAA.

FIG. 10. Absorption spectra of wastewater from factories without and with AHAMAA: (a) A (mixture of

reactive and direct dyes), (b) B1 (acid dyes), and (c) B2 (mixture of disperse and acid dyes).
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(65% 6 1%) and 62 6 6.6 mg g�1 (42% 6 6%) for
Congo red and direct blue 71, respectively, from a 100

mg dm�3 solution of each dye.

Wastewater Treatment

The spectral absorptions of the industrial wastewater of

sample A (a mixture of reactive dyes and direct dyes),

sample B1 (only acid dyes) and sample B2 (a mixture of

disperse dyes and acid dyes) before and after AHAMAA

addition are shown in Fig. 10. All of the absorbances

were dramatically decreased with wavelengths after the

AHAMAA treatment. That means that the AHAMAA is

an effective polymer flocculant in decreasing dye contents

of the three samples.

The estimated dye concentrations were quantified from

the synthetic dye wastewater. A calibration curve of the

mixture of Congo red and direct blue 71 was constructed

as shown in Fig. 11 in which an inset for the maximum

absorption of the mixed dyes at kmax at 519 nm is illus-
trated. The decrease in dye content in the mixed dye sys-

tem was 92 6 3 mg dm�3 (61% 6 2%) using 643 6 3
mg dm�3 of AHAMAA. The adsorption capacity in the
mixed dye system was 142 6 2 mg g�1. Table 4 presents

the dye contents by measuring the dye absorbance and

converting their absorbance to dye concentrations without

and with 500 mg dm�3 of AHAMAA. The result shows
that AHAMAA is able to decrease color of the textile

wastewater containing reactive, direct, and acid dyes. The

highest dye decrease was 68% (19.9 mg dm�3) for 40 mg
g�1 of the B1 nondiluted sample containing only acid
dyes. The dye reduction decreased with increasing dilu-

tion of the wastewater. It is also found that the presence

of impurity and unknown additives in the textile effluent

wastewater might decrease the dye reduction efficiency of

AHAMAA, which could be caused by the charge neutrali-

zation or destabilization of the polymer bridge.

Generally, textile wastewater is comprised not only

dye molecules but also various negatively charged com-

pounds, such as, anionic detergents, dispersing agents and

inorganic compounds such as salts. The flocculation

mechanism of anionic textile dyes of reactive, acid, and

direct dyes involved the electrostatic interaction between

negative charges of the dye with positive charges of

AHAMAA. The hydrophobic disperse dyes interacted

with negatively charged compounds in textile wastewater

to form a dye anionic compound, which behaved as an

anionic dye. It interacted then with AHAMAA via the

electrostatic attraction [41], resulting in a color reduction

of the dyes in textile wastewater.

Based on the ICP analysis, the amount of aluminum

ion of AHAMAA is 12 6 2 mg dm�3 and it is responsi-
ble for the turbidity experiment. Table 5 shows that the

turbidity of the textile wastewater is decreased in the

presence of AHAMAA. The initial turbidity of wastewater

from factories A and B was decreased with dilution. This

may be caused by increasing amounts of the soluble dye

and contaminated anionic compounds with water addition.

The highest turbidity reduction was found in sample A at

94.4%. Interaction between the colloidal reactive and

direct dyes and contaminated anionic compounds with

AHAMAA flocculant can take place via the charge neu-

tralization and bridge formation with the AHAMAA [25].

However, AHAMAA did not affect the turbidity of waste-

water in sample A/100 having 1.84 NTU because the very

low initial turbidity might not be sensitively detected by

FIG. 11. Calibration line of the mixed dye solutions of Congo red and

direct blue 71 (inset figure of absorption spectrum of a mixed aqueous

solution of Congo red and direct blue 71).

TABLE 4. Dye removal of industrial wastewater by AHAMAA.

Wastewater

(factory/dilution) kmax (nm)

Without AHAMAA With AHAMAA

Dye removal (%)Absorbance Conc. (mg dm�3) Absorbance Conc. (mg dm�3)

A/0 509 0.60 35.1 0.30 17.8 50

A/10 0.14 8.3 0.07 4.5 45

A/100 0.04 2.6 0.02 1.5 42

B1/0 557 0.50 29.4 0.16 9.5 68

B1/5 0.12 7.3 0.05 2.9 60

B1/10 0.07 4.4 0.04 2.6 40

B2/0 549 0.61 35.8 0.29 17.3 52

B2/5 0.15 8.7 0.08 5.0 42

B2/10 0.09 5.4 0.08 4.7 13
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the meter. The turbidity reduction for the sample B1, B1/

5, and B1/10 were in the range of 54.1–58.9% at a similar

initial turbidity. In sample B2, the turbidity reduction was

only 14.1% even if its initial turbidity was rather high

(86.7 NTU). This is because sample B2 contained the dis-

perse dyes which cannot react directly with AHAMAA

leading to the low turbidity reduction. Thus, when sample

B2 was diluted by 10 times to become sample B2/10,

AHAMAA cannot decrease its turbidity because of its

low initial turbidity (8 NTU).

The investigation indicated that AHAMAA functions

as an adsorbent and a flocculant. Because it can be

applied in wastewater treatment as a flocculant to make

flocs in the turbidity reduction of the kaolin suspension as

described [20], and it can also be applied for the removal

of dyes in the wastewater by the adsorption mechanism.

Thus, it functions as an adsorbent as well.

CONCLUSIONS

AHAMAA was prepared by radical chain copolymer-

ization in solution in which the residual aluminum ion

concentration of AHAMAA in water was found in the

range of 0.09–0.2 mg dm�3 regardless of the soaking
time which indicates that AHAMAA is highly stable.

AHAMAA can adsorb Congo red and direct blue 71, as

validated by the Freundlich isotherm, through ionic inter-

actions between the positively charged aluminum ion of

AHAMAA and the sulfonate anion of the dyes. Both

dyes are better removed by AHAMAA at pH 5–9 in the

nonbuffered system. The dye reduction efficiency in the

buffered system is lower than that of the nonbuffered.

The adsorption capacity of AHAMAA for Congo red

increases with increasing temperature and initial concen-

tration of the dye solution. By adding AHAMAA, the

color of the synthetic wastewater was decreased by 61%

6 2% with the addition of 643 6 3 mg dm�3 of AHA-
MAA, and 68% reduction for the industrial wastewater

by 500 mg dm�3 of AHAMAA. The turbidity reduction
of the wastewater from Factory A by AHAMAA was

94.4% when the initial turbidity was 405 NTU to

become 23 NTU after the treatment. This new com-

pound was designed to apply in wastewater treatment to

reduce or replace alum consumption in a convention

method. Although the cost of AHAMAAA is somewhat

higher than the conventional alum they are ecological

friendly and safe.
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a b s t r a c t

A novel photocatalytically degradable TiO2/poly[acrylamide-co-(acrylic acid)] composite hydrogel (TiO2/
poly[AAm-co-AAc]) was synthesized by polymerization in an aqueous solution with N,N’-methyl-
enebisacrylamide as the crosslinker and ammonium persulphate and TEMED as the initiator pair. The
combined and separate effects of photodegradation and adsorption processes for dye removal were
evaluated using methylene blue (MB) as the model dye for a photodegradation target, and compared
with those of the neat poly[AAm-co-AAc], and a commercially available TiO2 photocatalyst (Degussa
P-25). Without photodegradation (i.e. in the dark), the TiO2/poly[AAm-co-AAc] composite adsorbed up to
85% of the MB from a 5 mg L�1 MB solution in 15 min compared to only 10% for the pristine TiO2. The
reproducibility in photodegradation of the reused poly[AAm-co-AAc] composite was also investigated,
where poly[AAm-co-AAc] was found to be photocatalytically degraded under UV irradiation. Therefore,
the TiO2/poly[AAm-co-AAc] composite hydrogel is a good dye adsorber with self-photodegradability and
it also can easily be separated from the reaction by simple filtration. With these properties, the TiO2/poly
[AAm-co-AAc] hydrogel can be called a green polymer for use in the photodegradationeadsorption
process for the abatement of various pollutants.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, pollution from dye wastewater has become
a serious environmental problem due to the vast and increasing
uses of a variety of dyes [1e4]. The dyes usually have a synthetic
origin and typically have complex aromatic molecular structures
that are more stable and difficult to degrade. The textile, paper,
plastics and cosmetic industries use a wide variety of dyes to color
their products and discharge large amounts of effluents, including
dyes, which are toxic and could cause serious ecological problems.
Therefore, dye pollution in water, such as discharge effluent into
streams and ground water, is a major environmental problem.

Methylene blue (MB) has wide applications, which includes
coloring paper, temporary hair colorant, dyeing cottons and wools.
Although it is not strongly hazardous, it can cause some harmful
effects, such as heartbeat increase, vomiting, shock, cyanosis,
jaundice, quadriplegia, and tissue necrosis in humans. Color

removal from effluents polluted with dyes of textile industries has
been considered a challenge due to the difficulty of treating such
wastewaters by conventional methods. The effluents of the
manufacturing and textile industries are discarded into rivers and
lakes, changing their biological life [5,6].

The current methods of dye removal from industrial wastewa-
ters can require many processes and steps, such as biological
treatment, coagulation, flotation, electrochemical techniques,
adsorption and oxidation. Among these methods, adsorption is
generally preferred due to its high efficiency, ease of handling and
the availability of different adsorbents [7]. However, new envi-
ronmental laws may consider the used adsorbents or sludge as
hazardous waste materials themselves that will require further
treatment prior to disposal. Consequently, novel technologies with
a higher efficiency and lower energy consumption are required and
have stimulated intensive research. An alternative to conventional
methods includes the advanced oxidation processes (AOPs), which
are based on the generation of very reactive species, such as
hydroxyl radicals (�OH), that oxidize a broad range of organic
pollutants quickly and non-selectively.

Photocatalytic oxidation using a semiconductor, such as TiO2 as
a photocatalyst, is one of the AOPs being developed. When TiO2 is
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illuminated by radiation with a wavelength below 380 nm, the
photons excite the valence band electrons across the band gap into
the conduction band, leaving holes behind in the valence band that
will then react with water molecules or hydroxide ions (OH�) to
produce hydroxyl radicals (�OH) [8]. Oxygen is usually supplied as
an electron acceptor to prolong the recombination of electron-hole
pairs during the photocatalytic oxidation. TiO2 photocatalysts have
been successfully used to purify water and air, to degrade some
organic pollutants and to kill microbes including bacteria [9e12].
Several investigations have reported that TiO2 based photocatalysis
is an effective method for discoloring and oxidizing organic dyes in
wastewater, [13e15] including optimization of themethodwith the
model dye, methylene blue (MB) [16e19].

However, as a photocatalyst TiO2 is usually used in a powdery
form in aqueous suspension, which requires separation of the TiO2
particles from the purified water after the discoloring reaction. In
addition, the process is generally equipped with an artificial UV
radiation source, leading to a considerable increase in the operation
and environmental costs. These drawbacks may be an obstacle to
the use of TiO2 photocatalysis for practical applications.

The development of new adsorbents having superior properties,
such as a high adsorption capacity, fast adsorption rate and
mechanical strength, has generated a great deal of interest in their
application for wastewater treatment. Using several polymers with
different functional groups is of increasing importance due to their
high adsorption capacities and, especially, their regeneration abil-
ities allowing repeated use or application in a continuous treatment
processes [20,21]. Hydrogels possessing different functional groups
have also been investigated for this purpose [22e24]. Hydrogels
can be defined as water-swollen, three-dimensional networks.
They can absorb a large amount of water compared to other water
absorbing materials, and can also show stimuli-responsive prop-
erties to various external stimuli, such as temperature, pH, solvent
composition and ionic strength in salt composition, depending on
the type of functional groups in the materials [25,26]. In recent
years, the preparation of hydrogel composites has spurred research
efforts to produce newmaterials and novel applications in different
areas, such as drug delivery, medical materials, agriculture industry
and various fractionation/separation processes. However, investi-
gation of the potential applicability of hydrogel composites in the
dye removal process is less well studied. Hafez et al. [27] reported
the photocatalytic efficiency of TiO2 immobilized on a PVP/AAc
hydrogel for the removal of Remazol Red RB-133 textile dye and
under the same experimental conditions (an equal amount of TiO2
and pH), the PVP/AAc hydrogel supported catalysts rendered 58%
and 35% efficiency relative to the non-supported ones of the
commercially available Degussa P-25, and freshly prepared
colloidal photocatalysts, respectively. Tang et al. [28] studied the
use of a TiO2/polyacrylamide hydrogel composite for the removal
and photodegradability of the methyl orange dye, and the TiO2/
PAAm composite had a good photocatalytic degradability, the
composite also possessed a good reproducibility of photocatalytic
degradability, which is possible to be applied for a practical process.

In the work reported here, a novel hydrogel composite (TiO2/
poly[AAm-co-AAc]) was prepared with acrylamide (AAm), acrylic
acid (AAc) and TiO2, and was then evaluated for the ability to
remove MB dye from aqueous solutions. The combined effect of
photodegradationeadsorption mediated by the TiO2/poly[AAm-co-
AAc] composite was investigated. The photocatalytic degradation
process utilizing TiO2 has been shown to be very effective for the
degradation of various organic pollutants, but it is ineffective for
the abatement of heavy metal ions which are generally non-
degradable [29] and only reactive under UV irradiation. In contrast,
poly[AAm-co-AAc] is known to have a very promising capability in
this regard. Therefore, it was expected, and here is evaluated and

reported, that TiO2 and poly[AAm-co-AAc] could complement each
other with their own advantages and so provide a comprehensive
method in the abatement of various wastewater pollutants.
Composite gels also have many other advantages, such as a low cost
and easy separation from the reaction solution.

2. Experimental

2.1. Materials

AAm and AAc (both commercial grade) were obtained from
Siam Chemical Industry, Thailand. N,N’-methylenebisacrylamide
(N-MBA, Fluka, analytical grade) was used as a crosslinking agent.
The photocatalyst employed was titanium dioxide (TiO2, commer-
cial grade, P-25, Degussa Corporation). According to the manufac-
turer’s specification, P-25 has an elementary particle size of 30 nm
and a BET surface area of ca. 54 m2 g�1. Ammonium persulfate (APS,
analytical grade, Merck, Germany) and N,N,N’N’-tetramethylene-
diamine (TEMED, analytical grade, Aldrich, Germany) were used as
a redox initiator pair for the free radical polymerization reaction.
Methanol (MeOH, commercial grade, BDH U.K.) was used for
dehydrating water from the gel. Basic blue 9 (MB having a C.I. of
52015, a light blue dye powder) was from Dystar Thai Co. Ltd.
(Bangkok, Thailand) and was used as received. All other chemicals
were used without further purification.

2.2. Preparation of TiO2/poly[acrylamide-co-(acrylic acid)]
composite hydrogel

The TiO2/poly[acrylamide-co-(acrylic acid)] composite hydrogel
was synthesized by polymerization from an aqueous solution
containing acrylic acid (2.5�10�1M) and acrylamide (2.5�10�1M)
in a four-necked round bottomed flask, equippedwith amechanical
stirrer set at 200 rpm and an inlet tube for feeding nitrogen gas.
The reaction temperature was controlled at 60 �C. Then
2.5 � 10�2 M of N-MBA, 2.5 � 10�3 M of APS, 5e20 %wt of TiO2 and
0.5 mL of TEMED were sequentially added to the reaction mixture.
The mixture was stirred for 30 min and the resulting polymer was
dehydrated with methanol, cut into small pieces of about 4e5 mm
in diameter, and then dried at 50 �C for 24 h.

2.3. Characterization

2.3.1. Morphological study by SEM
The surface morphologies of TiO2, poly[AAm-co-AAc] and the

TiO2/poly[AAm-co-AAc] composite were investigated using scan-
ning electron microscopy (SEM, model JSM-T 220A, JEOL, Japan)
without cross-section. The thickness of gold coating on the copol-
ymer and its composites was 25 nm, and the SEM was operated
with an accelerating voltage of 15 kV. The elemental analyses from
SEMmicrographs were used to calculate the percentage (inweight)
of titanium by energy dispersive X-ray spectrometry (EDXS).

2.3.2. X-ray diffraction analysis
X-ray diffraction measurements of TiO2, poly[AAm-co-AAc] and

the TiO2/poly[AAm-co-AAc] composite were carried out using
a JOEL JDX-3530 diffractometer (CuKf radiation, l ¼ 0.15405 nm,
2 kW). The X-ray diffraction (XRD) patterns were recorded from 10�

to 60� in 2q at a scanning rate of 0.02� min�1. The dried copolymer
powder was mounted on a sample holder with smooth double-
sided adhesive tape.

2.3.3. The decolorization of the dye solution in the dark
Dye removal behavior from aqueous suspension of the TiO2/poly

[AAm-co-AAc] composite in comparison with the pristine TiO2 was
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investigated in continuous adsorption equilibrium experiments
using the MB dye solution in the dark (to exclude photo-
degredation) as follows. A sample of the TiO2/poly[AAm-co-AAc]
composite weighing 0.2 g, or 0.0153 g of the pristine TiO2 (the
weight was selected from the TGA results), was transferred directly
into a 200 mL aqueous solution of 5 mg L�1 MB. The MB solution in
each sample was agitated magnetically at a moderate speed and
then allowed to sediment. At various time intervals, t, an aliquot of
the solution was taken and the remaining dye concentration in the
solution was subsequently monitored by a UVevisible spectro-
photometer (PerkineElmer, model Lambda 650, Shelton, Con-
necticut, U.S.A) at an incident wavelength, lmax, of 664 nm. The
initial and equilibrium dye concentrations are determined using
a calibration curve based on the absorbance at lmax versus dye
concentration in standard dye solutions.

To construct a calibration curve, the MB concentrations of 0.5,
1.0, 2.5, 5.0, 7.5 and 10 mg L�1 were prepared in volumetric
flasks and the absorbance of each of the standard MB solutions
was measured at the maximum absorption wavelength of
664 nm. Therefore, the concentration of MB could be calculated
from the regression equation: y ¼ 0.1777�, R2 ¼ 0.9892 as shown
in Fig. 1. The amount of dye adsorbed per unit mass of the
sample at equilibrium, qmax (mg g�1), is calculated by using
Equation (1):

qmax ¼
�
C0 � Ceq

�� V=M (1)

where C0 and Ceq (mg L�1) are the liquid phase concentrations of
dye initially and at equilibrium, respectively, and the dye removal of
MB from solution was calculated by Equation (2):

% Dye Removal ¼ C0 � C1
C0

� 100 (2)

where C1 (mg L�1) is the liquid phase concentrations at time, t.

2.3.4. Photocatalytic degradation of methylene blue
Photocatalytic degradation of the MB dye was studied using

0.2 g of the TiO2/poly[AAm-co-AAc] composite or the poly[AAm-co-
AAc] without TiO2 (as a control). Each sample was poured into

a 200 mL MB solution (5 mg L�1) and kept at room temperature for
24 h. After the equilibrium absorption, the unabsorbed dye solution
was removed by filtration over a 100-mesh sieve aluminum screen
and left for 30 min to drain off the unabsorbed solution. The
swollen hydrogels were placed in a quartz cuvette having a path
length of 1 cm, capped and exposed on its side to 365 nm UV
radiation by a UV lamp at an intensity of 1 mW cm�2. The decol-
orization of MB at the equilibrium absorption of the neat poly
[AAm-co-AAc] and TiO2/poly[AAm-co-AAc] composite were
measured at the indicated time intervals between 0 and 40 min
exposure to UV radiation by a UVevisible spectrophotometer at
a wavelength of 608 nm.

The absorbance measurements of the dye concentration in
solution were performed with the UVevisible absorption spec-
troscopy at lmax ¼ 664 nm and the absorbance measurements of
the dye concentration in poly[AAm-co-AAc] hydrogel and TiO2/poly
[AAm-co-AAc] composite were performed at lmax ¼ 608 nm. The
experimental conditions show that the maximum absorption
occurred at 664 and 608 nm at pHs 1e7 as depicted in Fig. 2. The
latter absorption band was selected to monitor the temporal
concentration changes of methylene blue in poly[AAm-co-AAc] and
TiO2/poly[AAm-co-AAc] composite. The blue shifts of the absorp-
tion bands of methylene blue in poly[AAm-co-AAc] and TiO2/poly
[AAm-co-AAc] composite are pH dependent as that shown in
Equation (3): [18]

The dye removal of MB fromwithin the hydrogel under different
conditions, such as in darkness (without UV irradiation) or under
UV irradiation, was calculated by Equation (2) where C0 and C1 are
the concentrations of MB dye measured at 608 nm in equilibrium
absorption of the hydrogel before and after the irradiation,
respectively.

As per the preliminary kinetics study, it showed that the
degradation of MB by the TiO2/poly[AAm-co-AAc] composite was
best fitted by pseudo-first-order kinetics. The related kinetic model
is shown in Equation (4):

�ln
�
C
C0

�
¼ kt (4)

Fig. 1. Calibration curve for MB dye detection by absorbance at 664 nm.
Fig. 2. Temporal spectral changes of MB in TiO2/poly[AAm-co-AAc] composite and
poly[AAm-co-AAc].
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where C0 and C are the initial dye concentration and that at time t
(min), respectively, t is the irradiation time (min) and k is the rate
constant (min�1) [30].

2.3.5. Rheological measurement of the TiO2/poly[AAm-co-AAc]
composite for degradation evaluation

The degradation of the TiO2/poly[AAm-co-AAc] composite
hydrogel was evaluated by rheological measurements using a strain
controlled rheometer (Bohlin Gemini HR nano, Malvern, UK) with
parallel plates of 25 mm diameter. Oscillatory experiments and
mechanical spectra were recorded in the frequency range of
0.01e35 Hz at 37 �C. The linear viscoelastic region was assessed at
0.1 Hz by assaying the strain sweep with a constant deformation
strain of 0.5%. The samples were analyzed 24 h after sample
preparation to attain the maximum swelling. The storage or elastic
(G0) and loss or viscous (G00) moduli were determined as a function
of the frequency.

2.3.6. Photodegradation of the TiO2/uncrosslinked
poly[AAm-co-AAc] by GPC

The TiO2/uncrosslinked poly[AAm-co-AAc] was synthesized by
polymerization from an aqueous solution as detailed above except
that the N-MBA crosslinker was omitted in the synthesis step. The
TiO2/uncrosslinked poly[AAm-co-AAc] was then irradiated with
365 nm UV radiation at an intensity of 1.6 mW cm�2 for 4 h and
24 h and compared to the neat uncrosslinked poly[AAm-co-AAc]
synthesized under the same conditions. The number average
molecular weight (Mn), weight average molecular weight (Mw) and
polydispersity index (PDI) were analyzed by gel permeation chro-
matography (GPC). It is important to state that the TiO2/uncros-
slinked poly[AAm-co-AAc] must be totally soluble in water.
Samples of the polymer composite weighing 10 mg was dissolved
in 5 mL of sodium bicarbonate buffer at pH 11, filtered through

a 0.45 mm filter, and then the solution was transferred to the auto-
sampler vial for molecular weight determination by GPC.

3. Results and discussion

3.1. Morphological study by SEM

The morphologies of TiO2 (Degussa P-25) particles, poly[AAm-
co-AAc] and TiO2/poly[AAm-co-AAc] composite, as observed by
SEM, are shown in Fig. 3. TiO2 (P-25) particles, utilized as a nano-
catalyst, were largely small spherical particles of 35e67 nm
diameter (mean 50 � 7 nm) but tended to agglomerate together
(Fig. 3 (a)). The pulverized poly[AAm-co-AAc], obtained from the
radical chain polymerization in aqueous solution, was essentially
a smooth sheet free of any significant particulate nature (Fig. 3 (b)).
The TiO2 loadings at 15 and 20%wt were immobilized in the TiO2/
poly[AAm-co-AAc] composite showed the TiO2 particles to be well
dispersed and so were found to reside on both the surface and the
inner depths (Fig. 3 (c,d)). The TiO2 particle distribution increased
with increasing TiO2 content. However, the fine nanoscaled TiO2
particles are susceptible to agglomerate when their content was
raised to 20%wt of TiO2/poly[AAm-co-AAc] composite (Fig. 3 (d)).

3.2. X-ray diffraction analysis

To get some information on the TiO2 content and structure in
the hydrogel composites, XRD analysis was performed and typical
diffractogram patterns are shown in Fig. 4.

No diffraction peaks in the spectrum for the synthesized poly
[AAm-co-AAc] hydrogel were obtained. In contrast, a number of
sharp peaks were clearly visible in the TiO2/poly[AAm-co-AAc]
composite, indicating the presence of crystalline moieties in the
composite samples. The (101) and (110) basal plane spacing of TiO2

Fig. 3. Representative SEM micrographs of the (a) pristine TiO2 (P-25), (b) neat poly[AAm-co-AAc] hydrogel, (c) 15%wt TiO2/Poly[AAm-co-AAc] composite, and the (d) 20%wt
TiO2/Poly[AAm-co-AAc] composite. (Images are taken at 15,000� magnification representing at least 3 of such fields of view per sample and 3 independent samples).
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are reported to be the anatase and rutile crystalline phases at
2q ¼ 25.3� and 27.4�, respectively [31]. The result here shows that
the TiO2 (P-25)/poly[AAm-co-AAc] composites have observed
peaks at 2q ¼ 25.3�, 37.8� and 48.0� for the anatase crystalline
phase and at 2q ¼ 27.4� and 56.6� for the rutile crystalline phase
(Fig. 4 (b,c)).

The intensity of the characteristic TiO2 peaks increased with
increasing amounts of TiO2 loading in the TiO2/poly[AAm-co-AAc]
composite, in comparisonwith the poly[AAm-co-AAc] without TiO2
(Fig. 4 (b,c)). This confirms that TiO2 is incorporated in the poly
[AAm-co-AAc] matrix, and therefore that the poly[AAm-co-AAc]
and the TiO2/poly[AAm-co-AAc] composite were successfully
synthesized.

3.3. Effect of TiO2 content on photocatalytic degradation

The photocatalytic degradation of the MB dye within the
adsorbent, after exposure to a 200 mL 5 mg L�1 MB solution and
subsequent removal of the solution by filtration, was carried out in
a quartz cuvette as described previously. The effects of TiO2
loading from 5 to 20%wt in the hydrogel on dye degradation,
measured with a UVevisible spectrophotometer at a wavelength
of 608 nm, were evaluated following exposure to a 365 nm

wavelength UV radiation source at an intensity of 1 mW cm�2 for
0 or 40 min (Fig. 5).

The dependence of the MB dye removal from the adsorbent
hydrogel on the TiO2 loading in the hydrogel (Fig. 5), evaluated as
either %wt TiO2 or the % Ti element content, indicates that the dye
removal efficiency increases with increasing TiO2 concentration
until 15%wt of TiO2 (5.9% Ti elemental composition). Although TiO2
is a good photocatalytic degradation agent, and so as the TiO2
amount in the polymer increased, the photocatalytic degradation is
enhanced by the increased number of available catalyst active
sites, the TiO2 nanoparticles are, however, prone to conglomerate
at concentrations above 15%wt TiO2 loading, which results in
a decreased photocatalytic degradability due to the decrease in the
number of available catalyst active sites.

3.4. Photocatalytic degradation of methylene blue
in the hydrogel composite

The photodegradation of MB dye within the adsorbent hydrogel
was found to be enhanced in the presence of TiO2/poly[AAm-co-
AAc] composite (Fig. 6). Thus, in the presence of 15%wt TiO2/poly
[AAm-co-AAc] composite, approximately 91% of the dye was
degraded after 40 min UV irradiation at room temperature, in
contrast to the 3% seen following UV irradiation without TiO2.

Fig. 4. Representative XRD patterns of (a) TiO2 (P-25), (b) 20%wt TiO2 (P-25)/poly
[AAm-co-AAc], (c) 15%wt TiO2(P-25)/poly[AAm-co-AAc] and (d) poly[AAm-co-AAc]
(Diffractograms shown are representative of 3 independent samples).

Fig. 5. MB dye removal from the hydrogel as a function of the TiO2 (P-25) loading (%wt
TiO2 and the % elemental Ti) in the poly[AAm-co-AAc] hydrogel, when exposing to
365 nm wavelength UV irradiation at 1 mW cm�2 for 40 min (Data are shown as the
mean � 1 S.D. and are derived from 3 replications). Means with a different letter are
significantly different (p < 0.05; ManneWhitney U test).

Fig. 6. MB dye removal from the hydrogel with time with (UV) or without (dark)
exposure to 365 nm UV radiation at 1 mW cm�2 in the presence (w TiO2) or absence
(w/o TiO2) of 15%wt TiO2 in the poly[AAm-co-AAc] hydrogel. The dye concentration
was 5 mg L�1 MB (200 mL). (a) Color appearance of MB degradation, where each
cuvette is representative of 3 independent repeats. (b) MB dye removal vs. irradiation
time, where data are shown as the mean � 1 S.D., derived from 3 replications.
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Likewise, there were no changes in the dye concentration, when
poly[AAm-co-AAc] or TiO2/poly[AAm-co-AAc] composites were
used in the dark (i.e., without UV irradiation). Thus, both UV radi-
ation and the TiO2 photocatalyst are needed for the effective
destruction of MB. Following UV radiation, the irradiated MB
molecule is excited and acts as a photosensitizer capable of
injecting electrons into the conduction band of the TiO2 semi-
conductor particles to form oxidized radicals, whilst the oxidized
species of the MB molecules then undergo further degradation,
such as via peroxylated or hydroxylated intermediates to further
degradation products such as mineralized products [16,32].

3.5. Dye removal from solution in the dark and photocatalytic
degradation of methylene blue

Fig. 7 shows the comparison of MB dye removal via adsorption
by TiO2 (P-25), poly[AAm-co-AAc] and the TiO2/poly[AAm-co-AAc]
composite in contact with the MB solution in the dark (to exclude
photodegradation). The poly[AAm-co-AAc] hydrogel and TiO2/poly
[AAm-co-AAc] composite both adsorbed MB dye to a significant
extent with similar kinetics, with essentially equilibrium adsorp-
tion, qmax ¼ 5.3 mg g�1, (% dye removal ¼ w 87%) being attained
within 15 min. In contrast, the TiO2 (P-25) alone was a poor
adsorbent, reaching a much lower equilibrium (saturation) level of
only 0.7 mg g�1 (% dye removal ¼ 12%) absorbance after
30e45 min. Thus, the role of poly[AAm-co-AAc] as an adsorbent,
with the formation of an ionic complex between the MB molecules
and the poly[AAm-co-AAc] hydrogel [33], and potentially aiding
TiO2 photooxidation should not be ignored.

The adsorption rate constants are summarized in Table 1,
where the close kremoval values for the poly[AAm-co-AAc] and
the TiO2/poly[AAm-co-AAc] composite before UV irradiation,
compared to the large difference between them after the UV
irradiation, are due to interaction of the charged groups of the
polymer networks and the dye imines groups to support the
adsorption [34]. In contrast, a very small amount of MB molecules
could be adsorbed onto the surface of TiO2 (P-25), although the
BET surface area of TiO2 (P-25) is 54 m2 g�1. Thus, the ionic
functional groups on the poly[AAm-co-AAc] backbone can adsorb
and trap the cationic dye through ionic interactions. With the TiO2
alone, the kdegrad is very low but it is better than that of poly[AAm-
co-AAc] alone. To ascertain more details on the photocatalytic
degradation of MB, the amount of MB dye removed by the TiO2/
poly[AAm-co-AAc] composite, poly[AAm-co-AAc] and TiO2 (P-25)
were plotted (Fig. 8). The TiO2/poly[AAm-co-AAc] composite starts
with a weak dye removal process within 5 min, accelerates to an

almost linear rate between 15 and 30 min and reaches equilibrium
at approximately 40 min with a maximum dye removal of 91%. In
contrast, the dye removal by TiO2 (P-25) particles is only 53% at
40 min, but is not yet at equilibrium. Note that the MB dye
removal by poly[AAm-co-AAc] showed only a very slight increase,
attaining only some 3% removal by a 40-min adsorption. Accord-
ing to the rate of photodegradation after the irradiation (Table 1),
the extent of dye degradation strongly depended on the presence
of TiO2 particles while poly[AAm-co-AAc] did not change the dye
degradation at all. However, the kdegrad values for the dye removal
by the TiO2/poly[AAm-co-AAc] composite and TiO2 particles alone
were significantly greater (145- and 23.1-fold higher, respectively)
than that for the poly[AAm-co-AAc] alone which had a very low
kdegrad value (Table 1). Besides its effectiveness in dye removal and
the practical advantages of the ease of separation, the photo-
catalyst can be reused to some extent and then degraded which is
described below.

3.6. Reproducibility of the reused TiO2/poly[AAm-co-AAc]
composite

The reproducibility of the photocatalytic degradation activity of
a 0.2 g sample TiO2 (P-25)/poly[AAm-co-AAc] composite per-
formed on a 5 mg L�1 MB dye solution (200 mL) is expressed as
the number of cycles (Fig. 9), where the photocatalytic degrada-
tion of TiO2/poly[AAm-co-AAc] composite was reduced from 91%
on the first usage to 82, 22 and 17% after the second, third and
fourth cycles of reuse, respectively. This reduced dye photo-
degradation activity is in accord with the appearance of the
recycled TiO2/poly[AAm-co-AAc] composite, which was clearly
changed in the morphology as a hydrogel due to the photo-
degradation (Fig. 10).

Fig. 7. Adsorption of a 5 mg L�1 MB solution (200 mL) by TiO2 immobilized in poly
[AAm-co-AAc], neat poly[AAm-co-AAc] or the pristine TiO2 (Degussa P-25) in the dark.
Data are shown as the mean � 1 S.D., derived from 3 replications.

Table 1
Equilibrium dye adsorption, dye removal rate and photodegradation rate constants
of MB dye by the pristine TiO2, TiO2/poly[AAm-co-AAc] and the neat poly[AAm-co-
AAc].

Sample qmax (mg g�1) Rate constant (k), min�1

kremoval
a R2 kdegrad

b R2

Poly[AAm-co-AAc] 5.3 0.1346 1 0.0008 0.9865
TiO2/Poly[AAm-co-AAc]* 5.3 0.1344 1 0.1161 0.9936
TiO2 (P-25) 0.7 0.0006 0.9103 0.0185 0.9916

*loadedwith 15%wt TiO2. UV irradiation at a wavelength of 365 nm and 1mW cm�2.
a kremoval were calculated from the curve of Fig. 7 (in the dark).
b kdegerad was calculated from the curve of Fig. 8 (under UV irradiation).

Fig. 8. Photocatalytic degradation of a 5 mg L�1 MB solution (200 mL) by TiO2

immobilized in poly[AAm-co-AAc], the neat poly[AAm-co-AAc] and the pristine TiO2

(Degussa P-25) following 365 nm wavelength UV irradiation at 1 mW cm�2 for the
indicated time. Data are shown as the mean � 1 S.D., derived from 3 replications.
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3.7. Degradation of TiO2/poly[AAm-co-AAc] hydrogel
composite by rheological measurement

The storage modulus or elasticity modulus (G0), is a measure of
the gel elastic behavior associated with the storage of energy, and
the loss modulus or viscous modulus (G00), is a measure of the gel
viscous behavior associated with the dissipation of energy. The
frequency dependence of the storage moduli and loss moduli of
poly[AAm-co-AAc] and the TiO2/poly[AAm-co-AAc] composite
before and after UV irradiation for 8 and 24 h is shown in Fig. 11. It
can be seen that G0 for both the poly[AAm-co-AAc] and the TiO2/
poly[AAm-co-AAc] composite before UV irradiation was higher
than their corresponding G00 values, which indicates that the elastic
response of thematerial is stronger than the viscous response. After
8 h of UV irradiation, the G0 value for the poly[AAm-co-AAc] still
remained higher than the corresponding G00 but the G00 value for the

TiO2/poly[AAm-co-AAc] composite was largely higher than the
corresponding G0 value. It is well known that the storage modulus
can be considered as a measure of the extent of the gel network
formation and that the higher the G0 value of the gel, the stronger is
the gel elasticity. This indicates that the swollen TiO2/poly[AAm-co-
AAc] hydrogel composite can be photodegraded faster than the
swollen poly[AAm-co-AAc] hydrogel without TiO2 after 8-h UV
irradiation, presumably by both photocleavage and photocatalytic
reactions. Furthermore, after 24-h of UV irradiation time, the G00

values of both the poly[AAm-co-AAc] and the TiO2/poly[AAm-co-
AAc] composite were mostly higher than the G0, indicating that the
viscous response of the material is more predominant than the
elastic response and these hydrogel systems displayed a liquid-like
behavior. Thus, as well as degrading the MB dye molecules adsor-
bed into the network, the existence of TiO2 nanoparticles in the
hydrogel composite can also assist the self-degradation of the
hydrogel matrix. From the bond energies available (Table 2),
the crosslinking molecules in the hydrogel networks can be easily
photodegraded because of the lower bond energy (305 kJ mol�1) of
the CeN linkage via the N-MBA crosslinker.

3.8. Photodegradation of TiO2/uncrosslinked
poly[AAm-co-AAc] by GPC

The initiation step in the photocatalytic degradation process of
poly[AAm-co-AAc] can be quite different. According to the litera-
ture [32e34], TiO2 molecules are stimulated by absorbing UV
radiation of a wavelength lower than 390 nm to generate various
active oxygen species. The photocatalytic degradation of the poly
[AAm-co-AAc] matrix [35e37] may be initiated at the same time as
MB photodegradation [16e18] by active oxygen species, such as
O2�

�, HOO� and HO�, forming on the surface of the TiO2. These active
oxygen species then attack the neighboring polymer chains to
extract a hydrogen atom and form carbon-centered radicals, such
as eCH2�CONH2

� and eCH2�COCOOHe. Their successive reactions

Fig. 9. Photocatalytic degradation of MB with 15%wt TiO2/poly[AAm-co-AAc]
composite after the indicated number of recycling times. Data are shown as the
mean � 1 S.D., derived from 3 replications.

Fig. 10. Appearance of the (a) poly[AAm-co-AAc] hydrogel and (b) 15%wt TiO2/Poly[AAm-co-AAc] composite after UV irradiation at 365 nm and 1 mW cm�1 for (0) 0 h, (1) 8 h and
(2) 24 h. Images shown are representative of 3 independent replications.
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with O2�
�, HOO� and HO� produce hydroxyl derivatives and

carbonyl intermediates, leading to the cleavage of the carbon chains
and finally the release of carbon dioxide.

The photocatalytic degradation of the uncrosslinked poly
[AAm-co-AAc] was accompanied by a decrease in the molecular
weight of the uncrosslinked poly[AAm-co-AAc], as measured by
GPC (Table 3). The Mw of poly[AAm-co-AAc] homopolymer
incorporated with TiO2 decreased some 40% from 991 � 103 to
596 � 103 g mol�1 after 24 h of UV irradiation, a decrease in the
Mw of w400 kg mol�1. A similar analysis for the neat poly[AAm-
co-AAc] shows that the Mw was only decreased w200 kg mol�1

and so may imply that the bond scission in the polymer backbone
of the TiO2/poly[AAm-co-AAc] composite is caused by both the
direct photolytic and the TiO2 photocatalytic reactions.

4. Conclusions

A photocatalytically degradable TiO2/poly[AAm-co-AAc] hydro-
gel composite was prepared by polymerization from an aqueous
solution. XRD and SEM characterizations of the composite indicated
that the TiO2 particles were dispersed throughout the poly[AAm-
co-AAc] hydrogel composite. TiO2/poly[AAm-co-AAc] composite
adsorbed at least 85% of a 5 mg L�1 MB solution in 15 min,
compared to only 10% by pristine TiO2 without photodegradation
(in the dark). Approximately, 91% of the total MB present was
photocatalytically degraded. The obtained results indicate that the
newly prepared TiO2/poly[AAm-co-AAc] is capable of removing the
MB dye via the combined effect of adsorption-photodegradation.
The ease of separation and removal of TiO2/poly[AAm-co-AAc]
hydrogel composite from the reactors by filtration and self-phot-
catalytic degradation, render it a potentially somewhat more green
material by coupling with the photodegradationeadsorption
process in the abatement of various wastewater pollutants.
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Acrylamide–itaconic acid superabsorbent
polymers and superabsorbent polymer/mica
nanocomposites

Daungtawan Foungfunga, Siriwan Phattanarudeeb, Nispa Seetapanc

and Suda Kiatkamjornwongb*

Superabsorbent polymer acrylamide (AM)/itaconic acid (IA) and its nanocomposite were synthesized by redox
polymerization in an aqueous solution of both monomers with mica used as an inorganic additive. The influences
of IA concentration, mica content, and crosslinker concentration on the water absorption and physical properties of
the superabsorbent polymer and its nanocomposite were examined. Water absorbency in artificial urine by the
synthesized copolymers, and the gel strength of the superabsorbent copolymers and their nanocomposites, were
tested with loads of 0.28 or 0.70psi. Transmission electron micrographs and X-ray diffraction confirmed that the
polymer chains were successfully intercalated into the silicate layers in the mica. The water absorbency and the
artificial urine absorbency of the composite with an AM-to-IA mole ratio of 95:5, 0.2% mol N-MBA, and 5% w/w mica
were 748W 5 and 76W 2ggS1, respectively, whilst the neat copolymer achieved only 640W 7 and 72W 2ggS1 in
water and artificial urine, respectively. The viscoelastic behavior suggested that the swollen gel of the nanocompo-
sites exhibited mechanical stability and elasticity. Copyright � 2009 John Wiley & Sons, Ltd.

Keywords: superabsorbent polymer; superabsorbent polymer nanocomposite; mica; water absorbency

INTRODUCTION

Superabsorbent polymers are lightly crosslinked hydrophilic
polymers that can absorb, swell, and retain aqueous solutions or
fluids up to hundreds of times their own dry weight giving them
many advantages over traditional water absorbingmaterials such
as cotton, pulp, or sponges. They are widely used in agriculture,
horticulture, disposable diapers, cosmetics, controlled drug
delivery systems, and wound dressings.[1–9] The first super-
absorbent polymer was reported by the US Department of
Agriculture in 1961,[10] whilst later research has focused upon
attempting to modify these absorbent polymers to enhance their
absorbency, gel strength, and absorption rate.[11–15]

In recent years, increasing attention has been paid to the
incorporation of inorganic materials in the preparation of
superabsorbent polymers including kaolin,[16] montmorillo-
nite,[17,18] attapulgite,[19–22] laponite,[23] vermiculite,[24] bento-
nite,[25] and mica.[8,26–28] The incorporation of these mineral
powders can reduce production costs as well as improve water
absorption, gel strength, and the mechanical and thermal
stabilities of superabsorbent polymers. Among these clays is
mica, a plate-like crystalline aluminosilicate with a 2:1 phyllosi-
licate type structure with an octahedral Al sheet and two
tetrahedral Si sheets. Mica has been widely used as a reinforcing
filler in polymeric matrices due to its excellent mechanical,
electrical, and thermal properties.[29] Lin et al. synthesized a
poly(acrylic acid)/mica superabsorbent composite by a graft
polymerization reaction between partially neutralized acrylic acid
and ultrafine mica powder. The water absorbency of the
composite was higher than 1100 g g�1 at a 10% w/w mica
addition.[26] However, further increase in the mica content

decreased the water absorbency. The influence of the degree of
neutralization of the acrylic acid was found to be optimal at 65%.
A series of superabsorbent polymers based on sodium acrylate,
mica, and N, N0-methylenebisacrylamide (N-MBA) were prepared
by inverse suspension polymerization.[27] The results showed that
the water absorbency and the initial absorption rate gradually
decreased with increasing amounts of pure Kþ�mica and
intercalated mica. In addition, the water absorbency of the
composite gels obtained from Kþ�mica was higher than that of
gels from intercalated-mica. The water absorbency of these gels
decreased with increase in the ionic strength of the external salt
solution. Zhang and Wang[28] researched a series of clay-based
superabsorbent composites prepared from acrylamide (AM) and
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various clays, and reported that mica incorporation improved the
thermal stability of superabsorbent composites to a higher
degree than the other tested clays. The effect of intercalant
content of mica on the properties of the charged nanocomposite
poly(N-isopropyl acrylamide) hydrogels was investigated. The
mica was first intercalated with different levels of intercalant,
trimethyl (acrylamido propyl) ammonium chloride (TMAACl),
based on the cationic exchange capacity (CEC) of mica.[8] The
results showed that mica could intercalate with TMAACl under a
low CEC value with the significantly enhanced swelling behavior
and mechanical properties being related to the intercalated mica
content and CEC values.
AM can be used to copolymerize with a number of vinyl

monomers to synthesize superabsorbent polymers. Graft
copolymer of starch with acrylic acid/AM,[30,31] AM/maleic acid,[32]

acrylic acid/itaconic acid (IA),[33] as superabsorbent polymers
could be used for agricultural and environmental applications.
Copolymerization of partially hydrolyzed AM with n-vinyl
pyrrolidone produced superabsorbent polymers for oil recovery
applications.[34–36] AM can be also used with acrylic acid,[37]

methacrylic acid,[38] and crotonic[39] to produce various proper-
ties of superabsorbent polymers for enzyme immobilization or
dye removal. However, none of them has involved the inclusion
of filler into superabsorbent polymers. For the present
investigation, swelling synthetic mica was chosen for in situ
polymerization of AM–IA superabsorbent polymer nanocompo-
sites. The main aim for adding the mica particles was to form
composites with increased swollen gel strength and without loss
of water absorbency for personal care products such as baby
disposal diapers.

EXPERIMENTAL

Materials

AM (Siam Resin and Chemicals, Thailand) and ionic comonomer,
IA (Merck, Hohenbrunn, Germany), were used as monomers. N-
MBA (Fluka, Buchs, Switzerland) was utilized as a crosslinker.
Ammonium persulphate (APS, Merck, Hohenbrunn, Germany)
and N, N, N’, N’-tetramethylethylenediamine (TEMED, Fluka,
Buchs, Switzerland) were added as a redox initiator pair. The
swelling mica with exchangeable sodium ions and a CEC of about
120meq/100 g was purchased from Wako Pure Chemical
Industries, Osaka, Japan. The average particle size, as measured
by SEM, was approximately 3mm. The deionized water used in
the experiment was obtained from ELGA Labwater (model
reservoir 25L, purelab option, UK). All the materials were used as
received.

Preparation of the superabsorbent nanocomposite

A mixture of 60 cm3 aqueous solution containing AM, IA
monomers, and mica was placed in a 500-cm3 four-necked
round-bottomed flask. The mixture was mechanically stirred by a
small-bladed propeller at 250 rpm, within a temperature range of
50� 28C for 2 hr for monomer intercalation. Then, 20 cm3 (0.2%
mole) of N-MBA aqueous solution was added within 5min. The
mixture was purged with N2 gas to remove oxygen from the
solution during the reaction. Next, 0.3mole (20 cm3) of the APS
aqueous solution was added and stirred for 5min. Lastly, 1.2%
mole (0.2 cm3) of the co-initiator (TEMED) was added and the
polymerization was continued for 30min. The resulting polymer

was then dewatered with methanol, cut into small pieces, with
diameters of about 0.5 cm, and dried at 508C for 24 hr in a vacuum
oven to constant weight. The dried polymer was then milled and
separated through a 100-mesh aluminum screening sieve to form
the superabsorbent composite particles (powder). Superabsor-
bent nanocomposites at other AM/IA ratios, different mica
contents, and various crosslinker concentrations, listed in Table 1,
were prepared in the same manner.

Determination of the unreacted amount of AM monomer in
the superabsorbent polymer by gas chromatography

The superabsorbent polymer derived from the polymerization
reaction was stirred in 300 cm3 of deionized water at room
temperature for 30min. Then 50 cm3 of the solution was used to
determine the trace amounts of AM monomer in the
polymerization reaction by Method 8032A,[40] which consists
of three steps: bromination, extraction, and calibration. Bromina-
tion of the AM double bond gave 2, 3-dibromopropionamide
which was extracted from the reactionmixture with ethyl acetate.
After salting out with sodium sulfate, the extract was analyzed by
gas chromatography.

Determination of density of the superabsorbent
nanocomposite

The standard method (ASTM D 792) for determining the polymer
density was used to evaluate the densities of mica, poly(AM-co-
IA), and poly(AM-co-IA)/mica nanocomposites in n-heptane in a
pycnometer.

Measurement of water absorbency

In deinoized water and its absorption with time

Deionized water (200 g) was added to 0.1 g of the superabsorbent
polymers or its nanocomposites in a 250 cm3 glass beaker at
room temperature. The nanocomposite was allowed to swell for
24 hr. The residual water was removed by filtration with a 100-
mesh screen sieve for 2 hr in a closed system at room
temperature and the swollen gel was weighed. The water
absorbency, as grams of water per gram of sample (g g�1) was

Table 1. Composition variables investigated in crosslinked
polymerization of poly(AM-co-IA)/mica nanocomposites

Ingredients Amount

Monomer (AM/IA) ratios (% mol) 99/1, 98/2, 97/3,
96/4, 95/5

Mica (% w/w) 0, 2, 5, 10, 15
N, N0-methylenebisacrylamide
(% mole)a

0.2, 0.5, 0.7, 0.9

Ammonium persulfate (% mole)a 0.3
N, N, N0, N0-tetramethyl-
ethylenediamine (% mole)a

1.2

Reaction temperature (8C) 50
Agitation speed (rpm) 250
Reaction time (min) 30

a% mole based on the monomer concentration.

View this article online at wileyonlinelibrary.com Copyright � 2009 John Wiley & Sons, Ltd. Polym. Adv. Technol. 2011, 22 635–647

D. FOUNGFUNG ET AL.

6
3
6



calculated as shown in eqn (1), from a minimum number of at
least three repeats.

Water absorbency ðQÞ ¼ B� A

A
(1)

where A and B are the weights of the dry polymer and the swollen
gel, respectively.
Deionized water (200 g) was added to 0.1 g of the dried

nanocomposites in a 250ml glass beaker covered with a glass lid.
The polymer was allowed to swell first for 1min. The swollen gel
was then separated from the water by filtering it through a 100-
mesh sieve aluminum screen for 2 hr at room temperature to
drain out the unbound water, and the swollen copolymer was
then weighed. Similar experiments were carried out for each gel
at the swelling times of 1, 5, 10, 30, 60, 180, 300, and 480min.

In artificial urine

The same experimental procedures as described above were
carried out using artificial reference urine (ARU) instead of
deionizedwater. The ARUwas prepared bymixing equal amounts
of 0.1055M sodium chloride, 0.0323M sodium dihydrogen
phosphate, 0.00321M sodium citrate, 0.00385M magnesium
sulphate, 0.01695M sodium sulfate, and 0.0637M potassium
chloride. The pH was adjusted to 6.5. The ARU had an ionic
strength of 0.0747mol-ion dm�3, based on the method of Skoog
et al.[41,42]

Absorbency under load

Deionized water (25 cm3) was placed in a Petri dish as shown in
Fig. 1. Dried copolymer weighing about 0.16 g was carefully
sprinkled onto the filter screen of the testing device, which was
comprised of an aluminum cylinder with a stainless steel cloth
100-mesh screen sieve placed at the bottom of the cylinder. The
device has a diameter of 26mm and a height of 35mm. A piston
assembly, including appropriate weights to achieve a load of
either 0.28 or 0.70 psi, was placed on top of the dry copolymer.
After assembly with added dry copolymer with appropriate
weight (for a load of 0.28 or 0.70 psi), the entire device was
weighed and then placed in the water filled Petri dish for 1 hr to
allow the absorption to reach equilibrium, whereupon the entire
device was reweighed. The absorbency under load (AUL), as gram
of water absorbed per gram of the dry copolymer (g g�1) was
calculated as eqn (2).[43]

Absorbency under load ðAULÞ ¼ B� A

A
(2)

where A and B are the weights of the dry polymer and the swollen
gel, respectively. The water absorbency was calculated as gram of
water per gram of sample. The number of repeats was not less
than three.

Characterization of the superabsorbent nanocomposites

Identification of the functional groups

The functional groups of the copolymers and nanocomposites
were identified using Fourier-Transform Infrared Spectrometry
(FT-IR) (Nicolet Infrared Spectrometer, model Impact 410). The
dried sample was ground with the dried KBr powder. The KBr disk
was dried again, pressed, and subjected to the FT-IR spectrom-
etry.

Morphology by scanning and transmission electron microscopic
analyses

The surface morphology of the superabsorbent composites was
investigated using scanning electron microscopy (SEM, model
JSM-6400, JEOL, Japan), without cross-section. The thickness of
the gold coating on the sample was 25 nm, and SEM was
operated with an accelerating voltage of 15–20 kV to give good
image contrast.
For TEM analysis, the superabsorbent nanocomposite particles

were dispersed in ethyl alcohol and the suspension was then
sonicated for 5min. The diluted suspension was then dropped
onto a 300-mesh copper grid, and left to dry in a control room
atmosphere before performing the TEM analysis. TEM micro-
graphs of the samples were obtained at an acceleration voltage
of 120 kV (JEOL JEM-2100, Japan).

X-ray diffraction analysis

X-ray diffraction measurements were performed using an X-ray
diffractometer, Bruker AXS Model D8 Discover (Cu Ka radiation,
40 kV, 40mA, with l¼ 0.15406 nm and n¼ 1) at a scanning range
from 2 to 258 and a scanning rate of 0.0258min�1. The interlayer
spacing (d) of mica and mica-superabsorbent nanocomposites
was calculated using Bragg’s equation (eqn 3):

nl¼ 2dsinu (3)

where d is the interplanar distance of the (001) reflection plane, u
is the diffraction angle, and l is the wavelength.

Viscoelastic properties

The rheological experiments of the swollen gel particles having
an irregular shape were carried out in a strain-controlled
rheometer (ARES, TA Inc., New Castle, USA) equipped with a
solvent trap to prevent water evaporation during measurements.
The experiments were operated at 258C using parallel plate
geometry (50mm diameter, 1mm gap) made of stainless steel.
The strain sweeps, at a fixed frequency of 1 rad sec�1, were
conducted in a range of 0.1–100% for determining a linear
viscoelastic (LVE) range, where G0 (storage modulus) and G’’ (loss
modulus) are independent of the strain amplitude. After a strain
sweep test, the dynamic frequency sweeps were performed
within the determined LVE range. The samples were prepared as
follows. A dry superabsorbent (0.1 g) was dispersed in 200 cm3

distilled water and allowed to swell for 24 hr to reach equilibrium
swelling. The swollen superabsorbent was filtered through aFigure 1. Scheme of the absorbency under load (AUL) setup.
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100-mesh aluminum screen for 2 hr. Pieces of tissue papers were
used to rub off the unabsorbed water at the bottom of the screen
until the swollen gel did not flow when the screen was held
vertically. Afterwards, the swollen gel particles were removed
from the screen to investigate their rheological behavior.

Thermal stability analysis

The superabsorbent composites were investigated using a
PerkinElmer TGA-7 thermogravimetric analyzer for their thermal
property. Themeasurements were carried out over a temperature
range of 25–8008C at a heating rate of 108Cmin�1 with a nitrogen
flow rate of 60 cm3min�1. In order to compare the residue of the
superabsorbent composite, the polymer was burned in an oven.
The dry nanocomposite copolymer samples, weighing
1.00� 0.01 g, were each individually placed in a 25 cm3 porcelain
crucible, weighed, and transferred into a furnace at 8008C for
10 hr or until combustion of the remaining white mica powder
had been completed. The crucible was removed from the
furnace, cooled to room temperature, weighed, and the
remaining mica weight was evaluated.

RESULTS AND DISCUSSION

FT-IR spectra of mica, synthesized copolymer, and
superabsorbent nanocomposites

The FT-IR spectra of mica, poly[acrylamide-co-(itaconic acid)], and
poly[acrylamide-co-(itaconic acid)]/mica nanocomposites are
shown in Fig. 2. The absorption bands at 3452 cm�1 (broad)
and 1638 cm�1 (Fig. 2a) correspond to the O–H stretching and
interlayer water vibration present in the mica, whilst those at
1003 cm�1 (broad peak), 702, and 476 cm�1 are the Si–O
stretching, Al–O stretching, and Si–O bending, respectively.
The copolymer exhibits a broad absorption band at 3400 cm�1,
and strong peaks were observed at 1659 and 1448 cm�1, which
correspond to O–H stretching, C––O stretching of –COO�, and
C–N stretching of O––C–N–H, present in the IA and AMmonomers

(Fig.2b). In comparing the spectra of pure mica and the
copolymer, the spectra of nanocomposites synthesized using 5
and 15% (w/w) mica showed a similar broad band in the 3400–
3370 cm�1 range and strong peaks at 1665–1664 cm�1 and
1450 cm�1 for the –COO� indicating the characteristics of the
copolymer. However, the –COO� group on the IA might have
experienced a conformation change during the reaction.[16] With
mica addition, the absorption band of the –C–N stretching
(–CONH2) was shifted from 1448 to 1450 cm�1. Furthermore, the
weak absorption bands at 1016–1011 cm�1, and the strong
bands at 473–471 cm�1 intimate the existence of a Si–OH group
in the nanocomposites (Fig. 2c,d), which have possibly acquired a
conformation change during the reaction. Taken together, these
observed peaks strongly support that the reaction product is the
desired composite. Since the characteristic absorption peaks for
the –COO� group on the IA and the mica Si–OH group are
changed after the copolymerization, it is suggested that they
have reacted together during the copolymerization.[16] One
possible reaction is a grafting reaction (via the esterification
reaction) of the OH groups onmica with the –COO� group on the
IA,[44,45] where the OH groups in mica esterifies with the –COO�

group on the IA and then radical chain polymerization takes
place. Another possible mechanism is that the hydroxyl groups
may react with the radicals and liberate free radicals on the mica
structure and the graft polymerization can take place on these
free radicals, giving IA–AM branches on the mica backbone.[45]

We favor the latter suggestion that the grafting reaction takes
place on the mica surface since it is observed that the amount of
mica present influences the interaction between AM/IA andmica,
as well as the swelling properties of the corresponding
superabsorbent nanocomposites.

Micro-morphology and TEM analyses

The representative SEM micrograph of mica particles is shown in
Fig. 3a which reveals their platelet and flake-like appearance with
an average particle size of 3mm. In contrast, surface of the
copolymer without mica is rather smooth (Fig. 3b). Upon mica
incorporation, the mica particles were evenly and well dispersed
in the matrix of the superabsorbent nanocomposite, but as
clusters (loose agglomerates or tight aggregates) of about 30–
50mm, rather than individual particles, imbedded in the polymer
matrix (Fig. 3c,d). Strong particle adhesive forces might have
caused this agglomeration. Mica has a plate-like structure
(platelet) with a high aspect ratio of reinforcing particles and it
has good adhesion to the matrix polymer. Both are of great
importance because they control the final properties of the
composites.
Internal structures of the nanocomposites, on a nanometer

scale, were investigated using TEM since this allows a qualitative
understanding of the internal structure through direct obser-
vation. It was postulated that some of the polymer chains,
polymerized by the incorporation of the monomers, are
distributed between the silicate layers resulting from the initial
intercalation of both acrylate monomers with mica in solution. In
some support for this notion was that poly(AM-co-IA)/2% w/w
mica nanocomposites had a partially intercalated structure,
displayed as the dark cross lines, indicating the parts of the
polymeric intercalation into the interlayer spacing of mica (Fig. 4).
The thickness of the cross lines were approximately 1 nm, which
corresponds to the typical thickness of the clay layers, whereas
the distance between the cross lines are the interlayer spaces,

Figure 2. FT-IR spectra of (a) mica, (b) poly(AM-co-IA) copolymer, (c, d)

poly(AM-co-IA)/mica nanocomposite at a 97:3 mole ratio crosslinked by

0.2% mole N-MBA with either (c) 15% w/w of mica or (d) 5% w/w of mica.
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and the gray bases are the polymer matrix. These micrographs
demonstrate that the inorganic phase (the mica particles) is
dispersed at the nanometer level in the organic phase
(copolymer). Consequently, the nanocomposites exhibit unique
properties not being shared by their micro-scale counterparts or
conventionally filled polymer.[46] The interlayer distance of mica
in the nanocomposites obtained from TEM micrograph is about
13 Å, correlating well with the interlayer spacing characterized by
XRD analysis.

X-ray diffraction analysis

XRD patterns supply very useful information on the gallery size of
the final intercalated nanocomposites by measuring the increase
in the basal (001) d-spacing, as depicted in the representative X-
ray diffractograms in Fig. 5. The measured d001 of mica is 12.4 Å
(2u¼ 7.18), and that of the mica composites (AM/IA mole ratio of
97:3) with 15 and 5% w/w mica have peaks at about d¼ 14 and
13.8 Å, corresponding to 2u¼ 6.3 and 6.48, respectively. Accord-
ing to the above TEM results, the increase in the basal interlayer
spacing of mica implies that there is polymer intercalation within
the stacked silicate galleries of mica.[46] A substantial increase in
the intensity of the XRD peak is observed for the mica loading
from 5 to 15% w/w which corresponds to the increased content
in intercalated mica.
Table 2 summarizes the XRDanalysis results which show that the

peak position of the (001) basal plane remained approximately the
sameatdifferentAM/IA ratiosandmicacontents, and thus thebasal
spacing is apparently independent of the content of IA and mica
(within these tested ranges) in the prepared composites. However,
the differing amounts of IA and mica at 0.2% mole N-MBA are
responsible for the different water absorptions of the composites,
whichmight imply that the limitedamountofAMand IAmonomers

penetrated between the layers of clay during the dispersion of the
clay into the monomer mixture. Hence, after the polymerization,
the interlayer spacingofmica iswideneddue to thepresenceof the
intercalated copolymer chains. The rest of the added IA content,
whichcannotpenetratewithin theclay interlayer, distributeswithin
the mixture and copolymerizes with AM resulting in the
enhancement of the water absorbency as the content of IA
increases. Additionally, the increase in the hydrogen-bonding
formation from the interaction of the carboxylic groups of IA with
clay outside the gallery leads to the improvedwater absorbency. A
2-dimensional schematic representation of the composites
containing low and high IA content is shown in Scheme 1. The
data summarized in Table 2 also reveals that the different mica
contents influence thewater absorption capacity of the composite,
whichwill be discussed later in ‘‘Effect of IA concentration andmica
content on water absorbency’’ section.

Density of the synthesized poly(AM-co-IA)/mica
nanocomposites

The main application of synthesized superabsorbent nanocom-
posites is to produce personal care products such as adult and
baby diapers. Importantly then, the desired superabsorbent
polymer or composite should not add extra weight to the diapers
and this would provide discomfort to users. The densities relative
to the poly(AM-co-IA) nanocomposite at 95:5 mole ratio of AM/IA,
the poly(AM-co-IA)/mica nanocomposite densities were
increased to 8.76 and 20.44% for 5 and 15% w/w of mica
inclusion, respectively (Table 3). Given that optimal water
absorption was attained at 5% w/w mica (Table 2) which inflicts
only an 8.8% increase in the density of the polymer
nanocomposites (Table 3), this should not prevent the develop-
ment of an optimum product design that is comfortable for users.

Figure 3. Representative SEMmicrographs of (a) mica, (b) mica-free superabsorbent polymer, and (c, d) superabsorbent polymer/mica nanocomposites

at a magnification of either (c) 350� or (d) at 12,000�.
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The effect of N-MBA and IA concentrations on water
absorbency

The relationship between water absorbency and N-MBA cross-
linker concentration at three levels of IA concentration and two
levels of mica incorporation is summarized in Fig. 6. The results
show that the effect of mica addition at 5% w/w enhances the
water absorbency and this is more marked at the high levels (5%
mole) of IA and low N-MBA concentrations (0.2% mole). For the
composite with 1% mole IA, the effect of the crosslinker is less
effective when its contents were higher than 0.5%mole, implying
that the crosslinker has crosslinked most of the IA molecules due
to the higher reactivity ratios of N-MBA and IA. Thus, the
crosslinking effect dominates the other minor effects to give
nearly constant water absorption at higher N-MBA and mica
contents. The effect of N-MBA crosslinker on decreasing the water
absorption of the copolymers and their nanocomposites was
obviously discernable at low levels of the crosslinker. However, at
a higher concentration of crosslinker, the water absorption
decreased gradually and was seen to level off. This behavior
results from the cyclization and the multiple crosslinking
reactions at pendant vinyl groups of the N-MBA.[47]

Figure 4. Representative TEM micrographs of poly(AM-co-IA)/mica nanocomposites at a 97:3 mole ratio with 2% w/w mica and crosslinked by 0.2%

mole N-MBA.

Figure 5. Representative X-ray diffraction patterns of (a) mica powder,

(b, c) poly(AM-co-IA)/mica nanocomposites with either (b) 15w/w mica or

(c) 5%w/wmica, and (d) poly(AM-co-IA) copolymer. All copolymers had an

AM/IA mole ratio of 97:3 and were crosslinked with 0.2% mole N-MBA.
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Residual amount of AM monomer in the superabsorbents
polymer

The residual amount of AM monomer in the superabsorbents
polymer is another important issue of concern because the AM
monomer is classified as a probable carcinogen and a known
cumulative neurotoxin in humans. On the other hand, polyacryl-
amide is not known to display either bioactivity or harmful and is
not considered hazardous for users.[48] The unreacted AM level in
(nano) composites is summarized in Table 4. Note that although
residual N-MBA will also be detected as well as free monomer by
this method, this will serve to increase and not hide the free
monomer estimates and thus they can be seen as conservative
estimates of safe levels. In any case, and to err on the side of
caution, we consider that such errors are likely to be small
because the reactivity ratio, r1 and r2, values for AM/N-MBA are

0.64 and 1.77, respectively,[49] and N-MBA was only added at a
final concentration of 2% mole, and thus would have rapidly
reacted with the other monomers. Thus the analyzed value of the
residual monomer will principally reflect the level of the AM
monomer. Regardless, the residual amount of the AM monomer
retained in the polymer was very low (about 0.1%) and its content
will not be harmful to users because users are not in direct

Table 2. The effect of AM/IA ratios and mica content on the XRD patterns and water absorption of crosslinked poly(AM-co-IA) and
nanocomposites with 5 and 15% w/w mica

AM/IA ratio of
composite

Mica content
(% w/w)

Typical diffraction
peak (8)

Basal
spacing (Å)

Water
absorption (g g�1)

— 100 7.1 12.4 —
99:1 5 6.3 14 330

15 6.4 13.9 250
97:3 5 6.4 13.8 420

15 6.3 14 390
95:5 5 6.3 14 750

15 6.4 13.9 590

Scheme 1. A two-dimensional schematic representation of poly(AM-co-
IA) intercalated within the mica galleries and grafted on the mica surface

at low (1% mole) and high (5% mole) IA contents.

Table 3. The densities of mica, crosslinked poly(AM-co-IA),
and poly(AM-co-IA)/mica nanocomposites

Crosslinked
poly(AM-co-IA),
% w/w

Mica
Content Added,

% w/w

Density
(g cm�3)a of AM/IA
at 95:5 mole ratio

— 100 1.94� 0.03
100 0 1.37� 0.04
100 5 1.49� 0.01
100 15 1.65� 0.03

a Data are displayed as the average� 1 SD and are derived
from four independent repeats.

Figure 6. The effect of varying the N-MBA crosslinker concentration on

the water absorbency (Q) of the crosslinked poly(AM-co-IA) copolymers
and their nanocomposites with 5% w/w of mica addition at various IA

concentrations.
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contact with the superabsorbent polymer enveloped in a napkin
pad.

Effect of IA concentration and mica content on water
absorbency

In deinoized water

Polyacrylamide superabsorbent prepared with 0.2% mole of
crosslinker can absorb water at 35� 1 g g�1 dry weight, whereas
the water absorbency of the synthesized poly(AM-co-IA) super-
absorbents using the same amount of crosslinker vary from
372� 9 to 640� 7 g g�1 dry weight corresponding to the
addition of 1–5% mole IA (as seen in Fig. 7 without the addition
of mica). The increase in water absorbency of the copolymers is
caused by the addition of IA into the polymer network. An
increase in the IA concentrations increases the amount of free
carboxyl groups (–COOH), and thus increases the electrostatic
repulsive forces between the charge sites on the carboxylate ions
upon their complete dissociation,[50] leading to expansion of the
structure. The expanded structure with high IA contents causes a
high degree of swelling and higher water absorption of the
superabsorbent polymers and their composites.

In our superabsorbent preparation, we observed the formation
of slurry if an IA content of higher than 5%mole was employed in
the reaction mixture. This prohibits its use in personal care
applications. The product cannot be dewatered with methanol
and the dry gel could not be obtained. This result is in good
agreement with the findings by Pulat and Eksi,[50] who reported
that increase in the IA levels in copolymeric structures decreased
the effective crosslinking densities of the polymer networks. As IA
could not form superabsorbent polymers by itself, an excessive
amount of IA in the monomer mixture made it more difficult to
form a copolymer gel. The degree of swelling of the synthesized
copolymers of AM and IA mainly depended on the repulsive
forces between the hydrophilic pendants (amide and carboxylic
groups) in their structures. The reactivity ratios of AM, IA, and N-
MBA are 0.77, 1.36, and 1.77, respectively,[51] i.e. IA molecules are
used up via a crosslinking reaction with N-MBA before AM
monomer, even if the monomer feed concentrations are equal or
higher. In the present case, the structure of the copolymer
contained more units of uncrosslinked PAM moiety than
crosslinked IA units owing to a higher AM concentration.
The water absorbency of superabsorbent polymer nanocom-

posites shows a similar trend to that of poly(AM-co-IA) copolymer
in which the water absorbency increases with an increase in IA
concentration (Fig. 7). The same rationale described previously is
applicable here, where the highest swelling and the largest basal
spacing of the superabsorbent polymer nanocomposites were
achieved at 5% mole of IA. The result shows that the water
absorbency tends to increase as the mica content increases from
0–5%w/w for the nanocomposite systems containing 3–5%mole
IA, whereas the highest water absorption was found at 5% w/w
mica. However, above a 5% w/w mica content, the water
absorbency decreased, suggesting a rigidity effect from the
added mica on the copolymer. As described in the previous
section, it is likely that the intercalated structure was increased in
the composite and the grafting reaction took place on the surface
of mica. Increase in the mica levels will increase the crosslinking
density of superabsorbent nanocomposites with decrease in the
entropy of the chains as they become stiffer, giving a stronger gel
with fewer available spaces for water to enter, and a decreased
water swelling capacity.[27]

In contrast, mica inclusion does not significantly improve the
water absorbency of the superabsorbent nanocomposites with 1
and 2% mole IA. As discussed above, the water absorbency of all
the nanocomposites is decreased as the mica content increases
beyond 5% w/w.
The mechanisms of the intercalation are complex and are not

known in much detail. Gao[52] conjectured that there are three
states in the composite structure. Here, we present such
interactions occurring in our system using the speculation of
Gao as indicated in Scheme 1. The first stage involves the polymer
molecules intercalating into the interlayer spaces of the clay
facilitated by Van der Waals interactions and hydrogen bonding
between the polymer molecules (containing ionic groups from
IA) and the hydrated interlayer cations and the silicate layer. The
second stage is the binding of polymer chains to the outer
surface of the clay particles via hydrogen bonds. Lastly, polymer
chains located far from clay particles form networks by reacting
with the N-MBA crosslinking agent. The latter has no interaction
with the clay particles. Therefore, the overall structure of the
composite would be quite complex. Understanding this complex
structure will assist in predicting or searching the composite
properties.

Table 4. The residual amounts of acrylamidemonomer in the
crosslinked polymer and polymer nanocomposites

AM/IA
ratio

Initial
acrylamide
monomer

concentration
(ppm)

Residual acrylamide
monomer in the

crosslinked
polymera

ppm %

100:0 71,080 94.2 0.13
99:1 70,369 54.7 0.08
95:5 67,526 56.5 0.08

a Data are displayed as the mean� 1 SD and are derived from
two independent repeats.

Figure 7. The effect of mica content on water absorbency (Q) of the

0.2% mole of N-MBA crosslinked poly(AM-co-IA)/mica nanocomposites.
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In ARU

A critical property in selecting a superabsorbent product for
commercial use in personal care applications is the extent of
swelling in ionic and osmoactive body-waste liquids such as urine
and blood.[53] An acceptable swelling capacity is approximately
20–40 g of urine per gram of polymer. The amount of urine
absorbed by various poly(AM-co-IA)/mica nanocomposites pre-
pared with AM/IA ratios of 99:1, 97:3, and 95:5, at different mica
contents were investigated and the results are summarized in
Fig. 8. In general, the swelling of the superabsorbent nanocom-
posite in ARU is much lower than the swelling obtained in
deinoized water due to the presence of salts in the urine solution,
leading to a decrease in expansion of the gel networks caused by
the repulsive forces of counter ions on the polymeric chain
shielded by the bound ionic charges. Therefore, the osmotic
pressure differences between the gel network and the external
solution decrease with increase in ionic strength of the artificial

urine.[54] The forces for the absorption of ionic solutions are
attributed to the osmotic pressure based on the movable counter
ions, the polymer-solvent affinity, and the rubber elasticity. The
ionic strength of the artificial urine used in these studies was
calculated[42] to be 0.0747mol-ion dm�3 or 74.7mM. Normal
urine usually has an ionic strength of 10–800mM or up to
1500mM ionic strength in the mild dehydration, a super-
absorbent polymer with higher urine absorption is needed to
compensate the reduction of urine absorption caused by the salt
effect. The ionic strength of the swelling liquid (e.g. urine) has an
inversely proportional effect on the equilibrium-swelling ratio.
The results show that the urine absorbency of the nanocompo-
sites containing 1 and 3% mole of IA decreased slightly with
increase in the content of mica. However, the nanocomposite
with 5% mole IA yielded the highest urine absorption of all the
samples, and this was maximal with the addition of 2% w/wmica,
with higher mica levels significantly decreasing the urine
absorbency of the nanocomposite. Likely, the decrease in
the concentration difference of counterions inside and outside
the superabsorbent particles is responsible for the decrease
in urine absorption. Nanocomposites with high IA content
(5% mole) showed a slight increase in urine absorbency with
small mica additions (2 and 5% w/w), which is probably due to
the increase in the osmotic pressure difference in the low
chemically-crosslinking density system. However, why nanocom-
posites with 5% mole IA should show such a marked decrease in
water absorption, with increasing mica levels above 5% w/w
compared to those with lower IA levels, cannot currently be
explained.

Water AUL

The poly(AM-co-IA) and poly(AM-co-IA)/mica nanocomposites
with 5 and 15% w/w mica can absorb water up without load to
251� 4, 239� 10, and 201� 9 g g�1 of the dry copolymer within
1min, respectively. The results shown in Table 5 indicate that the
more the mica content in the nanocomposites, the lower the
absorption rate for poly(AM-co-IA)/mica nanocomposites due to

Figure 8. Water absorbency in artificial urine of the superabsorbent
nanocomposites at AM/IA ratios of 99:1, 97:3, and 95:5, 0.2% mole of N-

MBA, with various levels of mica content.

Table 5. Effect of swelling time on water absorbency of the superabsorbent polymer	

poly(AM-co-IA) copolymer Poly(AM-co-IA)/mica nanocompsoite

5%wt mica 15%wt mica

Time
(min)

Water absorbency
(Q) g g�1 Time (min)

Water absorbency
(Q) g g�1

Time
(min)

Water absorbency
(Q) g g�1

1 251� 4 1 239� 10 1 201� 9
5 310� 7 5 290� 9 5 212� 8
10 313� 6 10 305� 7 10 230� 8
30 337� 9 30 327� 5 30 238� 7
60 340� 6 60 330� 4 60 235� 6
180 347� 8 180 341� 7 180 248� 10
300 357� 4 300 348� 8 300 255� 5
480 371� 10 480 350� 8 480 350� 9

	Polymerizations were carried out at the AM/IA ratio of 99:1, 0.2% mole of N-MBA, 0.3% mole of APS, 1.2% mole of TEMED, mica
contents at 5 and 15% wt, 508C, and 30min. Each result was an average of three repeats with one standard deviation.
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the rigidity of the polymer chains resulting from a larger number
of the crosslink density of the nanocomposites. The absorption
rate sharply increased in the beginning, and the equilibrium
absorbency could be achieved in 60min for all of the polymers.
Therefore, it is logical to carry out water AUL for 1 hr based on the
extent of water absorbency and a few hours used as personal care
products.
AUL measures the ability of a polymer to absorb fluid under a

static load, and can be considered as a measurement of gel
stability or gel strength. A high value of AUL correlates to a high
gel strength. The water AUL (0.28 and 0.7 psi) of the poly(AM-co-
IA)/mica nanocomposites in Fig. 9 was drastically reduced
compared to those without a load, as depicted in Fig. 8. The
heavier load at 0.7 psi yields a significantly lower absorbency at all
levels of mica inclusion tested (0–15% w/w), presumably a larger
compressive load restricts the flexibility and mobility of the
polymer chains resulting in the lower water absorbency.
Interestingly, the water AUL increased with the increase in the
mica content, which is attributed to the fact that the mica
particles act as crosslink points in combination with the polymer
intercalation. When the mica levels are increased, the polymer

crosslink density and rigid structure are simultaneously
enhanced, thereby increasing the gel strength at the expense
of water absorption underweight loading. Consistent with this
notion, the results presented in Table 6 indicate that the gel
strength attained in the nanocomposites of other AM/IA ratios
also tend to increase with the mica content as well.

Viscoelastic properties of poly(AM-co-IA)/mica
nanocomposites

The storage (G0) and loss (G00) moduli, as a function of frequency,
for the superabsorbents (AM/IA mole ratios of 99:1 and 97:3) at
various mica contents are summarized in Fig. 10. The experiments
were performed within the LVE region, as predetermined from
stress sweep experiments (data not shown here). All the
superabsorbents behaved as elastic networks where G0 was
approximately tenfolds larger than G00 at all studied frequencies.
An elastic network is endowed with the formation of chemical
crosslinking between the copolymers and N-MBA, and the
physical interaction of the copolymer chains and mica
particles.[55] The more distinct frequency-independent G0 was
observed in the system of 99:1 mole ratio of AM/IA, which means
that this gel system has a more stable network structure when
exposed to high frequencies. In contrast, the nanocomposites
with a 97:3 mole ratio of AM/IA showed obvious frequency-
dependent G0 and G00 due to the ability of the superabsorbent to
absorb high levels of water molecules. The frequency-dependent
G0 is characteristic of soft gels, which is sensitive to the applied
frequency, especially at high frequency. Since the G0 of all the
nanocomposites were weak if they were frequency-dependent at
the low frequency range, the equilibrium modulus (Ge),
corresponding to the effective crosslink density, was determined
from the value of G0 at 0.1 rad sec�1. Unfortunately, the
experiments for nanocomposites with AM/IA ratios of 96:4 and
95:5 could not be performed due to the soft gel formation, which
could not be used for the test.
Figure 11 shows the plots of equilibrium modulus and tan d of

the superabsorbents, extracted from the information in Fig. 10, as
a function of mica contents. Tan d is taken from the ratio of G00/G0

and a value of tan d< 1 means that the system is elastic. In
contrast, if tan d> 1, the system shows fluid-like behavior. The
increase in Ge (the equilibrium modulus) with an increase in mica

Figure 9. The effect of mica content on the absorbency under load

(AUL) of the 0.2% mole of N-MBA crosslinked poly(AM-co-IA)/mica nano-

composites at a AM/IA mole ratio of 99:1.

Table 6. Water absorption under load of the crosslinked poly(AM-co-IA) and its nanocomposites at various mica contents

Load (psi) Mica (% w/w)

Water absorbency under load (g g�1) at AM/IA mole ratio

99:1 98:2 97:3 96:4 95:5

0.28 0 8.9� 0.5 9.6� 1.05 10.5� 0.4 10.6� 0.1 10.4� 0.2
5 10.7� 1.1 9.7� 0.6 12.1� 0.5 10.6� 1.5 10.6� 0.1

10 12.7� 0.1 11.7� 0.4 12.4� 0.6 11.7� 1.7 9.5� 0.8
0.7 0 8.2� 0.6 7.2� 1.4 8.9� 1.3 9.2� 0.9 7.6� 1.3

5 8.3� 1.2 9.2� 0.1 10� 0.7 7.7� 0.4 8.1� 0.5
10 10.9� 0.4 8.7� 0.3 10.5� 0.4 9.3� 1.0 7.7� 0.5

Data are displayed as the mean� 1 SD and are derived from three independent repeats at the N-MBA content of 0.2%mole based on
the monomer concentration.
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content of both superabsorbent systems indicates an increase in
the additional crosslinking density acquired from the formation
of network structures between the copolymer chains and the
mica particles. Typically, the increase in Ge due to an increase in
network density results in a decrease in water absorbency (Q), as
seen in composites with a 99:1 mole ratio of AM/IA (Fig. 11 inset).
However, for composites containing 3% mole IA, although the
network density increases (corresponding to an increase in Ge), Q
increases as well up to 5% w/w mica addition. This strange
behavior might be due to the alteration in the osmotic pressure
exerted in the superabsorbent particles from the presence of
counterions of the added mica; the more the counterion

concentration within the superabsorbent increases then so does
the osmotic pressure. Therefore, the ionic nature of mica
predominates its crosslinker effect and so the increase in
superabsorbent swelling is induced by increase in the mica
content.[55] Nevertheless, for both 1 and 3% mole composites, as
the mica content is further increased, the crosslinking effect
dominated.

Thermal properties of poly(AM-co-IA)/mica nanocomposites

For poly(AM-co-IA)/mica nanocomposites, the thermal stability of
mica and composite residues at 8008C are both increased with
increase in the mica content in comparison with the poly(AM-co-
IA) without mica. The TGA results are shown in Fig. 12a–c. The
increase in the thermal stability can be attributed to the high
thermal stability of mica and to the interaction between the mica
particles and the polymer matrix.[46] Moreover, the thermal
stability of the composites is enhanced with increase in the mica
contents from 5 to 15% w/w, which provides additional evidence
of mica dispersion within the polymer matrix. Under mild stirring
for a certain mixing time, the mica powder could be well
dispersed and stabilized in the monomer solution. Mica acts as a
heat barrier, thus delaying the diffusion of volatile thermo-
oxidation products into gas, which results in the enhanced
thermal stability of the system.[54] The amount of mica retained in
the composites are in the range of 79–80%, regardless of themica
content added, as determined by the furnace test, which
suggests that most of the mica was intercalated into the polymer
network or was grafted, and a smaller amount (approximately
20% w/w) was dispersed in the suspension during the
preparation of the superabsorbent polymer and was not used
in the reactions and was removed during the process. Based on
the above characterized properties of absorbency, viscoelastic,
and thermal stability properties, we conclude that the gas
permeability properties of the composites should not be affected
in comparison with the neat polymer.

Figure 11. Equilibrium modulus (Ge) and tand (at 0.1 rad sec�1 where

the Ge was taken) of the superabsorbent copolymers and the nanocom-

posite copolymer hydrogels prepared fromAM/IA ratio of 99:1, 97:3 and at
various mica contents. An inset is a plot of water absorption (Q) vs. mica

content redrawn for a discussion.

Figure 10. Angular frequency dependence of G0 and G00 at the constant
strain (1% strain) for the synthesized poly(AM-co-IA)/mica nanocompo-
sites at the AM/IA ratio of 99:1 and 97:3, 0.2% mole of N-MBA, and at

various mica contents.

Polym. Adv. Technol. 2011, 22 635–647 Copyright � 2009 John Wiley & Sons, Ltd. View this article online at wileyonlinelibrary.com

SUPERABSORBENT POLYMER AM/IA AND ITS NANOCOMPOSITE

6
4
5



CONCLUSIONS

Crosslinked poly(AM-co-IA) copolymers and poly(AM-co-IA)/mica
nanocomposites were successfully prepared in solution by redox
polymerization. The FTIR characterization of the poly(AM-co-IA)/
mica nanocomposites also gave the characteristic absorption
peaks of –COO� from the carboxylic acid group in the IAmoiety at
1665–1664 cm�1 and the absorption peaks of Si–OH group in
mica at 1016–1011 cm�1 and 473–471 cm�1. Increasing the IA
concentration in the copolymer resulted in enhanced water
absorbency of the superabsorbent polymers or polymer

composites. By dispersing mica prior to polymerization, the
swollen gel strength was increased as verified by the AUL and
viscoelastic behavior. The TEM and XRD analyses of the
composites indicated that the interlayer spacings of mica were
enlarged, suggesting that the intercalation was successfully
achieved. The addition of small (up to 5% w/w) mica content
increased water absorption of the nanocomposites containing IA
molecules at 3%mole andhigher, butwater absorption decreased
with further increase in the mica content. The artificial urine
absorption was found to decrease slightly with increase in the
content of mica in the nanocomposites. However, at the AM/IA
mole ratio of 95:5 with 2% w/w of mica, the water absorbency in
the ARU of the superabsorbent nanocomposite reached its
maximumat approximately 80 g g�1. Thermal gravimetric analysis
showed enhanced physical properties evidenced from the
increased thermal stability with increasing mica content. Increase
in the crosslinker concentration decreased the water absorbency
of the nanocomposites. The residual amounts of AMmonomer in
the polymer and a high mica amount incorporated indicates that
the solution polymerization is an acceptable synthesis route to
prepare the superabsorbent polymer and superabsorbent
polymer nanocomposite.
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Gel strength and swelling of acrylamide-protic
acid superabsorbent copolymers

Nispa Seetapana, Jiraporn Wongsawaengb and Suda Kiatkamjornwongb*

The viscoelastic and swelling properties of polyacrylamide-based superabsorbent copolymers were investigated as a
function of the ionic comonomer structure. Superabsorbent copolymers were synthesized by free-radical crosslinking
copolymerization of acrylamide and one of the monoprotic acids (acrylic acid and crotonic acid) or the diprotic acids
(maleic acid and itaconic acid) as the investigated ionic comonomer. The reaction composition of all components, i.e.
monomer, comonomer, initiator, co-initiator, and crosslinker, was fixed to be the same for the synthesis of all four
superabsorbent copolymer systems. Viscoelastic measurements were performed in all systems where the particles
were closely packed. The network structures of all systems were evaluated via viscoelastic and swelling measure-
ments. The results indicated that superabsorbent polymers (SAPs) with high water absorbency were accompanied by
low gel strength and the calculated high value of molecular weight between crosslinks (Mc) and low value of effective
crosslinking density (ne). Diprotic acid-containing SAPs showed higher water absorbency over monoprotic acid-
containing and non-ionic ones. The differences inMc and ne values of each system were explained with respect to the
differences in the monomer reactivity ratio and hydrophilicity of the comonomers. Copyright � 2010 John Wiley &
Sons, Ltd.

Keywords: superabsorbent polymers; swelling; viscoelastic; molecular weight between crosslinks; crosslinking density

INTRODUCTION

Superabsorbent polymers (SAPs) are polymers that can absorb
and retain water, saline solutions, or physiological fluids up to
thousands times their dry weight. These properties correspond to
the three-dimensional hydrophilic network structure of the
polymers. They have received considerable attention not only in
the fields of personal care products, biosorbent, biomaterials,[1]

but also for agricultural soil,[2] wastewater treatment,[3–7] and
other applications where water absorbency or water retention is
important. Besides their hydrophilic nature, SAPs containing an
ionic moiety have enhanced water absorbency compared to
non-ionic ones.[8] Several ionic vinyl monomers, i.e. acrylic acid,
itaconic acid, and so forth, have been selected to copolymerize
with a non-ionic hydrophilic monomer like acrylamide to prepare
SAPs with high degree of swelling.[6,7,9,10] Besides, one of the
desired characteristics of SAPs is the optimum gel strength
suitable for many applications. Both the desired properties (high
swelling capacity and optimum gel strength) are in correlation
with the network structure within the SAPs, which can be
expressed as the average molecular weight between crosslinks
(Mc) and the effective crosslinking density (ne). The degree of
crosslinking, the type and degree of ionic comonomer
incorporated can be used to control the network structure,
and thus the degree of swelling of SAPs.
Unlike the extensive determination of swelling behavior, few

studies on the characterization of swollen gel strength of SAPs have
been reported; for instance, Ramazani-Harandi et al.[11] recently
determined the swollen gel strength of the commercial acrylic-
based SAP polymer via rheological characterization based on
non-destructive oscillatory measurements. Oscillatory measure-
ment is typically used to measure viscoelastic properties of

material.[12,13] Basically, thematerial is exposed to a small amplitude
oscillatory stress (or strain), which is smaller than the critical value;
the resulting strain (or stress) and phase lag between the input
stress and the output strain are measured. This type of deformation
can provide information on elastic energy storage and viscous
energy dissipation, quantitatively represented as storage modulus
(G0) and loss modulus (G00), respectively. G0 is proportional to the
extent of the elastic component and G00 is rational to the extent of
the viscous component of the system. The strength of materials is
measured by the magnitude of tan d (the ratio G00/G0), where d is a
phase angle.
In this study, the gel strength and equilibriumwater absorption

capacity of acrylamide-based SAPs were examined through
viscoelastic and swelling measurements, respectively. Four
representative mono- and di-protic acids comonomers, namely,
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acrylic, crotonic, maleic, and itaconic acids, having different
hydrophilicity and monomer reactivity ratios toward the growing
radicals, were selected to copolymerize with acrylamide. For
comparison, acrylamide-based SAPs having four ionic comono-
mers were synthesized. All SAPs were synthesized via free-radical
crosslinking polymerization. The reaction components, i.e.
monomer, comonomer, initiator, co-initiator, and crosslinker,
were fixed to be the same for all copolymeric systems. The
network structure of each system was calculated via the
equilibrium elastic modulus, obtained from the viscoelastic
measurement using the polymer network theory. Likewise, the
determination of the network structure in the prepared SAPs was
performed using swelling data. Based on the monomer reactivity
ratio and the hydrophilicity of comonomers, the obtainedMc and
ve were correlated to the network structure, swelling behavior,
and the measured gel strength of the SAPs.

EXPERIMENTAL

Materials

Acrylamide monomer (AM, 99% (w w�1) purity) received from
Siam Chemical Industry, Samutprakarn, Thailand, was used as a
monomer. Acrylic acid (AA, Fluka, Buchs, Switzerland), crotonic
acid (CA, Fluka, Buchs, Switzerland), maleic acid (MA, Merck,
Darmstadts, Germany), and itaconic acid (IA, Merck, Darmstadts,
Germany), were used as received. The chemical structures of the
acrylamide monomer and comonomers are shown in Fig. 1.
Ammonium persulfate (APS, Merck, Darmstadts, Germany),
N,N,N0,N0-tetramethylethylenediamine (TEMED, Fluka, Buchs,
Switzerland), and methylenebisacrylamide (MBA, Fluka, Buchs,
Switzerland) were used as the initiator, coinitiator, and crosslinker,
respectively. Glacial acetic acid (CH3COOH, BDH, Poole, England),
phosphoric acid (H3PO4, 85% (w w�1), Ajax, Sevenhills, Australia),
boric acid (H3BO3, Merck, Darmstadts, Germany), and standar-
dized sodium hydroxide (NaOH, Ajax, Sevenhills, Australia) were
used to prepare 0.1M Britton–Robinson buffers with pH values of
the buffer adjusted to between 2 and 9 as desired by the addition
of the appropriate amount of 0.2M NaOH.[14] Deionized water
(Elga Deionizer, Model LA611, Buckinghamshire, UK) was used for
all solutions.

Preparation of polyacrylamide and acrylamide
superabsorbent copolymers

SAPs were prepared by free-radical crosslinking polymerization.
The concentrations of APS (initiator), TEMED (co-initiator), and
MBA (crosslinker) were selected at 1.0, 2.0, and 1.0% by weight of

the monomers, respectively. For the synthesis of copolymers, the
molar ratio of acrylamide: anionic comonomer was fixed at 96:4.
The reaction compositions for all (co)polymer synthesis are
summarized in Table 1. Briefly, a mixture containing AM,
comonomer, MBA, APS, and 100 cm3 of deionized water was
placed in a 500-cm3 four-necked round-bottomed flask equipped
with a mechanical stirrer (IKA Euro-ST B, Germany), a condenser,
and an inlet tube of nitrogen gas. The reaction flask was
immersed in a controlled thermostat water bath (Mammert,
Swabach, Germany) and heated to 458C with stirring at 250 rpm
for 5min. Then, TEMED was added to the mixture and
polymerization was allowed to proceed for 30min to ensure a
complete polymerization.[7] The obtained product was dried at
608C for 24 hr, milled, and then sieved through a 100-mesh sieve
aluminum screen to obtain a dry irregular-shape powder with
particle sizes <150mm. To extract the uncrosslinked polymer
and/or residual monomers from the gel particles, 1 g of the dry
SAPs was then stirred in 300 cm3 of distilled water at room
temperature for 24 hr. The mixture was then separated to obtain
the washed SAP and an aqueous extract. The washed SAP was
dehydrated in methanol, dried at 608C for 24 hr, ground, and then
sieved via a 100-mesh sieve aluminum screen. To detect the
unreacted comonomers, the aqueous extract was titrated with
0.05M NaOH to a phenolphthalein end point. The existence of
the synthesized superabsorbent copolymers was confirmed by
Raman spectroscopy (Perkin Elmer, Spectrum GX, Massachusetts,
USA).

Swelling measurements

The swelling measurements of the superabsorbent copolymer
particles were performed at room temperature. Deionized water
and Britton–Robinson buffers at a pH ranging from 2 to 9, all with
an ionic strength of 0.1M, were employed as swelling media. The
obtained 0.1 g of dry particles were allowed to swell in the
200 cm3 deionized water for 24 hr to ensure the equilibrium (or
maximum) swelling of the superabsorbent copolymers (based on
our kinetic study of swelling). Subsequently, the fully swollen
particles were separated from the unabsorbed medium by
filtering through a 100-mesh sieve aluminum screen for 2 hr.
Pieces of soft paper towel were used to absorb the unabsorbed
water at the bottom of the screen until the swollen gel did not
flow when the screen was held vertically. The swollen gel particle
was then weighed and the water absorbency at equilibrium (Qe,
g g�1) was calculated by

Qe ¼ mass of fully swollen particle�mass of dry particle

mass of dry particle

¼ qw � 1 (1)

where qw is the equilibrium weight swelling ratio of the
superabsorbent copolymer particles.
The equilibrium volume swelling ratio (qv ) was then

determined by eqn (2):

qv ¼ 1þ Qe

rpolymer

rwater

� �
(2)

where rpolymer and rwater are densities of the dry SAP particles and
water, respectively.

Figure 1. Chemical structures of acrylamide monomer and comono-

mers employed in the polymerization.
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Swelling measurements were done in triplicate to obtain the
average value of the water absorbency at equilibrium swelling.

Density measurements

The density of polyacrylamide superabsorbent and their
copolymers was determined by the Ultrapycnometer 1000
(Quantachrome, Boynton Beach, Florida, USA), involving Archi-
medes’ principle of fluid displacement and Boyle’s law to
determine the sample volume. The displacing material is helium
gas, which can penetrate pores within samples. The experiment
was performed by purging helium gas into the SAP samples at
238C. The density was reported as an average value from five
measurements, with the standard deviation (not shown here)
being less than 0.002 g cm�3 for all samples.

Viscoelastic measurements

The viscoelastic experiments of the fully swollen SAP particles
were carried out in a stress-controlled Gemini HRnano rheometer
(Malvern Instruments Ltd., Worcestershire, UK), and equipped
with a solvent-trap and moisture controlling systems to prevent
water evaporation during measurements. The operating
temperature was 258C, which was controlled by a peltier plate.
The experiments were performed using acrylic parallel plate
geometry (40mm diameter, 1mm gap). Firstly, a linear
viscoelastic (LVE) region, where G0 and G00 are independent of
the stress amplitude, was determined by performing a dynamic
stress sweep from 0.1–100 Pa at a fixed frequency of 1 Hz.
Subsequent dynamic frequency sweep experiments were carried
out within the evaluated LVE range.
The swollen SAP particles, after removing the unabsorbed

water by filtering through the 100-mesh screen for 2 hr, were
removed from the screen and placed on the measuring acrylic
parallel plate of the rheometer. After loading the samples, they
were allowed to relax for 10min before carrying out each
measurement in order to eliminate shear history from the
sample loading. After the stress sweep experiment, a new
swollen sample was loaded to perform the frequency sweep
experiment at a fixed stress in the pre-determined LVE range.
Three repetitions of viscoelastic measurements were per-
formed for each sample and the obtained values of moduli
were checked for reproducibility.

RESULTS AND DISCUSSION

Synthesis of acrylamide-based superabsorbent copolymers

The synthesized superabsorbent copolymers along with their
functional groups were confirmed via Raman spectrometry
(whose spectra are not shown here). The strong peak of the
carboxylate group at 1648–1651 cm�1 for all SAPs, attributed to
the C––O stretching, corresponds to a conformational change
during the crosslinking reaction. The peaks at 3330, 3200, 2920,
and 1320 cm�1 represent N–H, O–H, C–H, and C–N stretching,
respectively. The results indicate that all SAP samples are
acrylamide-based copolymers. Based on the titration experiment
of the extracted solution, the end point detection was very low.
Thus, onemay conclude that acrylamide and anionic comonomer
were essentially completely consumed in the crosslinking
copolymerization.

Swelling experiments

Swelling in deionized water

As summarized in Table 2, the equilibrium water absorbency (Qe)
of each of the crosslinked ionic copolymers in deionized water
was larger than that of crosslinked PAM, most likely as a result of
the ionic (carboxylic acid) pendants in the copolymer structure to
increase osmotic pressure inside the gel. The superabsorbent
copolymers containing diprotic acid moieties, P(AM/MA) and

Table 2. Equilibrium water absorbency (Qe), equilibrium
volume swelling ratio (qv), and equilibrium elastic modulus
(Ge) of the superabsorbent polymers swollen in deionized
water

Superabsorbent
polymers Qe (g g

�1) qv Ge (Pa)

PAM 33� 1 46� 2 1,020� 20
P(AM/AA) 131� 7 174� 10 480� 15
P(AM/CA) 44� 2 59� 4 870� 20
P(AM/MA) 160� 4 210� 6 330� 15
P(AM/IA) 294� 6 393� 9 200� 15

The data were obtained from three replicates.

Table 1. Feeding composition of monomers, crosslinker, initiator, coinitiator, and watera for the synthesized superabsorbent
polymers

Superabsorbent polymers

Monomers

Crosslinker Initiator Co-initiator
AM (g) Comonomer (g) MBA (g) APS (g) TEMED (g)

PAM 7.1080 — 0.0711 0.0711 0.1085
P(AM/AA) 6.8238 0.2838 0.0713 0.0714 0.1395
P(AM/CA) 6.8237 0.3446 0.0718 0.0717 0.1395
P(AM/MA) 6.8238 0.4644 0.0730 0.0729 0.1473
P(AM/IA) 6.8238 0.5204 0.0730 0.0735 0.1473

a Deionized water of 100 cm3 was used for each SAP.
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P(AM/IA), absorbed more water than the monoprotic acid-
containing superabsorbent copolymers, P(AM/AA) and P(AM/CA).
The possible reason is that more resultant density of ionic groups
present in the copolymer network derived from the diprotic acid
comonomers leads to an increase in electrostatic repulsive forces
between charged sites on the carboxylate anions upon their
complete dissociation and thus leads to a more extended
configuration.[9] The result also showed that although the P(AM/
CA)-SAPs contain monoprotic acid in the network structure, the
water absorbency was insignificantly different from that of
the non-ionic PAM-SAPs. We postulate that the reason might be
attributed to the huge difference in the reactivity ratio between
AM and CA, and the relatively low hydrophilicity of CA (to be
discussed below).

Swelling in Britton–Robinson buffer at various pHs

Figure 2 summarizes the data showing the pH dependence of the
equilibrium water absorbency of PAM and the four copolymeric
SAPs in Britton–Robinson buffers with pH values from 2 to 9 and a
fixed ionic strength of 0.1M. The water absorbency of pure PAM
was not influenced by the pH of the swelling medium, as
expected due to its non-ionic hydrophilic nature. In contrast, the

swelling behavior of three of the four anionic SAPs, P(AM/AA),
P(AM/MA), and P(AM/IA), increased with increase in the pH of the
swelling medium, due to their polyelectrolyte nature. However,
the swelling behavior of the P(AM/CA)-SAPs merely responded to
the variation in the pH of medium. This result is consistent with
those of Çaykara et al.,[15] who reported that there was very little
effect of pH on the swelling behavior of crosslinked P(AM/CA)
synthesized at a 95.3:4.7 molar ratio of AM:CA, which is very
similar to the 96:4 ratio used here. However, as the content of CA
in the copolymer was increased, so the pH-dependent swelling
behavior of the copolymer was apparently increased, and they
concluded that the equilibrium volume swelling depended
greatly on the mole fraction of ionizable carboxylic acid groups in
the network.[15] We postulate that other reasons for the fairly
pH-sensitive swelling of P(AM/CA) (96:4 molar ratio) might be
attributed to the significant difference of the reactivity ratio
between AM and CA, and the hydrophobicity of CA (to be
discussed below).
Swelling of an ionic network is expected to significantly

increase with a higher content of the ionic moiety within its
structure. Anionic copolymeric SAPs are ionizable because of the
presence of charged carboxylic acid groups. Each of the two
monoprotic acids tested has a single dissociation constant with a

Figure 2. The effect of pH on the equilibrium water absorbency (Qe) of SAPs: PAM, P(AM/AA), P(AM/CA), P(AM/MA), and P(AM/IA).
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pKa of 4.25 and 4.69 for AA and CA, respectively, whilst the two
diprotic acids have two dissociation constants, i.e. a pKa1 of 1.83
and 3.85, and a pKa2 of 6.07 and 5.45 for MA and IA,
respectively.[14] Theoretically, as the pH is increased there should
be a sudden increase in the gel swelling as the pH nears the pKa
of the monoprotic acid containing SAPs, with a two-step swelling
pattern for diprotic acid containing SAPs corresponding to their
respective pKa1 and pKa2. Of course, experimentally, these may be
less sharp due to local environments changing some of the
effective pKa values within the copolymer and, if the two
dissociation constants are relatively close, their overlapping
(merging) would lead to a single broad swelling of the network at
around these pH values, as was reported for crosslinked
poly[(N-vinyl-2-pyrrolidone)-co-(itaconic acid)].[16]

In this study (Fig. 2), an increase in the buffer pH resulted in an
increase in the equilibrium water absorbency. At a low pH,
ionization of the ionic groups in the SAPs is suppressed by Hþ

ions in the swellingmedium and so flexibility of the chain is rather
low. As the pH is increased, the ionic units dissociate and attract
cations into the SAPs to replace Hþ ions. The concentration of
mobile ions inside the SAPs is, therefore, enhanced, which causes
an increase in the ion swelling pressure. As a consequence, the
equilibrium water absorbency increases. Such a trend is clearly
seen for P(AM/AA)- and P(AM/IA)-SAPs, the latter showing the
expected partial mergence of the pKa1 and pKa2 responses, whilst
allowing for the fact that the pKa1 of IA is below the pH range
tested, the expected trend for gel swelling around the pKa2 range
was also noted for P(AM-IA). However, no such a trend was easily
discernable for P(AM-CA)-SAPs (Fig. 2)

Viscoelastic experiments

Viscoelastic studies of our swollen SAP particles in deionized
water were determined by means of the rheological method. Our
investigated swollen particles consist completely of a system of
closely packed gel particles. Their viscoelastic behaviors could be
explained by interparticle interactions. The strength of such
interactions, therefore, determined viscoelastic properties of the
systems. Firstly, stress sweep experiments were performed to
determine the LVE regime, where G0 and G00 are independent of
the stress amplitude, as shown in Fig. 3(a). The storage modulus
was always larger than the loss modulus at the LVE regime.
The extent of LVE range extended differently in each sample
as observed from the deviation of the value of both moduli
from linearity as the applied stress increased. The maximum
stress up to which G0 remains constant is called the critical stress
(sc) which indicates a transition between linear and nonlinear
regimes. The critical stress can be taken as the dynamic yield
stress value. This means that below the critical stress the
system behaves like an elastic solid. At the external applied stress
beyond sc, the internal network structure started to break
down and subsequently material flowed like a liquid. The
result showed that the LVE range and the critical stress increased
in sequence of P(AM/IA)< P(AM/MA)< P(AM/AA)< P(AM/CA)<
PAM. The wide LVE region and large sc indicated that the system
had good ability to resist external stresses to a greater extent.
Furthermore, the values of tan d are plotted in Fig. 3(b). Tan d is the
ratio of G00/G0, where d is a phase angle. If the value of tan d is
larger than 1 (G00>G0), the system behaves like a liquid; whereas,
if the value of tan d is smaller than 1 (G00<G0), the system shows
solid-like (gel or network) behavior. Therefore, the strength of the
interaction or internal structure is basically measured by the

magnitude of tan d. The smaller the tan d is, the stronger the
interaction becomes. The results indicated that the strength of
SAP particles inversely correlated to the water absorption
capability. As a comparison to other systems, PAM and P(AM/
CA) SAPs had indifferent ability to hold water and could absorb a
small amount of water; thus, the larger G0 and the smaller tan d
were found in both the systems. On the contrary, P(AM/IA) SAP
had ability to absorb the largest amount of water, and thus, it
possessed the lowest gel strength.
It is interesting to note that for all the systems, except P(AM/IA),

above the critical stress where a destruction of the gel particles
occurred, a maximum in G00 was observed at a stress level close to
where the viscoelastic response became primarily dissipative
(tan d� 1) and subsequently dropped at the larger applied stress.
This behavior was very similar to a characteristic of nonlinearity,
observed in the behavior of close-packed colloidal disper-
sions.[17–19] A slightly gradual drop in G0 whereas G00 began to
increase and reflected the onset of nonlinear, yielding when the
stress approached a critical value where the particles were forced

Figure 3. Viscoelastic properties of the SAPs swollen in deionized water,

(a). storage (G0) and loss (G00) moduli, and (b). tan d as a function of stress.
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to exchange positions with their neighbors, and hence the
material could more effectively dissipate energy. At a larger stress
where a progressive drop in G0 was observed in association with a
decrease in G00 after passing through a maximum, indicating the
onset of plastic flow region.
Unlike the others, the SAP of P(AM/IA) did not show a

maximum in G00 when the applied stress was increased. However,
it behaved somewhat like a linear polymer solution. This was
likely from the ability to absorb a large amount of water in P(AM/
IA). As a result, when the applied stress approached the critical
stress, the swollen particles, which were comparatively very soft,
did not have enough strength to hop over the neighboring
particles; therefore, the system flowed instead, which was
consistent to the decreases in both moduli beyond the LVE
region.
Figure 4 summarizes the observed storage (G0) and loss (G00)

moduli as a function of frequency for all the swollen SAP particles.
The experiments were performed within the LVE region, as
determined from stress sweep experiments. The viscoelastic
behavior was dominated by an elastic character where G0 was
10-fold larger than G00 at all frequencies studied (0.01–10Hz).
Additionally, no significant frequency-dependent changes in G0

were observed for SAPs of PAM, P(AM/CA), P(AM/AA), and P(AM/
MA), whereas a slightly frequency-sensitive G0 was observed for
the P(AM/IA)-SAPs over the whole range of tested frequencies.
Systems containing a higher level of small molecules (water
molecules in this case) can dissipate more energy and thus, at a
high frequency (corresponding to a short time scale), an increase
in G00 is expected for a system absorbing a large amount of water
such as P(AM/IA) SAPs. The flatness of G0 over an appreciable
decade of frequencies indicates a characteristic of a gel
system.[12] Since G0 of all the systems at a low frequency range
was not distinctly frequency-dependent, the equilibrium
modulus (Ge), shown in Table 2, was determined from G0 at
0.01 Hz. Table 2 indicates that Qe was found to be inversely
correlated with Ge. A higher amount of water molecules inside the
SAPs causes a higher mobility of the network chains and so leads
to a lower strength of the system as observed from a lower Ge and
larger tan d.

Determination of Mc from viscoelastic and swelling
experiments

Viscoelastic behavior of particle dispersions is influenced by
particle size, particle dispersity, volume fraction occupied by
particles, and the gel strength of particles. Our investigated
dried SAP particles with classified particle size were allowed to
swell into an equilibrium stage. Each system had different
ability to absorb water depending on the type of ionic
comonomer, degree of crosslinking density within the particles,
and the balanced osmotic pressure of the system. Therefore,
the swollen particle size of each system was unequal. However,
all systems were characterized in the close-packed region,
where all of the spaces were occupied by the swollen particles.
The swollen particles contacted one another; as a result, the
elastic response dominated over the dissipative energy. Within
this region, the magnitude of storage modulus and the strength
of the system were strongly influenced by the degree of
crosslinking within the particles. Crosslinking density is related
to the average molecular weight between crosslinks (Mc), which
can be determined via viscoelastic measurements. The theory
of polymer networks predicts the equilibrium elastic modulus
(Ge) for polymer gels obtained by the crosslinking polymeri-
zation as given in

Ge ¼ 1� 2

f

� �
r2

Mc

� �
RTn2r

2=3n2m
1=3 (3)

where f is the number for branches originating from a
crosslinking site (f¼ 4 for tetrafunctional networks), r2 is the
polymer network density, R is the gas constant, and T is
the temperature.[20] The factor (1� 2/f) is introduced for
systems in a highly swollen state such as hydrogel (Phantom
networks). The value of Ge is reported in Table 2. The n2m is the
volume fraction of polymer network, which can be calculated
by

n2m ¼ 1

qv
(4)

The n2r is the volume fraction of the network after the
polymerization, which can be identified as shown in eqn (5):

n2r ¼ coVr (5)

where co is the initial concentration of monomers (mol cm�3).[21]

Vr is the average molar volume of polymer repeating units, and
can be calculated as shown in eqn (6):

Vr ¼ Mr=r2 (6)

where Mr is the molecular weight of the repeating unit in the
copolymers,[21] and is determined from eqn (7):

Mr ¼ Mn 1� f ið Þ þMi fið Þ½ 
 (7)

where Mn is molecular weight of a neutral unit (acrylamide
monomer), and Mi is the molecular weight of an ionic unit
(comonomer) in the system, fi is a mol fraction of the ionic unit
in the system ( fi¼ 0.04). Table 3 contains parameters essential
for calculating Mc, according to eqn (3). The determined values
of Mc (from eqn (3)) obtained from viscoelastic measurement
are listed in Table 4. The result indicated that SAPs with higher
swelling capability exhibited lower gel strength as a result of
the larger Mc.

Figure 4. Storage (G0) and loss (G00) moduli as a function of frequency for

SAP particles swollen in deionized water.
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We attempted to determine Mc of all prepared SAPs from the
equilibrium degrees of swelling. The average molecular weight
between crosslinks for non-ionic phantom networks is expressed
as shown in

Mc ¼ �
1� 2

f

� �
V1r2n2r

2=3n2m
1=3

ln 1� n2mð Þ þ n2m þ xn22m½ 
 (8)

where V1 is the molar volume of the swelling agent, and x is the
Flory polymer–solvent interaction parameter.[22] Therefore, as
also shown in Table 4, the Mc swelling values of PAM super-
absorbents were calculated according to eqn (8) using the
literature reported x values.[23–25] It has to be noted that a small
difference in the reported x values gives a very large difference in
the calculatedMc . Mahmudi et al.[26] suggested that the values of
Mc and crosslink density can be correctly determined from
swelling experiments if the x parameter is reliably accepted or
experimentally evaluated.
The swelling behavior of non-ionic network is thermodyna-

mically dominated by contributions from the chemical
potentials of mixing and elasticity. Upon swelling in an
aqueous solvent, the diffusion of water into the network is
driven by forces generated from the difference between the
chemical potential of water inside and outside of the network
until the equilibrium swelling is reached. This elastic
contribution prevents the network from becoming completely
dissolved. If networks contain ionizable groups within polymer
chains, an additional force from the ionic contribution
influences the swelling, where an increase in swelling is
expected due to charge localization within the ionic
network.[27,28] Therefore, the equation to determine Mc of
monoprotic acid-containing networks synthesized by the

simultaneous polymerization and crosslinking reaction of the
monomers was derived, as shown in eqn (9):

Ka
10�pH þ Ka

� 	2V1f 2i
4IV

2
r

� n�22mInð1� n2mÞ � n�12m

¼ xþ
1� 2

f

� �
V1r2n

2=3
2r n

�5=3
2m

Mc

(9)

where Ka is the dissociation constant of monoprotic acid, I is the
ionic strength of the swelling medium, and fi is the weight
fraction of ionizable polymer in the gel system.15

In case of diprotic-acid containing networks, the equation was
proposed by Çaykara et al.[29] as given in

2Ka1Ka2 þ 10�pHKa1

2 10�pHð Þ2þ10�pHKa1 þ Ka1Ka2

h i
2
4

3
5
2

V1f
2
i

4IV
2

r

� n�22m ln 1� n2mð Þ � n�12m

¼ xþ
1� 2

f

� �
V1r2n2r

2=3n2m
�5=3

Mc

(10)

where Ka1 and Ka2 are the first and second dissociation constants
of diprotic acid, respectively.
Therefore, data obtained from swelling experiments as a

function of the pH (Fig. 2) were used to evaluateMc using eqns (9)
and (10) for mono- and di- protic acid-containing copolymeric
SAPs, respectively. The equations also provided the x parameter
of each system. If one defines the left-hand side, and the
coefficient of 1/Mc on the right-hand side of eqns (9) and (10)
to be constant values of A and B, respectively, as described in

Table 4. Network parameters of the superabsorbent particles

Superabsorbent polymers Mc viscoelastic (gmol�1) Mc swelling (gmol�1) xswelling Mc stoi (gmol�1)

PAM 65,000� 1,800 37,000	, 76,000		 0.480	, 0.494		 7,726
P(AM/AA) 87,000� 3,800 51,200� 2,800 0.491� 0.001 7,730
P(AM/CA) 70,000� 2,300 8,750� 150 0.401� 0.004 7,625
P(AM/MA) 120,000� 7,700 3,6450� 50 0.477� 0.003 7,753
P(AM/IA) 163,000� 17,000 184,000� 3,400 0.503� 0.001 7,650

	 Literature reported x values[23,24].
		 Literature reported x values[25].

Table 3. Density and essential parameters used to determine network parameters

Superabsorbent polymers r2 (g cm
�3) Mr (gmol�1) Vr (cm

3mol�1) co (mol cm�3) n2r

PAM 1.3669 71.08 52.00 0.001 0.0519
P(AM/AA) 1.3174 71.12 53.98 0.001 0.0537
P(AM/CA) 1.3369 71.68 54.41 0.001 0.0543
P(AM/MA) 1.3116 72.88 55.57 0.001 0.0555
P(AM/IA) 1.3321 73.44 55.13 0.001 0.0550
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eqn (11), the plot of A against B correspondingly gives x and Mc

as the intercept and inverse slope via a linear regression analysis.

A ¼ xþ B


Mc (11)

In this study, the related experimental parameters used with
eqns (9) and (10) are the ionic strength of the swelling medium
(I¼ 1� 10�4mol cm�3), the molar volume of the swelling
medium (water) (V1¼ 18 cm3mol�1), and the others as shown
in Table 3.
The plots of eqn (11) for each copolymeric SAPs are shown in

Fig. 5. The determined Mc and x values of the SAPs from their
swelling behavior are listed in Table 4.
On the other hand, if one assumes that all MBA crosslinkers

were involved in the formation of effective crosslinks in the
network, the stoichiometric molecular weight between cross-
links, Mc (stoi.), can be then calculated by

McðstoiÞ ¼ Mr=2X (12)

where X is crosslinking ratio (the mol ratio of crosslinker to
monomers).10

Table 4 shows that the experimentally calculated Mc values
from bothmeasurements of all SAP particles are higher than their
respective stoichiometrically calculated values. This difference is
attributed to the fact that a significant portion of the divinyl
crosslinker (MBA) may not be employed in the crosslinking
copolymerization. It is well known that gelation during free-
radical crosslinking copolymerization occurs non-randomly,
probably due to the cyclization and the multiple crosslinking
reactions at pendant vinyl groups of MBA.[30,31] In addition,
several researchers have reported that a high degree of monomer
dilution during SAPs preparation and a higher crosslinker

reactivity are predominantly accountable for these cyclizations
and multiple crosslinking reactions, which lead to a hetero-
geneous crosslinking distribution in the system.[32,33] The
inhomogeneously crosslinking density distribution, known as
the spatial gel inhomogeneity, is disadvantageous because it
drastically reduces the optical clarity and strength of gels.[34]

Since the spatial gel inhomogeneity results in local concentration
fluctuations in gels, scattering methods, such as small angle X-ray
scattering,[35,36] small angle neutron scattering,[37] and light
scattering,[38,39] have been employed to investigate such
inhomogeneity. Scattering theories of inhomogeneous gel have
been proposed.[40–42] A more comprehensive theory has been
recently constructed by Panyukov and Rabin[43,44] for a randomly
crosslinked neutral polymer gels. Subsequently, the scattering
theory was extended by Rabin and Panyukov[45] to describe
weakly charged polymer gels.
The experimentally determined values of Mc were used to

calculate the effective crosslinking densities (ne) from the ratio of
r2/Mc , which are shown in Fig. 6 along with the values of Qe for all
copolymeric SAPs. Although the absolute values of ne from both
techniques were not in good agreement with each other, the
same tendency was observed; that is, the effective crosslinking
density decreased as the equilibrium water absorbency
increased. It is interesting to note that large difference in both
of the determined ne values was observed in SAPs containing
crotonic acid as a comonomer.

Interpretation of the calculated network parameters from
the reactivity ratio and structure of the ionic comonomers

The prepared copolymeric SAPs exhibited different degrees of
crosslinking density, responding to the discrepancy in water
absorbency and gel strength, although the content of MBA

Figure 5. Determination of x and Mc values from the equilibrium swelling behaviors of copolymeric SAPs: P(AM/AA), P(AM/CA), P(AM/MA), and P(AM/
IA). See the text for an explanation of A and B.
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crosslinker was equal in all preparations. Therefore, the type of
ionic comonomer present in the SAP particles strongly influenced
their network structure, which was discussed via the reactivity
ratio and the structure of the employed ionic comonomers.

Acrylamide-based copolymer containing monoprotic acid
monomer

Poly[acrylamide-co-(crotonic acid)]. In radical copolymerization,
the monomer reactivity ratios (r) of a pair of monomers generally
determine the distribution of each composition along the
copolymer chain. It involves the reactivity of a monomer toward a
radical.[46] For P(AM/CA), rAM is 4.72–5.32 and rCA is 0.11–0.12.[47]

Due to its very low reactivity ratio, CA does not homopolymerize
efficiently under these conditions. In a crosslinking copolymer-
ization, the reactivity of the crosslinking agent MBA must also be
considered, i.e. rAM and rMBA are 0.64 and 1.77, respectively.

[33] The
MBA has a high tendency to homopolymerize unless steric effects
prevent its self-polymerization. Therefore, AM preferentially
reacts with MBA to form a PAM crosslinked polymer. However,
as mentioned previously, a high amount of MBA in the
crosslinking reaction was used for cyclization and multiple
crosslinking reactions.[30] In view of the extent of monomer
reactivity and the relative concentration of all the components in
the reaction, one may state that AM was crosslinked by MBA
when the polymerization reaction was initially started but that as
the AM and MBA were locally depleted, then CA was increasingly
subsequently reacted to the growing radicals to yield an SAP with
the CA moieties at the chain ends.[7] Thus, the obtained SAP
might be in the form of the crosslinked AM/MBA at the center
with peripherally-distributed CA chains. This is consistent with
the observed poor swelling of the P(AM/CA)-SAPs and the large
magnitude of Ge similar to that of PAM superabsorbents.

The low reactivity ratio of CA is due to the steric hindrance of
the methyl group adjacent to vinyl group and the induction or
resonance effects. The methyl group is an electron donating
group which increases the electron density on the vinyl group
and may facilitate its bonding to a cationic species. At the same

time, the carboxylate anion in the carboxylic acid at the a carbon
tends to ionize and delocalize between the carbon and oxygen
atoms, facilitating the attack of an anionic species by decreasing
the electron density on the carbon–carbon double bond. Due to
the balance between the electron donating and withdrawing
effects, CA could be effectively neutral and, without stringent
requirements for the attacking of the p-bond, stabilization of the
propagating radical species can take place.[7,46] Thus, in this
scenario the effect of steric hindrance is the dominant effect for
radical chain polymerization, which limits the amount of CA
distributed within the copolymer network, and the water
absorption is restricted. Moreover, the hydrophobic nature of
CA could limit the level of water absorption of the copolymer.

Poly[acrylamide-co-(acrylic acid)]. In comparison to P(AM/CA), a
higher amount of AA incorporated within the copolymer network
of P(AM/AA) is expected due to the higher reactivity ratio of AA
than that of CA (rAM is 1.08–1.34 and rAA is 0.29–0.34).[7,47] The
higher amount of incorporated hydrophilic moieties will then
create greater water absorption to P(AM/AA). Due to the high
reactivity ratio of MBA, MBA will tend to incorporate into the
polymer chain and can crosslink both AM and AA. This leads to a
higher density of ionic components within the copolymer, and
then the growing chains presume amore extended conformation
resulting in the larger Mc and, thus, the smaller ne.

Acrylamide-based copolymer containing diprotic acid monomer

Poly[acrylamide-co-(maleic acid)]. The reactivity ratios of the AM
and MA pair have not been reported in the literature. However, as
a result of its 1, 2-disubstituted vinyl structure, MA has low
tendency to copolymerize. Yet, it is still much greater than its
reactivity toward homopolymerization to such an extent that MA
does not homopolymerize,[48] and the 1, 2-disubstituted vinyl
monomer structure decreases its reactivity toward growing
radicals due to steric hindrance.[46] However, in the presence of a
monomer with a high polymerization tendency, such as AM, MA
is randomly incorporated along the copolymer backbone,[49]

which may account for the lower observed Qe and the larger ne
when compared to those seen with the P(AM/IA)-SAPs.

Poly[acrylamide-co-(itaconic acid)]. The IA contains a methylene
group, connected to one carboxylic group, at the b carbon,
whereas MA has nomethylene group (Fig. 1). The presence of the
methylene group renders a high reactivity ratio of IA, i.e. the rAM is
0.48–0.88 and rIA is 1.24–1.65.[47] Due to its significantly higher
reactivity ratio over AM, IA has a larger tendency to incorporate
into the growing polymer chains. As a result, IA might be incor-
porated as a block in the copolymer backbone. The presence of a
higher density of negative charges from the carboxylic groups
along the backbone can cause the growing chains to extend
more than the system of P(AM/MA) due to the higher
electrostatic repulsion. The more extended conformation
normally lowers the tendency of growing radicals to cyclize,
and to form crosslinked andmultiple crosslinked branches during
free-radical crosslinking copolymerization. Thus, a relatively low
value of ne was obtained.
Besides, Table 4 also shows the values of x parameter

determined via swelling experiments. The result shows that the
obtained x values of P(AM/AA)-, P(AM/MA)-, and P(AM/IA)-SAPs
were close to that of crosslinked PAM (reported to be 0.48[23,24]

Figure 6. Effective crosslinking density (ne) and equilibriumwater absor-
bency (Qe) of polyacrylamide-SAPs containing various types of ionic

comonomer.
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and 0.494[25]); whereas the x value of P(AM/CA)- SAPs was lower
(0.401� 0.004). Note that x is also used to analyze the
polymer–solvent miscibility, where lower x values represent a
greater miscibility between the polymer and solvent. Flory stated
that if x< 0.5, then the polymer and solvent are completely
miscible.[27] The x values of P(AM/AA)-, P(AM/MA)-, and P(AM/
IA)-SAPs were close to 0.5, which may suggest that those
copolymers are likely to be miscible with their swelling medium,
but cannot dissolve due to the presence of the crosslinked
junctions. However, the still lower x value of the P(AM/CA)-SAPs,
which is less than 0.5, was neither matched by a complete
dissolution of the SAPs in the swelling medium, nor a better
miscibility with the medium over the other SAPs. Rather, it might
result from the indifferent ability to absorb water at the various
pHs of the SAPs. As shown in Fig. 2, the observed water
absorbency of the P(AM/CA)-SAPs was somewhat
pH-independent (over the pH range from 2 to 9), despite the
presence of ionic groups from CA (pKa¼ 4.69). The increase in
water absorption of the P(AM/CA)-SAPs over that of PAM-SAPs is
rather more likely to be due to the increase in hydrogen bonding
between the carboxylic groups and water molecules at pH<pKa.
Since most CA may be located at the end of the crosslinked
copolymer chains, or may be present as dangling chains, due to
its very low reactivity (as discussed previously), the dissociation of
its ionic groups (carboxylic groups) at pHs above its pKa will not
radically influence the swelling of the network. That is, the
inclusion of CA at a 4% molar ratio did not effectively change the
osmotic pressure exerted by the counterions in the network. In
contrast, the addition of the other three ionic comonomers at the
same molar ratio rapidly increased the water absorption of the
systems (at pH>pKa) as a consequence of the increased osmotic
pressure due to the concentration difference between the
counterions inside and outside of the SAPs. Therefore, the
application of eqn (9), which includes the ionic contribution on
swelling into the chemical potential of the system and the
inclusion of ionic moieties into the system, to calculate x and Mc

is not suitable for our P(AM/CA)-SAPs, which may result in the low
value of x and the large magnitude of ve determined from the
swelling experiments.
As a result, this study suggested that to enhance the water

swelling capacity of the SAPs, an ionic comonomer is typically
included in the polymerization system. However, a loss of the
SAPs mechanical properties might be observed as a trade-off
consequence. Experimental data from our findings reveal that if
one needs to synthesize SAPs with good swelling andmechanical
properties, it is essential to carefully consider the structure and
hydrophilicity of the selected ionic comonomer since these
parameters determine the distribution of the ionic comonomer in
the SAPs system which controls the final desired properties, such
as high swelling capacity, fast swelling rate, and sufficient gel
strength for a particular application.

CONCLUSION

Four types of acrylamide-based SAPs, derived from two
monoprotic acid monomers and two diprotic acid monomers,
were synthesized at a fixed molar ratio of acrylamide to anionic
comonomer of 96:4 under the same reaction conditions with
APS, MBA, and TEMED at 1, 1, and 2% (w w�1) of monomers,
respectively. The SAPs were allowed to freely swell into an
equilibrium state and the water absorbency was measured.

Viscoelastic behavior was determined in a system of closely
packed swollen superabsorbent particles. SAPs containing
diprotic acid predominantly influenced on the increased water
absorbency. An increase in swelling capability led to a decrease in
gel strength. Viscoelastic and swelling approaches in determining
the network structure parameters provided the similar tendency
in which the values of Mc and ne of the prepared SAPs decreased
with increase in the swelling capability. The postulations on these
observations were elucidated from the reactivity ratios and
hydrophilicity of the ionic comonomers.
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[15] T. Çaykara, U. Bozkaya, O. Kantoğlu, J. Polym. Sci. Part B: Polym. Phys.

2003, 41, 1656.
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a b s t r a c t

Acrylamide (AM) and 2-acrylamido-2-methylpropane sulfonic acid (AMPS-Hþ) or its sodium salt (AMPS-
Naþ) were copolymerised by free-radical crosslinking polymerization to obtain poly(AM-co-AMPS-Hþ)
and poly(AM-co-AMPS-Naþ) superabsorbent polymers (SAPs). A maximum water absorbency in deion-
ised water of 1200 g g�1 was achieved for poly(AM-co-AMPS-Naþ) at a 85% mol of AMPS-Naþ. The
inclusion of mica at 5e30% (w w�1) into the preparation of poly(AM-co-AMPS-Naþ) SAP leads to an
intercalated structure, as detected by XRD and TEM analyses. Poly(AM-co-AMPS-Naþ)/30% (w w�1) mica
SAP nanocomposite showed a tap water absorbency of 593 g g�1 with a better thermal stability,
compared to the pure SAP. Cone calorimetric analyses revealed that the wood specimens coated with the
prepared poly(AM-co-AMPS-Naþ) SAP or its 30% (w w�1) mica nanocomposite provided excellent
protection in delaying the ignition time after exposure to an open flame when compared to that observed
with the uncoated specimen. The maximum reduction in the peak heat release rate and the greatest
extension of time at peak heat release rate were observed with the nanocomposite-coated surface, but
the total heat release rate was increased. The delayed burning mechanism is brought by the intercalating
structure of mica in the SAP nanocomposites, which provided a better shielding effect against external
heat sources, and the capability of the SAP nanocomposite in holding a large amount of water.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Superabsorbent polymers (SAPs) are polymers that can absorb
and retain water, saline solutions or physiological fluids up to
several thousand times their dry weight. These properties corre-
spond to the three-dimensional hydrophilic network structure of
the polymers. Besides their hydrophilic nature, SAPs containing an
ionic moiety have an enhanced water absorbency compared to
non-ionic ones. This is due to the fact that the ionic groups in the
copolymer network lead to an increase in electrostatic repulsive
forces between charged sites along the copolymer chains and so
a more extended copolymer network [1,2]. Several ionic vinyl
monomers; i.e. acrylic acid, itaconic acid, and so forth, have been
selected to copolymerise with a non-ionic hydrophilic monomer,

like acrylamide (AM), to prepare SAPs with a high degree of
swelling [3e7]. The sodium salt form of the ionic monomer
2-acrylamido-2-methylpropane sulfonic acid (AMPS-Hþ), that is
AMPS-Naþ has been of great interest in the past few years since the
strongly ionisable sulfonate groups can totally dissociate in the
overall pH range [1,8e15], resulting in copolymeric hydrogels with
a pH-independent swelling behaviour. Based on their superior
water swellable characteristics, SAPs have been widely used not
only in the fields of personal care products, biosorbents and
biomaterials [16], but also for agricultural soil [17], wastewater
treatment [5,6,18e20] and other applications where water absor-
bency or water retention is important, including fire-fighting
applications [21e24]. In this last scenario water is typically used to
extinguish fires or to prevent combustible objects from burning by
reducing the temperature of the combustible material below the
burning temperature. However, when a fire is extinguished by
spraying water onto it, less than about 10% of the water is generally
effective in extinguishing the fire, due to the loss of the rest of the
water, such as by run-off or pre-evaporation of thewater away from
the material surface. Therefore, SAPs have been proposed as
a method to greatly improve the resistance to combustion of
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objects, or to prevent the penetration of extreme heat or fire to
combustible materials. To prevent the spreading of fire, a sufficient
amount of swollen SAP has to be sprayed onto the burnable objects
to continuously coat their surface when nearby the burning fire.
The mechanism of preventing the fire spreading is to cool the
surface of the object and to reduce the quantity of oxygen from the
surface of the burnable object to such a degree that the flame is
extinguished [22]. However, SAPs are organic materials which lose
their thermal stability when exposed to high temperatures. Typi-
cally, their structures are degraded to more than 50% of their
original weight at 400 �C. Therefore, for fire-fighting applications,
SAP nanocomposites with the inorganic fillers can be a promising
system due to the ability to absorb a high amount of water together
with the thermal stability provided by the added inorganic mate-
rials. Unlike the extensive studies on improving the fire-retardant
properties of thermoplastics, thermosets and elastomers [25e29],
the investigation of SAPs with enhanced thermal stability for fire-
fighting applications is now drawing much more interest than
before due to global warming and the need to preserve the envi-
ronment [30].

Therefore, in this study, SAPs of AM and an ionic comonomer
(AMPS-Hþ or AMPS-Naþ) with a high water swelling capacity
were synthesized using free-radical crosslinking polymerization.
AMPS-Naþ was selected as the ionic comonomer because of its
strongly ionisable sulfonate groups. For comparison, the free acid
form (AMPS-Hþ) was also employed to synthesize the network
copolymer in order to investigate if the form of the ionic
comonomer (either the salt or the acid) yielded SAPs with
a higher swelling capability in water. The quantities of ionic
comonomer, initiator, co-initiator and crosslinker, and the
amount of reaction medium (water) on the water absorbency of
the obtained poly(AM-co-AMPS-Naþ) and poly(AM-co-AMPS-Hþ)
SAPs were investigated. Furthermore, poly(AM-co-AMPS-Naþ)/
mica nanocomposites were prepared in order to attempt to form
SAP nanocomposites with an enhanced thermal stability, since
polymer nanocomposites with various types of clay, such as
attapulgite, kaolinite, mica, vermiculite and montmorillonite,
have been reported to contribute remarkably improved thermal
properties to the polymer matrix [31e34]. The range of mica
content introduced into the poly(AM-co-AMPS-Naþ) SAP matrix
was varied from 0 to 30% w w�1. The water absorbency capacity
in both deionised and tap waters, and the morphology and
thermal properties of the poly(AM-co-AMPS-Naþ)/mica SAP
nanocomposites were evaluated. Furthermore, the flammability
of the prepared poly(AM-co-AMPS-Naþ) SAP and its poly(AM-co-
AMPS-Naþ)/mica nanocomposite was examined using a cone
calorimeter by coating these different types of SAPs on the wood
specimen. All the data were then correlated to determine the
poly(AM-co-AMPS-Naþ)/mica SAP nanocomposite with the most
suitable properties for inhibiting the spreading of fire.

2. Experimental

2.1. Materials

Acrylamide (AM) was gifted from Siam Chemical Industry Co.,
Ltd. (Bangkok, Thailand). 2-acrylamido-2-methylpropane sulfonic
acid sodium salt (AMPS-Naþ) and 2-acrylamido-2-methylpropane
sulfonic acid (AMPS-Hþ) were purchased from Aldrich (Steinheim,
Germany). The chemical structures of the monomers are shown in
Fig. 1. N,N0-methylenebisacrylamide (N-MBA) and N,N,N0,N0-tetra-
methylethylenediamine (TEMED) were received from Fluka (Buchs,
Switzerland). Ammonium persulfate (APS) was from Ajax (Seven
Hills, Australia). Swelling mica (industrial grade) was from Wako
Pure Chemical Industries, Osaka, Japan. Deionised water (Elga

Deionizer, Model LA611, U.K.) was used for the synthesis and the
swelling experiment.

2.2. Preparation of poly(AM-co-AMPS-Hþ) and poly(AM-co-AMPS-
Naþ) SAPs and their mica-containing nanocomposites

Poly(AM-co-AMPS-Naþ) and poly(AM-co-AMPS-Hþ) SAPs were
prepared by free-radical crosslinking polymerization. The concen-
trations of APS (initiator), TEMED (co-initiator) and N-MBA
(crosslinker) were selected at 1.2, 1.2 and 0.2% mol of the mono-
mers, respectively. For the synthesis of copolymers, the molar ratio
of AM:ionic comonomer was varied from 98:2 to 15:85. AM was
dissolved in 20 cm3 of deionised water in a 1000-cm3 four-necked
round-bottomed reactor equipped with a mechanical stirrer,
a condenser and an inlet tube of nitrogen gas. The ionic comonomer
(AMPS-Naþ or AMPS-Hþ) was added, and themixturewas stirred at
room temperature for 5 min before being heated to 60 �C under
a nitrogen atmosphere. N-MBA and APS were sequentially dis-
solved in 5 ml of deionised water, added to the mixture and stirred
for 5 min. Finally, TEMED was added to the mixture and the reac-
tion proceeded for 30 min to ensure complete polymerization. The
product obtained was dewatered with acetone, dried, milled and
then sieved through a 100-mesh sieve aluminium screen.

The amount of water, crosslinker, co-initiator and initiator
present in the polymerization reaction was investigated in order to
obtain the SAP with maximum water absorbency. Poly(AM-co-
AMPS-Naþ)/mica SAP nanocomposites were prepared using the
same procedure as above but with the addition of themica (ranging
from 5 to 30% w w�1) into the aqueous solution of monomers prior
to the polymerization reaction.

2.3. Fourier Transform Infrared Spectroscopy (FT-IR)

The existence of the functional groups of the synthesized
copolymers and the mica nanocomposites was confirmed
by Fourier Transform Infrared Spectroscopy (FT-IR; System
2000, Perkin Elmer, U.S.A.). The dried sample and KBr powder
were mixed, ground, pressed, and then subjected to the FT-IR
spectrometry.

Fig. 1. Chemical structures of the monomers employed in polymerization: acrylamide
(AM), 2-acrylamido-2-methylpropane sulfonic acid (AMPS-Hþ) and 2-acrylamido-
2-methylpropane sulfonic acid sodium salt (AMPS-Naþ).
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2.4. Water absorbency

The water absorbencies of the poly(AM-co-AMPS-Naþ) and
poly(AM-co-AMPS-Hþ) SAPs and the poly(AM-co-AMPS-Naþ)/mica
SAP nanocomposites were evaluated out in deionised and tapwater
at room temperature. Each 0.1 g portion of dry SAP was allowed to
swell in 200 cm3 of deionised or tap water for 24 h. Subsequently,
the fully swollen SAPs were separated from the unabsorbed
medium by filtering through a 100-mesh sieve aluminium screen
for 2 h and then weighed. The water absorbency at equilibrium
(g g�1) was calculated by Equation (1):

Water absorbency ¼ weight of swollen gel�weight of dry gel
weight of dry gel

(1)

Swelling measurements were done in triplicate for each system
to obtain the average and standard deviation of the water absor-
bency at equilibrium swelling.

2.5. Transmission electron microscopy (TEM)

Morphologies of the poly(AM-co-AMPS-Naþ) SAP and its
respective mica-containing SAP nanocomposite were characterized
by transmission electron microscopy (TEM). The particles were
dispersed in ethyl alcohol and the mixture was then sonicated for
5 min. The diluted suspension was then dropped onto a 300-mesh
copper grid and left to dry in a controlled atmosphere. TEM
micrographs of the samples were then obtained from the trans-
mission electron microscopy (JOEL JEM-2100, Japan) at an accel-
eration voltage of 120 kV.

2.6. X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) measurements were performed using an
X-ray diffractometry (Bruker AXS Model D8 Discover, CuKa radia-
tion, 40 kV, 40 mA, with l ¼ 0.15406 nm and n ¼ 1) at a scanning
range from 1 to 15� and a scanning rate of 0.5�min�1. The interlayer
spacings (d) of mica and poly(AM-co-AMPS-Naþ)/mica SAP nano-
composites were calculated using Bragg’s equation (Equation (2)):

nl ¼ 2dsinq (2)

where d is the interplanar distance of the (001) reflection plane, q is
the diffraction angle and l is the wavelength.

2.7. Thermal stability analysis

The thermal properties of the poly(AM-co-AMPS-Naþ) SAP and
the poly(AM-co-AMPS-Naþ)/mica SAP nanocomposites were inves-
tigated using a thermogravimetric analyzer (TGA/SDTA 851e, Mettler
Toledo Corporation, Switzerland). The measurements were carried
out over a temperature range of 25e800 �C at a heating rate of
10 �C min�1 and with a nitrogen flow rate of 60 cm3 min�1. In
addition, TGA under a zero air atmosphere at a flow rate of
60 cm3 min�1 was examined as well.

2.8. Flammability test

Flammability analysis was evaluated using a cone calorimeter
(Fire Testing Technology Ltd., UK), according to ISO 5660, at an
incident heat flux (50 kWm�2) in an air atmosphere, and under the
free convective air flow condition. The SAPs were prepared in the
form of an oil-in-water emulsion by adopting the procedure of
Sortwell [35] as follows.

The dry poly(AM-co-AMPS-Naþ)SAPs and their respective
mica-containing SAP nanocomposites were dispersed at
40% w w�1 in a mixture of 50% w w�1 of palm oil and 10% w w�1

of a non-ionic surfactant blend (54% w w�1 of Tween 80 or pol-
yoxyethylenesorbitan monooleate/46% w w�1 of Span 80 or sor-
bitan (Z)-mono-9-octadecenoate), having a net hydrophilic/
lipophilic balance (HLB) value of 10. Then, a 5% v v�1 of the pol-
y(AM-co-AMPS-Naþ) SAP or poly(AM-co-AMPS-Naþ)/mica SAP
nanocomposite suspension in the oil was dispersed in tap water,
which resulted in the formation of a viscous slurry gel. This pol-
y(AM-co-AMPS-Naþ) SAP or poly(AM-co-AMPS-Naþ)/mica SAP
nanocomposite dispersion was then coated to give a 3-mm
thickness layer on a 100 � 100 � 3 mm3 wood (Apocynaceae,
Wrightia religiosa Benth.) board surface. The surfaces of the SAP-
and mica-containing SAP nanocomposite-coated wood specimens
were exposed directly to an open flame generated by a propane
gas jet. The distance between the bottom surface of the cone
heater and the specimen surface is adjusted to 25 mm. An
uncoated wood board (from the same batch of wood as those
coated) was used as the reference control. The time to ignition,
time to burn through the coatings, and the heat release rate were
recorded. The charred samples left from the experiments were
captured by a digital camera after the specimen self-extinguished.

3. Results and discussion

3.1. Preparation and characterization of poly(AM-co-AMPS-Hþ)
and poly(AM-co-AMPS-Naþ) SAPs

3.1.1. Effect of acid and salt forms of the AMPS ionic monomer on
the swelling behaviour in deionised water

Poly(AM-co-AMPS-Hþ) and poly(AM-co-AMPS-Naþ) SAPs were
synthesized by varying the molar ratios of AM:ionic comonomer
(AMPS-Hþ or AMPS-Naþ) from 98:2 to 15:85 with the concentra-
tion of APS, TEMED and N-MBA fixed at 1.2, 1.2 and 0.2% mol,
respectively. The presence of the functional groups of the SAPs was
evaluated via FT-IR spectra (Fig. 2). Both spectra show a broad
coupling peak of NeH and OeH stretching at around
3000e3500 cm�1, peaks of CeH stretching of CH and CH2 at around
2900e3000 cm�1, a sharp peak of C]O stretching of the amide I at
around 1663 cm�1 (Fig. 2(a)) and 1664 cm�1 (Fig. 2(b)) and a strong
peak of the NeH bending of amide II at 1552 cm�1 (Fig. 2(a)) and
1542 cm�1 (Fig. 2(b)). The relative weak peaks at 1450 cm�1

Fig. 2. Representative FT-IR spectra of the (a) poly(AM-co-AMPS-Hþ) and (b) poly(AM-
co-AMPS-Naþ) SAPs prepared from a 20:80% mol AM: ionic comonomer with 1.2% mol
of APS, 1.2% mol of TEMED and 0.2% mol of MBA.
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(Fig. 2(a)) and 1453 cm�1 (Fig. 2(b)) along with those at 1663 cm�1

and 1664 cm�1 are the symmetrical and asymmetrical C(]O)2
stretching. Importantly, the sharp and strong peaks of the S]O
stretching of AMPS-Hþ and AMPS-Naþ at 1037 cm�1 (Fig. 2(a)) [36]
and 1043 cm�1 (Fig. 2(b)) [1] were observed, respectively. Another
two strong and sharp peaks at 1176 cm�1 (Fig. 2(a)) and 1182 cm�1

(Fig. 2(b)) arose from the CeC(]O)eO stretching. A relatively board
and strong peak at 3338 cm�1 in Fig. 2(b) is for the NH or the OH
stretching of poly(AM-co-AMPS-Naþ) where that for poly(AM-co-
AMPS-Hþ) (Fig. 2(a)) becomes very board at 3215 cm�1 because the
OH group in the free acid superimposed the NH stretching of
acrylamide moiety. Therefore, the SAP samples synthesized are
poly(AM-co-AMPS-Hþ) and poly(AM-co-AMPS-Naþ).

The water absorbency of the poly(AM-co-AMPS-Naþ) SAP was
found to increase sharply just over four-fold (from 60 to 244 g g�1)
when the content of AMPS-Naþ in the SAP was increased from 2 to
10% mol (Fig. 3(a)). Beyond this content, the water absorbency
increased continuously but gradually until it reached 516 g g�1 at
60% mol of AMPS-Naþ. Further increases in the AMPS-Naþ content
abruptly enhanced the water absorbency to a maximum of
986 � 31 g g�1 at 85% mol of AMPS-Naþ. The increase in water
absorbency corresponded to the increase in the ionic group content
(sulfonate groups) in the prepared SAPs. At 90% mol AMPS-Naþ gel
formation could not be obtained but rather weak gel slurry was
achieved instead.

By adopting the proposed model from Buchholz and Burgert
[37], the mechanism of the swelling and water absorbency of the
poly(AM-co-AMPS-Naþ) SAPs can be postulated as follows. The SAP
consists of many hydrophilic polymer chains with sulfonate groups
and crosslinking points between the chains to prevent an infinite
swelling. The dissociated sodium sulfonate groups increase the
osmotic pressure inside the polymer, and the negative charges of
sulfonate groups repel each other to expand the polymer coils, but
are compensated for by the positive charges of the sodium salt to
prevent an infinite expansion. When the polymer is in contact with
water, water diffuses into the polymer network and solvates the
sodium ions and the negatively charged sulfonates. The driving
force for swelling is the difference between the osmotic pressure
inside and outside the polymer membrane.

The water absorbency of poly(AM-co-AMPS-Hþ) SAP (Fig. 3(b))
also increased constantly with the content of AMPS-Hþ up to
60%mol, but to a much less marked degree (1.81- to two-fold lower
over the 10e60% mol range) than that of the poly(AM-co-AMPS-
Naþ) SAP (Fig. 3(a)) at the same mol % content of ionic comonomer.

The higher water absorbency of poly(AM-co-AMPS-Naþ) can be
explained by three attributes: 1) the presence of the salt form
(AMPS-Naþ) yielded a higher difference in the ionic osmotic pres-
sures between the hydrogel and the swelling medium (water); 2)
the larger Naþ ions trapped in the SAP can induce the copolymer
chain between crosslinking points to presume a more extended
conformation; and 3) the strong acidity of AMPS-Hþ might induce
a chain scission reaction [38] in the copolymer, as observed from
the developed yellowish colour in the product attributed by the
increased in AMPS-Hþ content.

3.1.2. Effect of the initial degree of monomer dilution and the
crosslinker content on the swelling behaviour in deionised water
of poly(AM-co-AMPS-Naþ) SAP

In solution polymerization, the initial degree of dilution of the
monomers has been shown to strongly influence the obtained
hydrogel structure and properties [39e42]. As the water present in
the polymerization increases, the network structure becomes
increasingly loose. Since this is especially the case when using ionic
monomers, then SAPs were prepared with 85% mol of the AMPS-
Naþ ionic monomer rather than the AMPS-Hþ form, using both 10
and 40 ml of water reaction volume, and a crosslinker (N-MBA)
content of 0.05, 0.10 or 0.20% mol. The water absorbencies of the
poly(AM-co-AMPS-Naþ) SAPs obtained from these preparations are
reported in Table 1, where it was clear that increasing the N-MBA
content in the SAPs formed in a 10-ml reaction volume system led
to a significant decrease in the water absorbency (1.35- and 2.77-
fold as the N-MBA was increased from 0.05 to 0.1 and 0.2% mol,
respectively). This is likely to be due to the increase in the cross-
linking density that will then restrict the movement of the copol-
ymer chains and limit the swelling capability of the SAPs. When the
polymerization reaction was performed in 40 ml water, gel
formation could not be achieved at the two lower N-MBA
concentrations (0.05 and 0.10% mol) indicating that the continuous
network could not be formed with this amount of water in the
polymerization reaction [43].

3.1.3. Effect of the co-initiator and the initiator concentrations on
the swelling behaviour of poly(AM-co-AMPS-Naþ) SAPs in deionised
water

In a redox polymerization, an oxidant and a reductant pair is
generally used to generate one radical and a cation and anion pair
as the reaction by-product. The use of APS and TEMED is an
example of an oxidationereduction reaction to produce radicals
that can initiate polymerization. The APS oxidant needs to receive
an electron from a reductant to start the radical initiation reaction.

The effect of varying the TEMED content (0.6e1.8% mol) on the
water absorbency of the formed poly(AM-co-AMPS-Naþ) SAPs is
shown in Table 2. The water absorbency of the poly(AM-co-AMPS-
Naþ) SAPs increased as the co-initiator concentrationwas increased
up to 1.2% mol, with then no significant further increase in the

Fig. 3. Water absorbency of the (a) poly(AM-co-AMPS-Naþ) and (b) poly(AM-co-
AMPS-Hþ) SAPs as a function of the ionic comonomer contents (% mol). All SAPs were
prepared using 1.2% mol of APS, 1.2% mol of TEMED and 0.2% mol of MBA.

Table 1
Water absorbency of the poly(AM-co-AMPS-Naþ) SAPa as a function of the amount
of water present in the polymerization reaction and the amount of N-MBA
crosslinker.

Amount of water (ml) Amount of N-MBA (% mol) Water absorbency (g g�1)

10 0.05 1006 � 95
0.10 746 � 26
0.20 399 � 31

40 0.05 No gel formation
0.10 No gel formation
0.20 986 � 31

a AM: AMPS-Naþ of 15:85% mol, 1.2% mol of APS and 1.2% mol of TEMED.
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water absorbency as the TEMED concentration increased further to
1.8% mol. Since TEMED is the co-initiator or starter to induce the
decomposition of the APS initiator, then at low TEMED concen-
trations the concentration of activated TEMED molecules is not
enough to produce hydroxyl radicals. Thus, long polymer chains are
not produced, resulting in the low water absorbency. In contrast, at
high TEMED concentrations, short polymer chains were produced
which could recombine to create many long-chains polymers, thus
providing the high water absorbency. In addition, TEMED is
a strong base so it may hydrolyze or neutralize the sulfonate groups
to enhance water absorbency.

The effect of the APS initiator concentration on the water
absorbency of the resultant poly(AM-co-AMPS-Naþ) SAPs is shown
in Table 2, where increasing the APS concentration from 0.6% to 1.2
and 1.8% mol led to a significant decrease (1.23- and 1.52-fold) in
the equilibrium water absorbency. At a low APS concentration,
a few radicals were generated allowing the polymer chain to
propagate into long chains and so a large amount of water was
absorbed into the SAP. In contrast, at high APS concentrations too
many radicals were generated resulting in short polymer chains
being produced and so the poly(AM-co-AMPS-Naþ) SAP formed
cannot swell to such a large extent.

3.2. Preparation and characterization of poly(AM-co-AMPS-Naþ)/
mica SAP nanocomposite

3.2.1. Water absorbency measurement in deionised water and tap
water

The results from the previous section revealed the maximum
water absorbency in deionised water of 1212 g g�1 was attained
from SAPs synthesized from a 15:85%mol ratio of AM:AMPS-Naþ in
the presence of 10 ml of reaction medium (water), and with
0.6% mol of APS, 0.6%mol of TEMED and 0.05% mol of N-MBA. Thus,
poly(AM-co-AMPS-Naþ)/mica SAP nanocomposites were prepared
as above except with mica loadings from 0 to 30% ww�1 in order to
evaluate any enhanced thermal stability that was afforded by the
inclusion of mica into the prepared SAPs for the fire-retardant
applications whilst maintaining their high water absorbency. The
functional groups of the prepared nanocomposites investigated via
FT-IR spectra are shown in Fig. 4. A strong peak of SieO stretching at
972 cm�1 and a sharp peak of AleO stretching at 694 cm�1 were
evident in the pristine mica [44]. The spectra of the poly(AM-co-
AMPS-Naþ)/mica SAP nanocomposites show the overlapped broad
peak of NeH stretching and OeH stretching at 3418 cm�1 and
3307 cm�1, the strong peak of C]O stretching of amide I at
1641 cm�1 [45], the strong peak of the NeH bending of amide II at

1559 cm�1, the sharp peak of the S]O group of AMPS-Naþ at
1043 cm�1 [1], and a characteristic peak of the SieO stretching at
972 cm�1 that increases in peak area in relationship to the amount
of mica loaded in the synthesized nanocomposites. The results
indicated that the resulting products were the desired poly(AM-co-
AMPS-Naþ)/mica SAP nanocomposites.

The water absorbency capacities in deionised and tap waters
of the poly(AM-co-AMPS-Naþ)/mica SAP nanocomposites with
different mica loadings are shown in Fig. 5. In all cases the water
absorbency level in tap water was lower than that in the deionised
water, due to the presence of several major cations, such as Fe3þ

(7.2 ppm), Ca2þ (27.2 ppm) and Mg2þ (0.05 ppm), provided by
the Metropolitan Waterworks Authority. These cations cause
a decrease in the gel expansion because the repulsive forces of the
anionic groups along the polymer chains were shielded by the
bound ionic charges. Therefore, the difference in osmotic pressure
between the gel network and the external solution decreases as the
quantity of the cations in the swelling medium increases. Note,
however, that this difference between the swelling level in deion-
ised and tap water becomes less marked with the inclusion of
increasing mica levels in the poly(AM-co-AMPS-Naþ)/mica nano-
composite. In addition, the water absorbency decreased with
increasing mica content, showing a pronounced reduction in water
absorbency (1.46- and 1.12-fold in deionised and tap waters,

Table 2
Water absorbency of the poly(AM-co-AMPS-Naþ) SAPsa as a function of the amount
of reactants.

Amount of reactants (% mol) Water absorbency (g g�1)

N-MBA TEMED APS

0.10 0.6 1.2 580 � 13
0.9 573 � 12
1.2 746 � 26
1.8 738 � 23

0.05 0.6 1.2 981 � 8
0.9 983 � 21
1.2 1006 � 95
1.8 No gel formation

0.05 0.6 0.6 1212 � 54
1.2 981 � 8
1.8 797 � 85

a AM: AMPS-Naþ of 15:85% mol in 10 ml of water as the reaction medium.

Fig. 4. Representative FT-IR spectra of (a) pristine mica, and poly(AM-co-AMPS-Naþ)/
mica nanocomposites with mica contents of (b) 5%, (c) 10%, (d) 20% and (e) 30% w w�1.
All SAPs were prepared from a AM: ionic comonomer of 15:85% mol, 0.6% mol of APS,
0.6% mol of TEMED and 0.05% mol of MBA.
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respectively) when 5% (ww�1) of micawas added into the neat SAP.
Beyond this value, a steady but slight reduction in the water
swelling was observed with increasing mica levels. The presence of
mica in the poly(AM-co-AMPS-Naþ)/mica SAP nanocomposites acts
as a physical crosslink junction within the composite in which the
polymer chain intercalated within the layers of mica. Thus, the
water absorbency reduces proportionally to the content of mica
[34].

3.2.2. XRD and TEM analyses
The intercalated structures of the prepared poly(AM-co-AMPS-

Naþ)/mica SAP nanocomposites were investigated via XRD and
TEM analyses. XRD patterns provide useful information related to
the variation in the basal (001) d-spacing of the final nano-
composites and representative diffractograms are shown in Fig. 6.
The measured d001 of mica is 12.4 Å (2q ¼ 7.2�) and the mica
composites at 5,10, 20 and 30%ww�1 of mica have a d001 spacing at
13.9, 13.9, 13.7 and 13.1 Å, corresponding to the peaks of 2q at 6.4,
6.4, 6.5 and 6.6�, respectively. Thus, the in-situ intercalated nature
of the mica within the polymerised poly(AM-co-AMPS-Naþ)/mica

SAP nanocomposite is revealed. In addition, a slight increase in the
value of 2q was observed with increasing mica contents repre-
senting a decrease in the distance between the interlayers of mica.

TEM micrographs (Fig. 7) support the intercalated poly(AM-co-
AMPS-Naþ)/mica SAP nanocomposite structure obtained from the
XRD data. The dark cross lines indicate the parts of the polymer
intercalated into the interlayer spacing of mica. The thickness of the
cross lines is approximately 1 nm, corresponding to the typical
thickness of the clay layers, whereas the distance between the cross
lines are interlayer spaces and the grey bases are the polymer
matrix. These micrographs demonstrate that mica particles are
dispersed at the nanometer level in the SAP matrix. The interlayer
distance of mica in the nanocomposites obtained from the TEM
micrographs is approximately 13 Å, correlating well with the
interlayer spacing characterized by XRD analysis.

3.2.3. Thermal gravimetric analysis (TGA)
The thermal stability of the poly(AM-co-AMPS-Naþ)/mica SAP

nanocomposites and the pristine mica was evaluated using TGA
under a nitrogen atmosphere, with representative thermograms
shown in Fig. 8(a). Pure mica had a single degradation stage at
68e87 �C with a weight loss of 7.3%, which was the loss of the
moisture retained in the mica. Thermograms of poly(AM-co-AMPS-
Naþ)/mica SAP nanocomposites at mica loadings of 10, 20 and
30% w w�1 are similar to the thermal decomposition of poly(AM-
co-AMPS-Naþ) SAPs without mica in that the four similar stages of
decomposition are seen. The first stage of degradation takes place
in the range of 40e125 �C and corresponds to the absorbed and
bound water. The second sharp degradation stage, in the range of
307e329 �C, is ascribed to the amide side group of the AMPS-Naþ.
The third stage, in the range of 329e413 �C, is interpreted as the
amide side group of AM and the crosslinker. The final stage in
the range of 450e800 �C is assigned to the thermal degradation of
the backbone chain [32].

From these TGA thermograms, the temperature at which a 50%
weight loss occurs was found to increase from 380 to 415 �C as the
mica loading increased from 0 to 30% w w�1. The thermal stability
of the nanocomposites and the amount of residue at 800 �C
increased as the amount of mica present in the systems increased.
This improvement in the thermal stability of the nanocomposites
could be attributed to the pronounced thermal stability of mica and
to the interaction between the mica particles and the polymer
matrix [46]. By calculating the amount of residues left at 800 �C
from the thermograms, 70% by weight of the mica was retained in
the SAP nanocomposites regardless of the mica content loaded.
Thus, the remaining amount of mica (w30%) was not incorporated
into the SAPs and was removed during the precipitation process.

Prior to the flammability analysis, the thermal stability under air
of poly(AM-co-AMPS-Naþ) SAP and its 30% w w�1 mica-containing
nanocomposite was examined as a model system to represent the
thermal degradation of the materials exposed to a normal air atmo-
sphere. TGA analysis under an air atmosphere shows a significantly
increased temperature at which a 50% weight loss was attained
(340e480 �C as the mica level increases from 0 to 30% w w�1)
(Fig. 8(b)) and residual weight content of the char residue (36% in
comparison to the 20% weight of residue from poly(AM-co-AMPS-
Naþ)) at 800 �C. DTG thermograms (Fig. 8(c)) revealed similar
thermal decomposition stages for the poly(AM-co-AMPS-Naþ) SAP
and its mica-containing nanocomposite. The first stage of degrada-
tion is from the loss of absorbed and bound water at 90e100 �C. The
second stage, where the maximumweight loss rate was detected at
330 �C, corresponds to degradation of the amide side chain. The third
degradation stage occurs at 580 �C and corresponds to themain chain
pyrolysis. Therefore, these results confirm that mica inclusion led to
an improved thermal stability for the poly(AM-co-AMPS-Naþ)/mica

Fig. 5. Water absorbency of the poly(AM-co-AMPS-Naþ) SAP and poly(AM-co-AMPS-
Naþ)/mica SAP nanocomposites in (a) deionised water and (b) tap water as a function
of the mica loading levels. SAPs were prepared using 15:85% mol AM:AMPS-Naþ with
0.6% mol of APS, 0.6% mol of TEMED and 0.05% mol of MBA in 10 ml of water.

Fig. 6. Representative XRD patterns of poly(AM-co-AMPS-Naþ)/mica SAP nano-
composites as a function of the mica loadings for (a): 0%, (b): 5%, (c): 10%, (d): 20% and
(e): 30%. The inset shows the XRD pattern of pristine mica.
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Fig. 7. Representative TEM micrographs of poly(AM-co-AMPS-Naþ)/mica SAP nanocomposites with mica loading levels of 5, 10, 20 and 30% w w�1 for a,b,c and d, respectively.

Fig. 8. Representative TGA thermograms, obtained under a N2 atmosphere, of (a) poly(AM-co-AMPS-Naþ)/mica SAP nanocomposites at various mica loadings (0e30% w w�1),
shown in comparison with that for pristine mica; (b) TGA and (c) DTG thermograms, obtained under a zero air atmosphere, of poly(AM-co-AMPS-Naþ) SAPs and poly(AM-co-AMPS-
Naþ)/30% w w�1 mica SAP nanocomposites.
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SAP nanocomposites at all temperature ranges because themica acts
as a heat barrier to delay the diffusion of volatile thermo-oxidation
products to gas, and the escape of gas from the nanocomposite
[34,47].

3.2.4. Flammability analysis
Cone calorimetric analyses were investigated for the poly(AM-

co-AMPS-Naþ)/30% w w�1 mica SAP nanocomposite-coated wood
surface due to its superior thermal stability among the other pol-
y(AM-co-AMPS-Naþ)/mica SAP nanocomposites studied. Poly(AM-
co-AMPS-Naþ) SAP-coated wood and uncoated wood specimens
from the same wood batch were used as controls. The flammability
characterization was carried out at an incident heat flux of
50 kW m�2, in an air atmosphere with a flame temperature of
885 �C. After being exposed to the direct flame, the time to ignition
of each specimen was fast for the uncoated wood board (13 s), but
was about ten-fold longer for the poly(AM-co-AMPS-Naþ) SAP-
coated specimens, illustrating the excellent protection in delaying
the ignition time after exposing to an open flame (Table 3).

Moreover, the presence of 30% w w�1 mica significantly enhanced
the thermal barrier, retarded the diffusion of heat and slowed down
the burning, as observed from the longer time to ignition (1.49- and
14.31-fold longer than the mica-free SAP treated and untreated
wood, respectively) and the 21-fold longer time to burn the coated
gel (Table 3).

Heat release is defined as the heat generated due to various
chemical reactions when a material is exposed to fire, and provides
information on the size of the fire and hence the corresponding fire
hazard [26]. Materials with a low heat release rate gives less
damage to the surroundings than those with high heat release rate.
Thus, the heat release rate, particularly the peak value, is the
primary characteristic in determining the size, growth and
suppression requirements of a fire environment [48]. A 1.39-fold
reduced peak heat release rate per unit of burning surface (PHRR)
and a 2.83-fold prolonged time at the PHRR (tPHRR) were found in
the poly(AM-co-AMPS-Naþ) SAP-coated specimens compared to
the uncoated one (Table 3 and Fig. 9), which might be attributed by
the cooling effect of water trapped within the SAP particles and the
formation of chars covering on the surface of the coated specimens.
The inclusion of 30% w w�1 mica into the poly(AM-co-AMPS-Naþ)/
mica SAP nanocomposite slightly decreased further (1.04-fold) the
PHRR and markedly increased (1.35-fold) the tPHRR over that seen
with the mica-free poly(AM-co-AMPS-Naþ) SAP alone. This
enhanced slow burning process is brought by the formation of clay
barrier, which provided a better shielding effect against external
heat sources, as well as the capability of the SAP nanocomposite in
holding a large amount of water.

However, when considering the total heat release rate (THRR)
defined as a total heat at the end of burning. As mentioned in this
study, the combustion experiment was performed until flame was
self-extinguished. It was found that, for the uncoated specimen, the
observed THRR of 22 MJ m�2 was obtained from the combustion of
the wood itself. Flame eventually extinguished because the entire
wood specimen was completely burnt out. When comparing with
the uncoated wood surface, it is interesting to mention that THRR
values of the mica-free and mica-added poly(AM-co-AMPS-Naþ)
SAPs-coated specimens were found increased to 26 MJ m�2 and
25MJm�2, respectively. The explanation could be from the fact that
the neat SAP and the SAP/mica nanocomposite are both fuels which

Table 3
Cone calorimetric data for the uncoated, mica-free and 30% w w�1 mica-containing SAP-coated wood specimens.

Specimen Time to ignition (s) Time to burn the coated gela (s) Peak HRR (kW m�2) Time at peak HRR (s) Total HRR (MJ m�2)

Uncoated wood 13 � 2 e 309 79 22
SAP-coated wood 125 � 2 4 � 2 222 224 26
SAP/30% mica-coated wood 186 � 3 84 � 6 213 302 25

a Time to burn the coated gel was measured after sample ignition.

Fig. 9. Representative heat release rate per burning surface area of the uncoated, the
poly(AM-co-AMPS-Naþ) SAP-coated, and the poly(AM-co-AMPS-Naþ)/30% w w�1 mica
SAP nanocomposite-coated wood boards.

Fig. 10. Representative optical photographs of the charred specimens of (a) the uncoated wood, (b) poly(AM-co-AMPS-Naþ) SAP-coated wood and (c) poly(AM-co-AMPS-Naþ)/
30% w w�1 mica SAP nanocomposite-coated wood.

N. Limparyoon et al. / Polymer Degradation and Stability 96 (2011) 1054e1063 1061



finally combusted under heat, consecutively with the burnout of
wood to cause an increased THRR as compared to the uncoated
wood surface. This means that both coated specimens can only
delay the fire ignition, reduce PHRR and increase time at PHRR, but
do not reduce THRR. This observation has been previously observed
for polymer/clay nanocomposite where HRR is significantly
reduced in the nanocomposite, but THRR remains unaffected [49]
or increased [50].

Fig. 10 shows the char characteristics after the flame was self-
extinguished. The uncoated wood gave a dark grey char, whereas
the chars of the wood boards coated with the mica-free poly(AM-
co-AMPS-Naþ) SAPs are white and those coated with the poly(AM-
co-AMPS-Naþ)/30% w w�1 nanocomposite are black lump char.
Furthermore, the maximum reduction in PHRR and the greatest
extension of tPHRR were observed in the poly(AM-co-AMPS-Naþ)/
mica SAP nanocomposite-coated surface, possibly due to the
intercalating structure of the mica in the nanocomposite providing
a better barrier against external heat [51].

4. Conclusions

Poly(AM-co-AMPS-Naþ) and poly(AM-co-AMPS-Hþ) SAPs were
synthesized by free-radical crosslinking polymerization. The water
absorbency of poly(AM-co-AMPS-Hþ) was lower than that of pol-
y(AM-co-AMPS-Naþ), presumably because the strong acidity of the
AMPS-Hþmonomer resulted in a chain scission reaction in the SAP.
Poly(AM-co-AMPS-Naþ)/mica SAP nanocomposite at 30% w w�1

mica showed a tap water absorbency of 593 g g�1 and a better
thermal stability compared to the pure poly(AM-co-AMPS-Naþ)
SAP. The emulsions of the swollen poly(AM-co-AMPS-Naþ) SAP and
its 30% w w�1 mica-containing nanocomposite were made by
mixing with vegetable oil and surfactant, and subsequently were
coated on the wood specimens. Flammability analysis revealed that
both coated wood specimens showed an excellent reduction in the
peak heat release rate, and prolonged the time at peak heat release
rate. However, the total heat release rate was found increased. This
might be from the fact that poly(AM-co-AMPS-Naþ) SAP and its
mica nanocomposite are both fuels, which finally combusted under
heat.
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a b s t r a c t

Poly[acrylamide-co-(2-acrylamido-2-methylpropane sodium sulfonate)] superabsorbents and superab-
sorbent composites (SAPCs) with zinc borate and/or melamine as fire retardants were synthesized. Water
absorbencies decreased inversely to added amount of fire retardant. Thermal stability of SAPC/zinc
borate increases with increasing zinc borate. Incorporating melamine improved thermal stability of the
SAPC until 300 �C. Flammability analysis demonstrated that wood surface coated with SAP or SAPC
emulsions extended time to ignition of the wood. Peak heat release rate and total heat release are
smallest in specimens coated with SAPC/30% melamine. Wood coated with SAPC incorporating 20% zinc
borate/10% melamine mixture gave the longest time to ignition at 4½ min.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Superabsorbent polymers (SAPs) are lightly crosslinked hydro-
philic polymers that can absorb and retainwater, saline solutions, or
physiological fluids up to thousands times their dry weight. Several
ionic vinyl monomers have been copolymerized with a nonionic
hydrophilic monomer to prepare SAPs with high degree of swelling
[1e7]. Based on the superior water swellable characteristic, SAPs
have been widely used in the fields of personal care products [8],
agricultural soil [9], wastewater treatment [5,6,10e14], as well as in
fire-fighting application [15e17]. In the later case, water is typically
used to extinguish the fire or to prevent combustible objects from
burning by reducing the temperature of the combustible material
below the burning temperature. However, when a fire is extin-
guished by spraying water onto it, only a small amount of the total
water applied is generally effective in extinguishing the fire, due to
loss of most of the water, such as by run-off or evaporation of the
water. Therefore, SAPs have been proposed as a method to prolong
a combustible object from burning, or to prevent the penetration of

extreme heat or fire to a combustible material. To prevent the
spreading of fire, a sufficient amount of swollen SAPs have to be
sprayed onto an ignitable or burnable object so as to continuously
coat the surface of the object nearby the burning fire. Here, the
mechanism of preventing the fire spreading is to both cool the
surface of the object below the ignition temperature and to reduce
the quantity of oxygen at the surface of the burnable object to
a degree such that the flame is extinguished [16]. However, SAPs are
organic materials which lose their thermal stability when exposed
to high temperatures. Therefore, for fire-fighting applications, the
incorporation of a fire retardant into SAPs can offer thermal
protection from fire due to the ability to absorb high amount of
water together with the thermal stability provided by the added
inorganic materials. However, unlike the extensive studies on
improving fire-retardant property of thermoplastics, thermosets,
elastomer, and wood [18e22], the investigation of SAPs with
thermal stability and fire-retardant properties for fire-fighting
applications is rather limited [23,24]. Our previously published
results on flammability analysis using cone calorimetry technique
revealed that the wood specimens coated with SAP or SAP/mica
nanocomposite showed an excellent reduction in the peak heat
release rate, and extended the time at peak heat release rate, but did
not reduce the total heat release [24].

Among several characterized fire retardants, zinc borate has
been found to be an effective inorganic fire retardant that possesses
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key characteristic properties of flame retardants, such as smoke
suppression and promoting charring, and so on [25], that are
required by new fire standards. It has been postulated that the
mechanism of the zinc borate induced flame retardancy in poly-
meric materials involves the formation of a protective char layer at
surface of the materials, which then obstructs the access of oxygen
and subsequently prevents the oxidation of carbon [26]. As such,
zinc borate is commonly used as a multifunctional flame retardant
in combination with other halogenated or halogenated free flame
retardant systems to boost flame retardancy properties [27].
Melamine is another type of nitrogen-containing flame retardants
and has been used in thermoplastics [28,29]. The mechanism of
melamine’s fire retardancy has been reviewed and is proposed to
be due to the sublimation and vapor-phase dissociation, where it is
converted to non-volatile products and ammonia [30]. Therefore,
in this study, we have incorporated different loadings of zinc
borate and melamine into the synthesis of acrylamide (AM) and
2-acrylamido-2-methylpropane sodium sulfonate (AMPS-Naþ)
SAPs. These potential fire retardants of the obtained superabsor-
bent composites (SAPCs) were evaluated for their water absor-
bency, thermal stability and flammability. AMPS-Naþ was chosen
because its strongly ionizable sulfonate groups can provide SAPs
with a high water swelling capability. The novel fire retardant
incorporating SAPCs that showed the best tap-water swelling,
thermal stability and flammability might be appropriate for
inhibiting the spreading of fire.

2. Experimental

2.1. Materials

Acrylamide (AM) was gifted from Siam Chemical Industry
Co., Ltd. (Bangkok, Thailand). 2-acrylamido-2-methylpropane
sodium sulfonate (AMPS-Naþ) was purchased from Aldrich
(Steinhiem, Germany). N,N0-methylenebisacrylamide (MBA) and
N,N,N0,N0-tetramethylethylenediamine (TEMED) were received from
Fluka (Buchs, Switzerland). Ammonium persulfate (APS) was from
Ajax (Seven Hills, Australia). Zinc borate (2ZnO2B2O3$3H2O, Aldrich,
Steinhiem, Germany) and melamine (C3H6N6, Thai Mitsui Specialty
Chemicals Co., Ltd., Chachoengsao, Thailand) were employed as fire
retardants. Deionized water (Elga Deionizer, Model LA611, U.K.) was
used for the synthesis and the swelling experiment.

2.2. Preparation of AM-co-AMPS-Naþ SAPs

SAPs were synthesized by free-radical crosslinking polymerization
of AM and AMPS-Naþ at the molar ratio of 15:85, with 0.05% mol of
MBA (crosslinker). An equal concentration of APS (initiator) and
TEMED (co-initiator) was used at 1.2% bymol of themonomers. These
concentrations were selected as being found previously to yield the
SAP with the highest water absorbencies [24]. Firstly, AM was dis-
solved in deionized water in a 500-cm3 reactor equipped with
a mechanical stirrer, a condenser, and an inlet tube of nitrogen gas.
AMPS-Naþ was then added and the mixture was stirred at room
temperature for 5 min, before heating to 60 �C under nitrogen
atmosphere. Next, MBA and APS were sequentially added to the
mixture and stirred for 5 min. Finally, TEMED was added and the
polymerization was proceeded for 30 min to ensure complete poly-
merization. The obtainedproductwasdehydratedwith acetone, dried,
milled, and then sieved through a 100-mesh sieve aluminum screen.

SAPs/fire retardant composites were synthesized by incorporating
the desired amount of fire retardant into the polymerization mixture
before MBA, APS, and TEMED were added. In this study, zinc borate,
melamine, and their mixtures were chosen as fire retardant systems.

2.3. Fourier transform infrared spectroscopy (FT-IR)

The existence of the components of each SAP or SAPC was
evaluated by analysis of their respective functional groups by
Fourier Transform Infrared Spectroscopy (FTIR; System 2000, Per-
kin Elmer, U.S.A.). The dried sample and KBr powder were mixed,
ground, pressed, and then subjected to the FT-IR spectrometry.

2.4. Water absorbency measurement

Thewater absorbencyof the SAPand its derived SAPCs containing
zinc borate, melamine or both, was carried out at room temperature.
Each 0.1 g aliquot of dried SAP or SAPC product was allowed to swell
in 200 cm3 of deionized or tapwater for 24 h. Subsequently, the fully
swollen superabsorbents were separated from the unabsorbed
medium by filtering through a 100-mesh sieve aluminum screen for
2 h. The swollen superabsorbents were thenweighed and the water
absorbency at equilibrium (g g�1) was calculated by Eq. (1) and they
were performed in triplicate for each system:

Water absorbency ¼ weight of swollen gel � weight of dry gel
weight of dry gel

(1)

2.5. Thermal stability analysis

The SAP and its derived SAPCs were investigated for thermal
properties using a TGA/SDTA 851e (Mettler Toledo Corporation,
Switzerland). The measurements were carried out over a tempera-
ture range of 25e800 �C at a heating rate of 10 �C min�1 with
a nitrogen gas flow rate of 60 cm3 min�1.

2.6. Flammability test

Flammability analysis was evaluated using a cone calorimeter
(Fire Testing Technology Ltd., UK), according to ISO 5660, at an
incident heat flux (50 kWm�2) in an air atmosphere, and under the
free convective air flow condition. The SAPs were prepared in the
form of an oil-in-water dispersion as follows [31].

The dry SAPs or SAPCs (40%ww�1) were dispersed in amixture of
50% w w�1 of palm oil and 10% w w�1 of nonionic surfactant blends
containing 54% w w�1 of Tween 80 or poly(oxyethylenesorbitan
monooleate) having the HLB of 15 and 46% w w�1 of Span 80 or sor-
bitan (Z)-mono-9-octadecenoate having theHLB of 4.3 to give theHLB
value of the blend is 10. Each suspension (5% v v�1) in the oil-
surfactant mixture was then dispersed in tap water, to subsequently
obtain a viscous slurry gel that was used as an emulsion to coat
wood (Apocynaceae, Wrightia religiosa Benth.) board dimension
100�100� 3mmtoa surfacedepthof 3mm.The surfaceof thewood,
both uncoated and coated from the same batch, was subsequently
exposed directly to an open flame generated by a propane gas jet. The
uncoatedwood boardwas used as the relative control to compare the
effectiveness of the SAP and SAPC gels as fire retardants. The time to
ignition (tign), peak of heat release rate (PHRR), time to PHRR (tPHRR)
and total heat release (THR) were recorded. The charred samples left
after the flame extinguished were photographed by a digital camera.

3. Results and discussion

3.1. Synthesis of poly(AM-co-AMPS-Naþ)/fire retardant SAPCs

The IR spectra shown in Fig. 1(a)e(e) of zinc borate alone and
that after the nominal incorporation of 5, 10, 20, and 30% w w�1

into the SAPCs revealed that the zinc borate alone shows peaks as
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follows: 1406 cm�1 (s), nB(3)eO as; 1090 cm�1 (sh) and 798 cm�1

(sh), nB(4)eO [32]. For zinc borate SAPCs, the overlapping peaks of
nNeH and nOeH are found at 3418 cm�1 (b) and 3307 cm�1 (b),
respectively; the nC]O peak amide I at 1641 cm�1 (s) [33], the dNeH
peak of amide II at 1559 cm�1 (s) and the nS]O peak of AMPS-Naþ

at 1043 cm�1 (sh) [2]. The nB(4)eO peak at 1090 cm�1 was also
present and increased in relation to the amount of zinc borate in the
synthesized composites. However, when a nominal of 30% w w�1

loading of zinc borate was prepared, some zinc borate was seen to
precipitate and so separate from the obtained SAPC.

The FT-IR spectra of melamine and poly(AM-co-AMPS-Naþ)/
melamine SAPCs with melamine contents of 5, 10, 20, and
30% w w�1 in Fig. 2(a)e(e) show the characteristic peaks of mela-
mine as follows: 3468e3117 cm�1 (s), nNeH; 1647 cm�1(s), nC]N;
1535 cm�1 (sh), dNeH; 1433 cm�1 (sh), nCeN; w800 cm�1, dNeH (op)
[34]. Besides, the overlapping peak of nNeH and nOeH peaks are
found atw3500e3000 cm�1 (b), the dCeH at 1186 cm�1 (s), and the
nS]O peak of AMPS-Naþ at 1043 cm�1 (sh) [2]. The nNeH and dNeH
(op) peaks of melamine increased in relation to the amount of
melamine loaded in the SAPCs.

Mixtures of zinc borate andmelamine at 20:10, 15:15, and 10:20
by %wwere incorporated in the respective SAPCs. The FT-IR spectra
(Fig. 3(a)e(c)) of these prepared SAPCs showed the characteristic
peaks of both zinc borate and melamine at about 1090 cm�1 and
3468e3117 cm�1, respectively.

3.2. Swelling behavior of poly(AM-co-AMPS-Naþ)/fire
retardant SAPCs

Water absorbency in tap water of the SAP and zinc borate
containing SAPCs were always significantly lower than those in

deionized water (Fig. 4(a)), being about 1.65-fold lower for the SAP
and from 2.56- to 3.93-fold lower for the SAPCs (the difference
increases as the nominal zinc level increases). The same trend was
also seen for melamine containing SAPCs, but the difference
between the water absorbency in tap and deionized water was less
marked (Fig. 4(b)). The difference in water absorption is caused by
the presence of ions in the tap water, which was used here contains
Fe3þ (7.2 ppm), Ca2þ (27.2 ppm) and Mg2þ (0.05 ppm) as the
dominant ions. Themain reason is the shielding or screening effects
of the cations that reduce the osmotic pressure of SAPCs.
Comparing the effect of the ions on the SAPCs, one can see that the
zinc borate incorporated SAPCs were affected more than melamine
because the water absorption was reduced the most (Fig. 4(a) and
(b)). One possible cause is the negatively synergistic effect of Zn2þ

in the SAPC with the three main cations (Fe3þ, Ca2þ and Mg2þ). For
the SAPC incorporating melamine, the effect of the cation salts in
tap water on the water absorbency was not so strong due to the
lower polarity of melamine (Fig. 4(b)).

The equilibrium water absorbency of the mixed zinc borate and
melamine SAPCs synthesized with 30% w w�1

fire retardant in
Fig. 5 for the three zinc borate-to-melamine w w�1 ratios shows
that the zinc borate-to-melamine ratio at 20:10 (% w w�1) strongly
decreases the equilibrium water absorbency in deionized and tap
water by 1.76- and 1.50-fold respectively compared with poly(AM-
co-AMPS-Naþ) SAP (Fig. 4(b)). As the zinc borate-to-melamine
ratios (% w w�1) were decreased to 15:15 and 10:20, the equilib-
rium water absorbency in both tap and deionized water slightly

Fig. 1. Representative FT-IR spectra of (a) zinc borate, and poly(AM-co-AMPS-Naþ)/zinc
borate SAPCs with nominal zinc borate loadings of (b) 5%, (c) 10%, (d) 20% and (e) 30%
(w w�1).

Fig. 2. Representative FT-IR spectra of (a) melamine and poly(AM-co-AMPS-Naþ)/
melamine SAPCs with nominal melamine loadings of (b) 5%, (c) 10%, (d) 20% and (e)
30% (w w�1).
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increased (compared with zinc borate-to-melamine ratios of 20:10
(% w w�1)). This is because the polarity of the SAPCs increases with
increasing melamine contents.

3.3. Thermal analysis of poly(AM-co-AMPS-Naþ)/fire retardant
SAPCs

The thermal behaviors of poly(AM-co-AMPS-Naþ)/zinc borate
SAPCs were similar to that seen with poly(AM-co-AMPS-Naþ) SAP,
as revealed by TGA thermograph analyses shown in Fig. 6. Zinc
borate degraded via the dehydration of zinc borate crystals in the
range of 341e416 �C [35]. The first degradation stage (w100 �C) of
all SAPs and SAPCs takes place due to the loss of absorbed and
bound water. The second (313e328 �C) and third (325e433 �C)
stages of degradation are ascribed to the amide side group of the
AMPS-Naþ and AM, respectively [36], and the dehydration of zinc
borate crystal. The final decomposition stage (711e800 �C) is
assigned to the degradation of chain backbone and rearranged zinc
borate [35]. The results indicated the enhanced thermal stability at

all the tested temperatureswas detected as a function of zinc borate
loading because zinc borate rearranges its structure and so acts as
a heat barrier to delay the diffusion of volatile thermo-oxidation
products to gas, and gas to the composite [35].

Pure melamine shows two degradation stages (Fig. 7), the
generation of nitrogen volatile side groups in the first stage
(315e381 �C) and then, in the second stage (416e748 �C), the
decomposition of main chain and nitrogen volatiles from the first
stage [37]. In comparison, thermograms of the poly(AM-co-AMPS-
Naþ)/melamine SAPCs show a first degradation stage (w100 �C),
due to the loss of absorbed and bound water, whilst the second
stage (282e310 �C) is ascribed to the decomposition of the nitrogen
compounds from melamine. The third (313e346 �C) and fourth
(345e412 �C) stages are interpreted as the degradation of AMPS-
Naþ and AM, respectively, whilst the final decomposition stage
(742e800 �C) is assigned to the degradation of the backbone chain
(Fig. 7). Overall, the incorporation of melamine improved the
thermal stability of the SAPCs up to about 310 �C but thereafter
melamine started to show an almost complete decomposition at
higher temperature due to the loss of nitrogen compounds [38],
and was completely decomposed at about 750 �C. Therefore,
beyond w330 �C, the thermal stability of the melamine-based
SAPCs decreased with increasing melamine loadings.

The TGA thermograms of the SAPCs composed of poly(AM-co-
AMPS-Naþ) with either zinc borate or melamine incorporated to
make SAPCs, revealed that the incorporation of zinc borate appar-
ently promoted the thermal stability to the SAPCs over the studied
temperature range (0e800 �C) (Fig. 6), whilst melamine showed
a better thermal stability at temperatures only below 310 �C (Fig. 7).

Fig. 4. Water absorbency of (a) zinc borate, and (b) melamine incorporated SAPC in deionized water and tap water.

Fig. 3. Representative FT-IR spectra poly(AM-co-AMPS-Naþ)/zinc borate and mela-
mine SAPCs loaded with nominal zinc borate: melamine w w�1 ratios of (a) 20:10, (b)
15:15 and (c) 10:20.

Fig. 5. Effect of the zinc borate-to-melamine ratios on the equilibrium water absor-
bency in deionized water and tap water of poly(AM-co-AMPS-Naþ)/mixed zinc borate
and melamine SAPCs at zinc borate: melamine ratios of 20:10, 15:15 and 10:20% w w�1

of total monomers.
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The latter is because at higher temperatures most of the melamine
dissociated to the vapor phase [30] that can then dilute the content
of oxygen gas in the area of burning objects. Therefore, the addition
of both zinc borate andmelamine into SAPCs could potentially offer
a better thermal protection over the wide temperature from 0 to
800 �C and so was evaluated next. The TGA thermograms of the
mixed zinc borate and melamine SAPCs, at a zinc borate-to-
melamine addition ratios of 20:10, 15:15, and 10:20 (% w w�1) of
total monomers (Fig. 8) were similar to that seen for bothmelamine
SAPC (Fig. 7) and zinc borate SAPC (Fig. 6). At temperatures below
about 300 �C there was no different weight loss in thermal
decomposition profiles among all the composites with varying
melamine contents (Fig. 8). In addition, thermal stability was found
to increase with an increasing zinc borate ratio at temperatures
above 350 �C. Compared to the parental SAP, these derived SAPCs
show a better thermal stability at all evaluated temperatures
(0e800 �C).

3.4. Flammability analysis

Heat release is defined as the heat generated due to various
chemical reactions when a material is exposed to fire, and provides
information on the size of the fire and hence the corresponding fire
hazard [18]. Materials with a low heat release rate (HRR) gives less
damage to the surroundings than those with high HRR. Thus, the

HRR, and particularly the PHRR, is the primary characteristic in
determining the size, growth and suppression requirements of a fire
environment [39]. The THR is defined as a total heat release at the
end of burning. In this study, the combustion experiment was per-
formed until flame was self-extinguished. The HRR plots for the
uncoated and the coated wood specimens revealed that the tign was
fastest for the uncoatedwood board (13 s), but was about ten-fold to
twenty-fold longer for all the SAP- or SAPC-coated specimens
(Fig. 9), illustrating the excellent protection obtained in delaying the
flammability after exposure to an open flame (Table 1). For the
uncoated specimen, the observed THR of 22 MJ m�2 was obtained
from the combustion of the wood itself, where the flame eventually
extinguished because the entire wood specimen was completely

Fig. 7. Representative TGA thermograms of (a) melamine, (b) poly(AM-co-AMPS-Naþ)
SAPs and the melamine derived SAPCs with (c) 20 and (d) 30% w w�1 nominal loadings
of melamine.

Fig. 8. Representative TGA thermograms of poly(AM-co-AMPS-Naþ)/mixed zinc borate
and melamine SAPCs at nominal zinc borate:-to-melamine ratios of (a) 20:10, (b)
15:15, and (c) 10:20% w w�1 of total monomers. Redrawn for a discussion are ther-
mograms of zinc borate and melamine.

Fig. 9. Heat release rate plots for the uncoated wood and the woods coated with
different emulsion systems.

Fig. 6. Representative TGA thermograms of (a) zinc borate, (b) poly(AM-co-AMPS-Naþ)
SAPs and the zinc borate derived SAPCs with (c) 10 and (d) 20% w w�1 nominal
loadings of zinc borate.

Table 1
Flammability parameters obtained from the cone calorimetry.

Specimen tign
(s)

PHRR
(kW m�2)

tPHRR
(s)

THR
(MJ m�2)

Uncoated wood 13 309 79 22
Wood coated with SAPs 125 222 224 26
Wood coated with SAPs, 20% zinc borate 118 132 324 18
Wood coated with SAPs, 30% melamine 117 75 188 8
Wood coated with SAPs, 20% zinc borate

and 10% melamine
278 300 405 26

tign, time to ignition; PHRR, peak heat release rate; tPHRR, time to PHRR; THR, total
heat release.
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burnt out. PHRR and tPHRR were observed at 309 kW m�2 and 79 s,
respectively, for the uncoated wood specimen.

When compared to the uncoatedwood surface, that coatedwith
the neat SAP gel reduced the PHRR 1.39-fold, and delayed both the
tign 9.62-fold to 125 s and the tPHRR 2.83-fold to 224 s, whereas the
THR was increased slightly (1.18-fold) to 26 MJ m�2. This delayed-
burning mechanism is explained as being due to the cooling
effect of water trapped within the SAP particles. After ignition, the
trapped water is slowly released causing a lower HRR for the
duration of the burning process. After all water evaporated, the
neat SAP, which is a fuel itself, finally combusted under heat,
consecutively with the burnout of wood, and so increased the THR
compared to the uncoated wood surface.

In case of the wood coated with the SAPC gels incorporating
either of 20% w w�1 zinc borate or 30% w w�1 melamine, the tign
valueswerebroadly similar to that of the neat SAP-coated specimen,
but showed a clear reduction in the PHRR, being 1.68-fold and 2.96-
fold lower, respectively, and is due to the fire retardant effect of zinc
borate and melamine. The role of zinc borate is likely to be due to
formation of a protective zinc oxide covering on the surface during
combustion, which will obstruct the access of oxygen and so pre-
venting complete combustion. The presence of melamine in the
coating gel offers high potential in reducing the PHRR, due to the
conversion of melamine to non-volatile products and ammonia
[30], then effectively diluted the oxygen gas during combustion.
Experimentally, 120 s after the specimen started to flame, it self-
extinguished for about 80 s and then, at about 330 s, the flame
ignited itself, as observed by the increase in the HRR (Fig. 9), due to
the depletion of volatile phase and the remaining wood specimen.

The wood coated with the mixture of zinc borate and melamine
containing SAPC gel provided the best delay in fire ignition
(tign ¼ 258 s), some 21.4-fold longer than the untreated wood and
2.2e2.4-fold long than the other SAP or SAPC treated samples,
presumably attributed to the combined effect of zinc borate and
melamine. However, after ignition, the specimen demonstrated
a rapid increase in the HRR and the PHRR, the latter at 300 kWm�2,
which is a level broadly similar to that seen in the uncoated spec-
imen. This is likely due to the burning of both wood specimen and
SAP particles.

Fig. 10 shows representative images of the residues after the flame
was self-extinguished. The uncoated wood gave a dark gray ash
(Fig. 10(a)), whereas the residue of the wood coated with the pol-
y(AM-co-AMPS-Naþ) SAP after burning appeared as a white charred
layer and a dark gray residue, representing the combustion of the
coated SAP particles and the wood, respectively (Fig. 10(b)). The char
was found to be fragile and easily cracked. Specimens coatedwith the
SAPC containing either zinc borate (Fig.10(c)) ormelamine (Fig.10(d))
showed a more compact black char protective layer, preventing the
penetration of gases and the complete combustion. As a result, there
was a reduction in the PHRR and THR in both coated samples

(Table 1). In case of a mixed zinc borate and melamine containing
SAPC-coated specimen (Fig. 10(e)), the residual char was white and
gray indicating a complete burning of the SAP particles and wood.

4. Conclusion

Poly(AM-co-AMPS-Naþ) SAPs and their zinc borate and/or
melamine containing SAPCs as fire retardants were synthesized by
free-radical crosslinking polymerization. Water absorbencies of
SAPCs decreased inversely to the amount of added fire retardant.
The thermal stability of SAPCs increased as the zinc borate loadings
increased, whilst melamine incorporation improved the thermal
stability up to 300 �C. Both SAP and SAPC gels, coated onto the
wood surface, delayed the specimen fire ignition, reduced the PHRR
and extended the tPHRR. The SAPC/30% w w�1 melamine provided
the lowest PHRR and THR. The co-incorporation of 20% w w�1 zinc
borate and 10% w w�1 melamine in the SAPC gel provided an
excellent coating system with the time to ignition of the coated
specimen being delayed to about 4.5 min compared to 13 s and
2 min for the uncoated and SAP-coated wood, respectively. This
may allow sufficient time for the evacuation of premises and
prevention fires from spreading.
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Synthesis of Acrylamide-Co-(Itaconic Acid)
Superabsorbent Polymers and Associated Silica
Superabsorbent Polymer Composites
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1 National Metal and Materials Technology Center, National Science and Technology Development Agency,
Pathumthani 12120, Thailand

2 Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand

3 Program of Petrochemistry and Polymer Science, Faculty of Science, Chulalongkorn University,
Bangkok 10330, Thailand

Superabsorbent polymers (SAPs) were synthesized
from acrylamide (AM) and itaconic acid (IA) via a cross-
linking polymerization. SAP composites (SAPCs) were
formed by the incorporation of silica with three particle
sizes into the polymerization to increase the gel
strength of SAPs. Effects of AM: IA molar ratios, silica
types and concentrations on water absorbency,
absorbency rate and absorbency under loadings (AUL)
of the composites were investigated. The highest
water absorbency of the SAP is 233 6 8 g g21 at an
AM: IA molar ratio of 97:3 with absorbency of 149 6 2
g g21 within 15 min. The highest AUL of the SAPC with
0.5%–2.0% w w21 silica is 13 g g21 by 1.93 3 103 Pa
load. A pseudo-second-order kinetics for water
absorbency was found in both SAPs and in situ SAPCs.
In situ SAPCs and the mechanically mixed SAPCs in
vertical and horizontal direction yielded similar water
absorbency values. POLYM. ENG. SCI., 51:764–775, 2011.
ª 2011 Society of Plastics Engineers

INTRODUCTION

Superabsorbent polymers (SAPs) and their associated

SAP composites (SAPCs) have drawn much interest since

the early 1970s. During that period, Fanta et al. investi-

gated graft copolymerization of vinyl acrylate or acryloni-

trile onto starch and other polysaccharides, which yielded

products that could absorb from several hundred to sev-

eral 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 extraor-
dinarily 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 inconti-
nence 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 devi-
ces [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 superabsorb-
ents 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 men-
tioned 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]. Tradition-
ally, 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 pow-
der (usually \5% w w21) to a SAP provides a method
for increasing the gel strength [21–23]. The utility of the
inorganic nanoparticles as additives to enhance the poly-
mer performance has been increased. Such inorganic
materials for the preparation of SAPCs can be laponite
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[21], kaolin [24], montmorillonite [22, 25], attapulgite
[26–28], mica [23, 29], bentonite [30], sercite [31], or rec-
torite [32] to form the layered silicate structures.

A novel SAPC based upon starch-g-AM/mineral pow-
der, with a water absorbency of about 4000 times its own

weight, was synthesized by a graft-copolymerization reac-

tion 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 ser-

cite powder, since the kaolinite powder can moderately

disperse in the water and crosslink with the AM and

starch. Moreover, the collaborative absorbent effect of

��CONH2, ��COONa, and ��COOH groups has been
found to be superior to that of a single ��CONH2,
��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. Incorpora-

tion of kaolin into hydrogel SAPCs caused a reduced

equilibrium swelling and swelling rate to as low as 17–

31% and 19–29% (w w21), 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 carboxymethylcellulose (CMC) - silica gel SAPC

with a water absorbency capacity as high as 4000 g g21

in distilled water has been reported [35]. Super porous

hydrogel composites with the inclusion of modified cellu-

lose gum or an internally cross-linked form of CMC typi-

cally gave a significant improvement in the properties of

superporous hydrogels, such as a high mechanical strength

and a high swelling ratio. Indeed, the inclusion of a suita-

ble 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 amor-

phous silica powder to form the non-layered silica SAPCs

is a cheaper way for industries to manufacture personal

care products. On the other hand, the mechanical mixing

of 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, Thai-

land), itaconic acid (IA, Merck, Hohenbrunn, Germany),

N,N0-methylenebisacrylamide (N-MBA, Fluka, Buchs,
Switzerland), ammonium persulfate (APS, Merck, Hohen-

brunn, Germany), N,N,N0,N0-tetramethylethylenediamine
(TEMED, Fluka, Buchs, Switzerland), and silica (SiO2,

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.

Polymerization

A 100-cm3 mixture of AM: IA of 100:0, 99:1, 98:2,

and 97:3 (by % molar ratios) was supplemented with

0.5% w w21 N-MBA crosslinker, the initiator couple of
APS (1.0% w w21) and TEMED (0.20 cm3), and then

poured into a 500-cm3 four-necked round-bottomed flask

equipped with a mechanical stirrer (Ika-Ruhrwerke

RW20, Staufen, Germany), a spiral condenser and a ther-

mometer. The polymerization reaction was allowed to

proceed at 458C in a water bath (WBU 45 Memmert,
Schwabach, West Germany) under a nitrogen gas atmos-

phere 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

TABLE 1. Silica types and their physical properties.

Physical properties Aerosil 90 Aerosil 200 Aerosil 300

BET surface area, (m2 g21) 90 6 15 200 6 25 300 6 30
Average primary particle size, (nm) 20 12 7

pH 3.724.7 3.724.7 3.724.7
SiO2 (% w w

21) [99.8 [99.8 [99.8
Al2O3 (% w w

21) \0.05 \0.05 \0.05
Fe2O3 (% w w

21) \0.003 \0.003 \0.003
HCl (% w w21) \0.025 \0.025 \0.025

FIG. 1. IR spectra of the three types of silica used in the synthesis: (a)

Aerosil 90, (b) Aerosil 200, and (c) Aerosil 300.
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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 absorb-

ency 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 dif-

ferent concentrations of 0.1, 0.2, 0.5, and 2% w w21,

were added in situ with the other ingredients in the poly-

merization process as shown in Table 2.

Characterization of the Copolymers

Identification of the Functional Groups of the Synthe-

sized Copolymers. The functional groups of the copoly-

mers were investigated by Fourier transform infrared

spectroscopy (FTIR model Nicolet Impact 410) using a

KBr pellet method with 32 scans and 4 cm21 resolution.

The interface software (Nicolet Omnic) was connected to

the Nicolet FTIR in a data acquisition system.

Surface Morphology of the Synthesized Copoly-

mers. 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 cm3 glass
beaker covered with a lid and it was allowed to swell for

30 min. The completely swollen copolymer gel was fil-

tered through 100-mesh aluminum sieve screen for 3 h

and the remaining swollen copolymer gel was weighed

(B). The water absorbency (g g21 of the dry copolymer)
was calculated by Eq. 1 shown below:

Water absorbency of copolymer ðg g�1Þ ¼ ðB� AÞ=A (1)

Absorbency Under Load (AUL). Deionized water (25
cm3) 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 addi-

tional weight to achieve a load of 0.28 psi (1.93 3 103 Pa)
was placed on the top of the dry copolymer. After weigh-

ing 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

3 103 Pa). The AUL (g g21) was calculated by Eq. 2:

AULðg g�1Þ ¼ ðC� BÞ=A (2)

Swelling Kinetics of the SAPs and SAPCs. Deionized

water of 1000 cm3 was placed in a 2-dm3 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 swol-

len 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=Qt ¼ t=Q1 þ 1=kQ21; (3)

where Qt and Q! are the absorbencies at time t and infi-
nite time for full swelling and k is the absorbency coeffi-
cient which describes the rate constant of swelling, then

by plotting t/Qt vs. t, Q! 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 cm3 porcelain crucible on a hot plate and heated at

1008C for 45 min before being placed in a muffle furnace
(Vulcan 3-550 PD) at 6008C 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 ¼ ðB� AÞ=A (4)

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

and P(AM-IA)/silica SAPCs.

Ingredient

In situ

polymerization

method

Mechanical

mixing method

AM / IA (mole/mole) 100/0, 99/1,

98/2, 97/3

100/0, 99/1,

98/2, 97/3

Aerosil 90 silica (w w21) 0.1, 0.2, 0.5, 2.0 0.1, 0.5, 2.0

Aerosil 200 silica (w w21) 0.1, 0.2, 0.5, 2.0 —

Aerosil 300 silica (w w21) 0.1, 0.2, 0.5, 2.0 0.1, 0.5, 2.0

N-MBA (w w21) 0.5 0.5

APS (w w21) 1.0 1.0

TEMED (cm3) 0.2 0.2

Horizontal mixing (rpm) 600 600

Vertical mixing (rpm) 100 100
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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 hori-

zontal mixing (HM). For the vertical mixing (VM), the

mixture was shaken with a speed of 100 rpm in a rolling

type mixer (MS1 Minishaker, IKA-Work, Inc, Wilming-

ton). 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 sili-

cas 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

cm21, a weak C¼¼O stretching peak at 1630 cm21, a
strong peak at 1112–1103 cm21 for Si��O��Si bending,
a medium peak at 811–810 cm21 for Si��OH and a sharp
peak at 474–470 cm21 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)/Aero-

sil 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 cm21 for the N��H stretching overlapping
with the OH�� stretching, the medium peak at 2939–2936
cm21 for the C��H stretching, the medium peak at about
1650 cm21 of the C¼¼O stretching for amide I, the peak
at 1415–1452 cm21 for the C��H bending of amide, and
the medium peak at 1112–1120 cm21 for the N��H (am-

ide II) bending. Besides the aforementioned peaks, the

Si��O��Si sharp peak of Aerosil 90 silica at 470 cm21
was shifted to 448 cm21 in the P(AM)/Aerosil 90 silica

(Fig. 2b) and to 447 cm21 in the P(AM-IA)/Aerosil 90

silica SAPCs (Fig. 3b). Other SAPCs with either Aerosil

200 or Aerosil 300 silica addition demonstrated the simi-

lar spectra (not shown here) as the Aerosil 90 silica-co-

polymer composites.

The existence of silica particles in the SAPCs was con-

firmed 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.

Effect of Itaconic Acid Concentration

The Water Absorbency of the Synthesized Copoly-

mer. The water absorbency of the copolymers synthe-

sized in situ by solution polymerization with three con-

centrations (0, 1, 2, and 3% molar ratio) of IA is shown

in Table 3. Because the reactivity ratios r1 and r2 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

FIG. 2. IR spectra of (a) P(AM), and (b) P(AM)/Aerosil 90 silica com-

posite.

FIG. 3. IR spectra of (a) P(AM-IA), and (b) P(AM-IA)/Aerosil 90

silica composite.
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crosslinking density is defined as the number of moles of

elastically effective crosslinks per unit volume of poly-

mer. Therefore, an increase of hydrophilic monomer (IA)

in the SAPs enhances the swelling capability and, hence,

decreases the effective crosslinking density. This state-

ment 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 pre-

vious findings by Uyanik and Erbil [42] and Pulat and

Eksi [43], who reported that increasing IA concentrations

in copolymer structures decreases the effective crosslink-

ing 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, IA was reported

to be more reactive than AM (rIA[ rAM) [42]. Therefore,
IA molecules are used up via a crosslinking reaction with

N-MBA before AM monomer, even if AM feed concen-
trations are higher. In the present case, the structure of

the copolymer should contain more units of the uncros-

slinked 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 func-

tional groups and chain flexibility to produce the copoly-

mer with the highest water absorbency capacity. The co-

polymer synthesized by an AM: IA molar ratio of 97:3

can absorb deionized water to as high as 233 6 8 g g21

(Table 3). However, the AUL values were nearly constant

at 11–12 g g21 and 12–14 g g21 for a load of 0.28 psi

(1.93 3 103 Pa) and 0.70 psi (4.83 3 103 Pa), respec-
tively, 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 suita-

ble 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

FIG. 4. SEM micrographs of (a) P(AM), (b) P(AM-IA), and (c) P(AM-IA)/Aerosil 90 silica composite; and

EDXS spectra of (d) P(AM-IA) and (e) P(AM-IA)/Aerosil 90 silica composite.

TABLE 3. Effect of itaconic acid concentration (molar ratio) on the

water absorbency of the P(AM-IA) SAP.

Itaconic acid

concentration

(% molar ratio)

Water absorbency under load (AUL [Pa]) of

0 1.93 3 103 4.83 3 103

0 51 6 2 14 12

1 157 6 9 14 12

2 191 6 6 13 11

3 233 6 8 12 11

APS, 1.0% w w21; N-MBA, 0.5% w w21; at 458C, 250 rpm, 30 min.
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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 sys-

tem of 3% mole of IA yielded the water absorbency of

around 233 g g21, while the water absorbency of the

P(AM) SAP was about 51 g g21.

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 mo-

bility of polymer chain. Therefore, the diffusion of a liq-

uid into the SAP particle is counterbalanced by the exter-

nal 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 irrespec-

tive of the applied loads and the concentration of ionic

groups within the SAP.

The Swelling Kinetics of the Synthesized Copoly-

mers. 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 (Qt/Q!) 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 con-

trolled 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 po-

lymerization of various concentrations (0, 1, 2, and 3%

molar ratios) of IA revealed that the higher the IA con-

centration, 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 6 8 g g21)
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 6 2 g g21 of the
dry copolymer within 15 min and reached the highest

absorbency within 200 min. A plot of t/Qt vs. t reveals
that all the absorbency data almost perfectly fit in a linear

line with small positive intercepts and high r2 values, in
support of pseudo-second order kinetics (Fig. 5b). The fit-

ting equation and the r2 value are reported in Table 4.
Indeed, the experimentally determined water absorbency

values fit the theoretically determined values from the

FIG. 5. Effect of the itaconic acid concentration (molar ratio) on the swelling kinetics of: (a) water absorb-

ency vs. absorption time, (b) t/Qt vs. absorption time (the linear regression equations and correlation coeffi-

cients were given in Table 4).

TABLE 4. Equilibrium water absorbency (Q!) and rate constant of swelling of P(AM-IA) SAPs prepared from various IA contents.

IA content (% molar) Q! (Schott model) K (min21) Q! (experimental) Fitting second order kinetic equation r2

0 62 6.14e-3 51 6 2 y ¼ 0.0161x þ 0.0422 0.9894

1 156 2.53e-4 157 6 9 y ¼ 0.0064x þ 0.162 0.9996

2 182 2.27e-4 191 6 6 y ¼ 0.0055x þ 0.1333 0.9997

3 238 5.44e-4 233 6 8 y ¼ 0.0042x þ 0.0324 1
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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.

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 com-

posites reduced the water absorbency of the SAPC in a

dose dependent manner, reaching a level of some 15–20%

lower at 2% w w21 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 6 8
g g21 to 199 6 4, 193 6 6, and 188 6 1 g g21, a reduc-
tion of 15, 17, and 20%, with the incorporation of Aerosil

90, Aerosil 200, and Aerosil 300 at 2% w w21, respec-

tively. This is to be expected since water absorbency is

related to the higher hydrophilic properties of the hydro-

philic chain and the silica particle size, as shown in Table

1, the BET surface areas of the three silicas differ signifi-

cantly. 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 SiO2 in addition to the N-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 proper-

ties 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.

Type of Silica and Silica Content on the Swelling

Kinetics. The swelling kinetics of the SAPCs, synthe-

sized from a 97:3 molar ratio of AM:IA with in situ

incorporation of 2.0% w w21 of silica were essentially

the same for all three types of silica (Fig. 7a) and showed

pseudo second-order absorbency kinetics regardless of the

FIG. 7. Effect of the type of silica on the swelling kinetics of a P(AM-IA)/2% w w21 silica composite

(97:3 molar ratio of AM: IA) showing the (a) water absorbency vs. absorption time, and (b) t/Qt vs. absorp-

tion time (the linear regression equations and correlation coefficients were given in Table 5).

FIG. 6. Effect of silica concentration on water absorbency of SAPCs

synthesized from 97:3% molar ratio of AM:IA.

770 POLYMER ENGINEERING AND SCIENCE—-2011 DOI 10.1002/pen



presence of silica and its concentration (Fig. 7b). The

high quality of linear curve fitting is represented by the

value of r2 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 w21

silica, the resulting 97:3 molar ratio P(AM-IA)/silica

SAPC could absorb water at the very similar values of

121 6 8, 119 6 8, and 118 6 8 g g21 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 equilib-

rium 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 increas-

ing concentrations of silica (Table 6). As mentioned

before, the fine silica particles act as additional crosslink-

ing junctions and so the crosslink density increased with

increasing silica levels, leading to a decreased swelling.

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/Qt vs. t in Fig. 8b. As mentioned earlier, all the t/Qt
vs. t plots are linear and fit well with the calculated val-
ues using the Schott’s pseudo second-order absorbency

kinetics model (Table 7). The incorporation of silica

causes a dose-dependent decrease in the water absorb-

ency, but the rate constant of swelling (k) was accelerated
by increasing silica contents, due to the increasing level

of crosslinking density within the SAPCs.

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 relaxa-

tion 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 3 103 Pa and 4.83 3 103 Pa) of the
P(AM-IA)/silica SAPCs, synthesized from a 97:3 molar

ratio of AM: IA 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 w21) of silica is shown in Table 6. The

AULs at 1.93 3 103 Pa and 4.83 3 103 Pa for the 97:3
P(AM-IA) SAP were very similar at 12 g g21 and 11 g

g21, 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 g21 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 net-

work. It may be attributed to the fact that fine silica par-

ticles 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.

TABLE 5. Equilibrium water absorbency (Q!) and rate constant of swelling (k): of SAPCs prepared from P(AM-IA)/2% w w w
1silica (97:3 molar

ratio of AM: IA), with the indicated different types of silica particles.

System Q! (Schott model) k (min21) Q! (experimental) Fitting second order kinetic equation r2

No silica 238 5.44e-4 233 6 8 y ¼ 0.0042x þ 0.0324 1

Aerosil 90 189 9.03e-4 188 6 6 y ¼ 0.0053x þ 0.0311 1

Aerosil 200 185 3.14e-4 184 6 2 y ¼ 0.0054x þ 0.0928 0.9994

Aerosil 300 182 6.53e-4 183 6 4 y ¼ 0.0055x þ 0.0463 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 g21) under loads (Pa) of

Concentration of

silica (% w w21)

0 1.93 3 103 4.83 3 103

Aerosil 90 Aerosil 200 Aerosil 300 Aerosil 90 Aerosil 200 Aerosil 300 Aerosil 90 Aerosil 200 Aerosil 300

0.1 228 6 1 228 6 7 225 6 2 12 12 12 11 11 11

0.2 220 6 1 218 6 2 216 6 3 12 12 13 11 11 12

0.5 218 6 1 210 6 5 208 6 5 13 13 13 12 12 12

2.0 199 6 4 193 6 6 188 6 1 13 13 13 12 12 12

DOI 10.1002/pen POLYMER ENGINEERING AND SCIENCE—-2011 771



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 reac-

tion, AUL decreased because the swollen particles easily

deformed and clumped together under load, liquid supply-

ing voids or spaces were closed. If this is the case, then

to increase the AUL, a second polymerization on the sur-

face with a small amount of additional crosslinking den-

sity 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 dif-

ference in silica contents between those in the initial pre-

polymerization and the final products after the polymer-

ization (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 spec-

tra (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 simi-

larly to the in situ polymerized SAPCs. That is, the per-

formance 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 verti-

cal direction with a constant speed of 100 rpm while the

TABLE 7. Equilibrium water absorbency (Q!) 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 (w w21) Q! (Schott model) k (min21) Q! (experimental) Fitting second order kinetic equation R2

0 238 5.44e-4 233 6 8 y ¼ 0.0042x þ 0.0324 1

0.1 238 5.78e-4 235 6 6 y ¼ 0.0042x þ 0.0305 1

0.2 227 7.53e-4 227 6 1 y ¼ 0.0044x þ 0.0257 1

0.5 213 8.09e-4 214 6 6 y ¼ 0.0047x þ 0.0273 1

2 189 9.39e-4 188 6 6 y ¼ 0.0053x þ 0.0299 1

FIG. 8. Effect of silica concentration on the (a) water absorbency vs. absorption time and (b) t/Qt vs.

absorption time for a P(AM-IA)/Aerosil 90 silica composite (97:3 molar ratio of AM: IA) (the linear regres-

sion equations and correlation coefficients were given in Table 7).
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HM method uses a constant rotation speed of 600 rpm in

the horizontal direction. To this are added the SAP par-

ticles with silica powder, and dispersion of the compo-

nents 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 par-

ticles 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 bot-

tle 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 cylin-

drical 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 par-

ticles 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 sur-

face area (BET surface area of 300 6 30 m2 g21 and 7
nm particle size) adsorbed on SAP particles more than

the Aerosil 90 silica did (BET surface area of 90 6 15
m2 g21 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 sig-

nificantly alter the water absorbency of the SAPC com-

parative 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, a,
as shown in Eq. 5 [48, 49]:

a ¼ ðrb þ reÞo2 (5)

where rb is the radius of the glass bottle, re is the eccen-
tric radius, and o is the rotation angular velocity. Accord-
ing to the theory of the elasticity contact between spheres

[48], the contact area S increases as indicated in Eq. 6:

SaF2=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 physi-

cally 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 verti-

cally 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 rap-

idly. The mixing force between the SAP and silica par-

ticles can be divided into three regions: elastic, plastic

and destructive. In the low mixing force region, the con-

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

Type of

Aerosil

Silica concentration

added in

polymerization

(% w w21)

Silica

concentration

after sintering

(% w w21)

Silica

concentration

retained in the

gel (% w w21)

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.

Silica

surface

area

(m2 g21)

Silica

content

(% w)

Water absorbency (g g21) of SAPCs from AM/IA (mol %)

100/0 99/1 98/2 97/3

In situ VM HM In situ VM HM In situ VM HM In situ VM HM

90 0 51 6 2 35 6 1 35 6 1 157 6 9 144 6 8 144 6 8 191 6 6 201 6 5 201 6 5 233 6 8 225 6 4 225 6 4
0.1 — 36 6 2 19 6 2 — 177 6 7 182 6 41 — 178 6 9 174 6 9 228 6 1 239 6 29 228 6 17
0.5 — 37 6 5 20 6 3 — 165 6 2 183 6 24 — 155 6 7 176 6 11 218 6 1 250 6 13 340 6 63
2.0 — 34 6 0 21 6 3 — 189 6 35 136 6 19 — 165 6 19 164 6 6 199 6 4 225 6 22 228 6 8

300 0 51 6 2 35 6 1 35 6 1 157 6 9 144 6 8 144 6 8 191 6 6 201 6 5 201 6 5 233 6 8 225 6 4 225 6 4
0.1 — 41 6 2 37 6 1 — 147 6 19 151 6 6 — 191 6 6 213 6 51 225 6 2 166 6 5 220 6 48
0.5 — 40 6 1 40 6 1 — 143 6 8 132 6 12 — 198 6 14 208 6 5 208 6 2 209 6 23 195 6 23
2.0 — 40 6 2 42 6 2 — 141 6 19 135 6 3 — 193 6 6 205 6 2 188 6 1 201 6 3 212 6 5

0.2 g sample, mixing time ¼ 30 min, vertical mixing (VM) at 100 rpm and horizontal mixing (HM) at 600 rpm, ‘‘—’’ for do not measure.
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tact 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 mix-

ing 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: IA 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 reac-

tion, a well-designed recipe and reaction condition must

be strictly controlled. Inorganic particulate filler with a

hydrophilic surface, such as silica, is normally recom-

mended 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 par-

ticles 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 net-

work 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 desira-

ble water absorbency behavior.

CONCLUSIONS

The P(AM-IA) SAPs prepared by in situ solution poly-

merization 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: IA and incorporating three

types of silica particles at various contents were synthe-

sized. 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-IA)/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. There-

fore, 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 par-

ticles by mechanical mixing the neat SAP with silica par-

ticles to obtain the associated SAPC.
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a b s t r a c t

The present research deals with the use of pretreatment solutions of chitosan (CH), N-[(4-dimethyl

aminobenzyl)imino] chitosan (DBIC), N-[(2-hydroxy-3-trimethylammonium)propyl] chitosan chloride

(HTACC), glycine (Gly), and a mixture of CH and Gly, for padding polyester fabrics prior to printing with a

set of seven-color pigmented water-based ink jet inks. After padding the fabrics with the above cationic

pretreatments, they were printed with a piezo-electric drop-on-demand jet printer. CH, DBIC and HTACC

were characterized by IR and NMR spectroscopy. The zeta potentials of the pretreatment solutions, the

inks and the fabrics were measured. The K/S values, color gamut, tone reproduction, outline sharpness,

and the surface appearance of the fabrics were characterized. Statistical evaluation of the significance

of the results was performed. Among the pretreatments, the HTACC at 0.1% (w/v) yielded fabrics with

the highest K/S values, widest color gamut and gamut volume, more color saturation with good tonal

reproduction, and the sharpest and smoothest outline of printed character, and a smooth fabric surface

with less stiffness. The proposed ionic interactions between the protonated amino groups of CH and

the anionic portion of the encapsulated ink pigments, and van der Waals and hydrophobic interactions

between the polyester and the pigments are likely reasons for these enhanced properties of the printed

fabrics.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The pretreatment of fabrics with a suitable agent is a require-

ment in textile-ink jet printing because the deposited pretreatment

chemical on the fabric surface limits excessive ink spreading and

controls ink migration and penetration into the fabric fibers, and yet

allows the ink to dry after the ink has been jetted (applied) onto the

fabric surface. This interaction of the pretreatment agent and the jet

ink results in an increase in color gamut, sharpness and other prop-

erties of the printed fabric (Hakeim, El-Gabry, & Abou-Okeil, 2008;

Leelajariyakul, Noguchi, & Kiatkamjornwong, 2008; Phattanarudee,

Chakvattanatham, & Kiatkamjornwong, 2009; Wang et al., 2007;

Yuen, Ku, Kan, & Choi, 2007).

Polyester, one of the more popular textile fabrics, needs dye-

ing and printing to provide the color and pattern ranges required

by customers and hence the higher add-on value. Although

polyester fabric is hydrophobic, it has a negative zeta poten-

tial value (Espinosa-Jiménez, Padilla-Weigand, Ontiveros-Ortega,

∗ Corresponding author. Tel.: +66 2 218 5587; fax: +66 2 255 3021.

E-mail addresses: supaporn.n@chula.ac.th (S. Noppakundilograt),

puntune@hotmail.com (P. Buranagul), porn grai@yahoo.com (W. Graisuwan),

chawan.k@chula.ac.th (C. Koopipat), ksuda@chula.ac.th (S. Kiatkamjornwong).

Ramos-Tejada, & Perea-Carpio, 2003). Thus, a prospective pre-

treatment agent with positive charges should be adsorbed onto

the polyester fabric due to the requirement of an ionic interac-

tion in enhancing the color and other properties (Samu, Moulee,

& Kumar, 1999). Some types of cationic pretreatment agents have

been reported to be able to increase the printed polyester color

strength (K/S) by as much as 36% with ink jet printing when com-

pared with the untreated polyester fabric (Wang et al., 2007).

Chitosan (CH) is widely used as a pretreatment reagent for syn-

thetic polymers due to its green environmental advantages, easy

to use and relatively low cost yet abundant supply. Indeed, CH has

been extensively used for the dyeing and finishing of various tex-

tile fabrics, where the pretreatment of fabrics with CH produced a

high color yield, good shrink resistance and provided some degree

of antimicrobial activity (Abou-Okeil & Hakeim, 2005; Hakeim,

Abou-Okeil, Abdou, & Waly, 2005; Julia, Pascual, & Erra, 2000).

In textile-ink jet printing, CH has generally been used as a pre-

treatment agent for silk fabrics to expand the color gamut and to

improve the crock fastness of the printed fabric (Chakvattanatham,

Phattanarudee, & Kiatkamjornwong, 2010; Phattanarudee et al.,

2009; Yuen, Ku, & Kan, 2008), whilst CH modified with dimethyl

aminobenzaldehyde (DBIC) affected the color gamut of the printed

polyester (Hakeim et al., 2008). CH is dissolved in acetic acid where

upon its amino groups are protonated to form quaternary ammo-

0144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbpol.2010.06.040
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nium ions, which interact with anionic dyes through electrostatic

attraction (Jocic et al., 2005). CH-padded fabrics result in a higher

level of pigment adsorption onto the pretreated fabric surface com-

pared to that of uncoated fabrics, and also gave a high color quality

on the surface (Chakvattanatham et al., 2010; Phattanarudee et al.,

2009).

Unfortunately, the retained acetic acid (from the CH) of the pre-

treated cotton fabric yields reduced color gamut, compared with

the untreated one, and the acrid odor is retained in the printed

fabrics after the post-treatment (Yuen et al., 2007), whilst CH

also increases the stiffness of the fabrics (Phattanarudee et al.,

2009). To solve these problems, the water-soluble CH derivatives

with highly positive charges, O-acrylamidomethyl-N-[(2-hydroxy-

3-trimethylammonium)propyl] chitosan chloride (NMA-HTACC)

and N-[(2-hydroxy-3-trimethyl ammonium)propyl] chitosan chlo-

ride (HTACC), were synthesized (Kim, Lee, Lee, & Park, 2003; Lim

& Hudson, 2004a, 2004b). Previously, the use of NMA-HTACC was

reported to increase the color yield in the dyeing of cotton fabrics,

whilst HTACC generated antimicrobial activity in the textile (Seong,

Whang, & Ko, 2000).

The aim of this research was to modify CH to a cationic form

with better solubility. To this end, CH with two different molecular

weights and deacetylation degrees were modified to HTACC and

DBIC, respectively, so as to improve the pretreatment properties of

CH. Due to the solubility of CH in acid, the low average molecular

weight CH was used for direct pretreatment and the synthesis of

DBIC. The synthesized HTACC and DBIC were then used as pretreat-

ment agents for polyester fabrics, color printed with an ink jet ink.

The effects of fabric pretreatment with HTACC, DBIC, CH, Glycine

(Gly) and a mixture of CH and Gly were investigated in depth for

the color appearance yield in terms of color gamut and gamut vol-

ume, color strength and tone reproduction of the subsequently ink

jet printed fabrics. In addition, the outline sharpness and evenness

of density of the positive and negative characters of the printed

polyester fabrics were also investigated along with the stiffness of

the printed fabrics.

2. Experimental

2.1. Materials

A plain weave polyester fabric, constructed of 182 ends/in.

(warp) × 87 picks/in. (weft) with a basic weight of 127 g m−2,

was used. Triton X-100, a non-ionic surfactant, was supplied by

Merck (Frankfurt, Germany). CH flakes of 57,000 g/mol of aver-

age molecular weight and 85% deacetylation degrees (DD) was

used for the synthesis of N-[(4-dimethyl aminobenzyl)imino] chi-

tosan (DBIC) due to its lower water solubility while CH flakes of

100,000 g/mol of average molecular weight and 95% DD was used

to synthesize N-[(2-hydroxy-3-trimethylammonium)propyl] chi-

tosan chloride (HTACC) due to its higher water solubility. Both

types of CH were purchased from Seafresh Industry Public Co., Ltd.

(Bangkok, Thailand). Gly (98.5% pure) was purchased from Ajax

Finechem (Seven Hills, NSW, Australia). N,N′-dimethyl aminoben-

zaldehyde was purchased from Asia Pacific Specialty Chemical Ltd.

(Seven Hills, NSW, Australia). Glycidyl trimethylammonium chlo-

ride (GTMAC) was purchased from Sigma–Aldrich (St. Louis, MO).

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. Based on

the manufacturer’s claims, the pigment dispersions were treated by

polymeric dispersant and polymer encapsulation to give an average

particle size of the encapsulated pigment of approximately 100 nm.

2.2. Synthesis of the modified chitosans

2.2.1. N-[(4-dimethyl aminobenzyl)imino] chitosan (DBIC)

DBIC was prepared based on the method of Hakeim et al.

(2008). CH (5 g, average molecular weight = 57,000 g/mol and 85%

DD) and dimethyl aminobenzaldehyde (9.3 g) were mixed in

150 mL methanol for 10 h. The product was filtered through a

100-mesh aluminum screen sieve, washed with 300 ml of a 1:1

(v/v) ratio of mixed methanol–acetone solution and then dried

overnight at room temperature. The intense yellowish dried prod-

uct obtained was then characterized by IR spectroscopy (Spectrum

One, PerkinElmer Life and Analytical Sciences Inc, MA). The syn-

thetic route is shown in Scheme 1.

2.2.2. N-[(2-hydroxy-3-trimethylammonium)propyl] chitosan

chloride (HTACC)

The synthesis of HTACC was modified from that of Seong

et al. (2000). In brief, 0.50 g of CH (average molecular

weight = 100,000 g/mol with DD = 95%) was dissolved in 25 cm3 of

1% (v/v) aqueous acetic acid. Then 0.9 g of GTMAC was slowly added

into the CH solution whilst maintaining the reaction temperature

at 70 ◦C during the mixing and over the subsequent 24 h. The

solution was then poured in a dialysis tubing cellulose membrane

(average flat width of 76 mm, Sigma, St. Louis, MO) for dialysis for

5 days against 1000 cm3 of deionized water, changed every day.

The white colored product obtained was freeze dried in a freeze

drier (Labconco, MO), and aliquots were then characterized by

IR spectroscopy (Spectrum GX, PerkinElmer Life and Analytical

Sciences Inc, MA.) and NMR spectrometry (Advance 300 MHZ

NMR Spectrometer, Bruker, Switzerland). The reaction is shown in

Scheme 2.

2.2.3. Preparation of pretreatment solutions

The pretreatment agents of the unmodified CH, having 0.1, 1, 2,

3 and 4% (w/v), were prepared by stirring in 2% (v/v) of acetic acid

until the CH (57,000 g/mol) was dissolved. Gly concentrations, from

Scheme 1. Synthesis route of N-[(4-dimethyl aminobenzyl)imino] chitosan from chitosan.
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Scheme 2. Synthesis route of N-[(2-hydroxy-3-trimethylammonium)propyl] chitosan chloride (HTACC) from chitosan.

5 to 15% (w/v) in deionized water (Elga Deionizer, LA1, Elga Labwa-

ter, UK), were prepared. Likewise, 15% (w/v) of Gly was mixed with

1% (w/v) of CH to give a mixed pretreatment solution. The solutions

of the two modified CH (HTACC and DBIC) at a concentration of 0.1%

(w/v) were prepared by dissolving 0.25 g HTACC in deionized water

in a 250 cm3 volumetric flask, whereas 0.25 g of DBIC was dissolved

in 250 cm3 of 2% (v/v) acetic acid.

2.2.4. Purity of the polyester fabric

Purity of the polyester fabric was evaluated by testing the pres-

ence of starch and poly(vinyl alcohol) by iodine in potassium iodide

solution by observing the development of purple color. Carboxyl

methyl cellulose (CMC) was examined by mixed solution of ferric

chloride and potassium thiosulfate which was followed by drop-

ping solution of potassium ferrocyanide. The presence of CMC can

develop a purple color on the fabric surface (Livengood, 1983). The

optical brightener may interfere the color data therefore the fabric

was viewed in an MEDA light color viewing booth under ultraviolet

irradiation where the presence of visible fluorescent light shall be

detected.

2.2.5. Zeta potential measurement

The ink jet inks, 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 accommodating

one small piece of a Cu electrode. The zeta potential of the untreated

polyester fabric and the pretreated polyester fabrics were mea-

sured by first preparing a fabric suspension by pulling out the fibers

from the piece of fabric and then cutting the fibers into small pieces

of approximately 0.05 cm long. They were then soaked in deionized

water for 24 h. The suspension obtained was used for measuring the

zeta potential of the pretreated fabrics.

2.2.6. Fabric pretreatment

The polyester fabrics were cleaned with Triton X-100, rinsed

in distilled water and dried at room temperature. The cleaned

polyester fabrics (23 cm × 32 cm) were then padded with the above

mentioned pretreatment solutions using a padding machine (PB-1,

Copower Technology Co., Ltd., Taiwan) with a 70% wet pick up. The

pretreated fabrics were then dried in an oven (M-3, Copower Tech-

nology Co., Ltd., Taiwan) at 80 ◦C for 5 min and cured at 110 ◦C for

2 min.

2.2.7. Ink jet printing and post-treatment

The untreated and pretreated polyester fabrics were printed

with a set of seven-color, pigmented ink jet inks (cyan, light cyan,

magenta, light magenta, yellow, black and light black colors), using

commercially available water-based inks on a piezo-electric drop-

on-demand type ink jet printer (Epson Stylus Photo 2100, Seiko

Epson Corporation, Nagano, Japan). A color test chart, composed of

294 color patches, several lines and characters, was used for inves-

tigating the quality of the printed polyester fabrics. Post-treatment

of the printed fabric was performed by steaming at 100 ◦C for 5 min

in a steamer (HTS-3, Copower Technology Co., Ltd., Taiwan).

2.2.8. Color gamut evaluation

The color test chart of each printed fabric was measured in tris-

timulus values using an X-Rite spectrophotometer (SP62, X-Rite

Inc., MI) with an illuminant D50, the CIE 1931 2◦ observer in a

specular light excluded mode. The tristimulus values (X, Y, Z) were

transformed to chromaticity coordinates (x, y, z) for creating a color

gamut in a two-dimensional color space. The L*, a* and b* color val-

ues were used to calculate a gamut volume in a three-dimensional

space by SHIPP program (Fair, 1997; Putthimai, 2003). In the same

manner, the L* vs. C* space was also created by measuring the sam-

ple lightness and chroma in the CIE L*C*H* spaces.

2.2.9. 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, fluctuating

from the maximum absorption wavelength of each color within the

visible spectrum. The percentage of reflectance was measured by

the same spectrophotometer with a specular light excluded con-

dition. The K/S value was calculated according to Eq. (1) (James,

1997):

K

S
= (1 − R∞)2

2R∞
(1)

where K is the absorption coefficient of the printed color on the sur-

face, S is the scattering coefficient caused by the colored substrate,

and R∞ is reflectance of the colored sample at an infinite opacity.

Evaluation of 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% (˛ = 0.05).

2.2.10. Tone reproduction measurement

The tone reproduction was evaluated by plotting the optical

density versus the percentage of the dot area. The optical density

was measured by a densitometer (R730, IHARA Electronic Ind. Co.,

Ltd., Nagoya, Japan).

2.2.11. Outline sharpness and contrast assessment

The printed outline sharpness on the fabrics was measured by

optical microscopy (PM10-AD, Olympus Corporation, Tokyo, Japan)

with a 4× magnification of 10-point printed positive and negative

“E” characters. The black and white line strips printed on the fab-

rics at the applied spatial frequencies of 0.5, 1 and 2 lines mm−1

in the two directions (weft and warp) of the polyester fabric of the

bar target were measured by a microdensitometer (Konica, PDM-7,

Tokyo, Japan). The scanning aperture was set at a width of 20�m

and a reflection mode of 500�m, and data were then acquired at 20

data points per second to give a total scanning of 400 data points.

The densities in each sample were measured and normalized to the

untreated fabrics. The contrast at each frequency was calculated

from Eq. (2):

Contrast (ω) = Dmax(ω) − Dmin(ω) (2)
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Fig. 1. Confirmation of modified chitosans: (a) IR spectra of chitosan, DBIC and HTACC; (b) 1H NMR spectra of HTACC (solvent: D2O, 25 ◦C).

where Dmax and Dmin are average maximum and minimum den-

sities, respectively, and ω is the spatial frequency. Plots of the

densities against the measured frequencies in both the weft and

warp fabric directions were constructed. However, calculation of

the contrast in the warp direction could not be measured because

of the problems in measuring both the densities.

2.2.12. Surface appearance of the pretreated polyester fabrics

The surface of the pretreated polyester fabrics was examined by

scanning electron microscopy on a Spectrum One (PerkinElmer Life

and Analytical Sciences, Inc., MA) at a magnification of 2000×.

2.2.13. Stiffness of the treated fabrics

The stiffness of the fibers was measured in terms of the bend-

ing length by following the JISI 1096:1999 stiffness 145◦ cantilever

method (Stiffness Method A, 1999). Pieces of each fabric, sized

2 cm × 15 cm, were measured and the average bending length in

the warp and weft directions, obtained from five measurements,

were expressed as the average stiffness. The bending length of the

fabrics treated with the selected loadings of the pretreatments were

then compared with that for the untreated fabrics, within the same

pretreatment agent at various levels, and at the same selected load-

ings of the five pretreatment agents. The significance of the test was

performed by one-way analysis of variance (ANOVA) with the least

square difference (LSD) tests being 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%

(˛ = 0.05).

2.2.14. Color fastness to washing and rubbing

The effects of the pretreatment agents on color fastness to wash-

ing and to rubbing of the fabrics were investigated based on ISO

105-C10:2006 (E), and AATCC TM 8, respectively.

3. Results and discussion

3.1. Characterization of the fabric and the modified chitosans

Under the test conditions mentioned above, it showed that

the polyester fabrics were free from starch, poly(vinyl alcohol),

and CMC, because the mixed solution of iodine and potassium

iodide for starch and poly(vinyl alcohol) did not give the pur-

ple color, and a mixed solution of ferric chloride and potassium

thiosulfate for CMC did not produce the purple color on the fab-

ric surface either. It was also found that the polyester fabric was

free from optical brightener, because the visible fluorescent light

was not observed on the exposed surface under ultraviolet irradi-

ation.

The IR spectra of the unmodified CH and the two modified

CHs (DBIC and HTACC) are given in Fig. 1(a). That for CH shows

the overlapped peaks of N–H stretching and O–H stretching at

3427 cm−1 and O–H bending at 1421 cm−1 which indicates the

presence of hydroxyl groups (Sun, Zhou, Xie, & Mao, 2007). The

weak absorption peaks at 2921 and 2876 cm−1 are assigned to the

C–H stretching (Huacai, Wan, & Dengke, 2006). The strong charac-

teristic peaks of CH at 1643, 1601, 1382 and 1259 cm−1 are assigned

to the C O stretching, N–H bending and –NHCO stretching of the

amide (Zhang, Wang, & Wang, 2007), and C–N stretching (Singh,

Sharmaa, Tripathi, & Sanghib, 2009), respectively. In addition, the

weak characteristic peaks at 1157, 1078 and 1030 cm−1 are ascribed

to the stretching of the C–O bridge (Huacai et al., 2006; Mun et

al., 2008) and the C3–OH and C6–OH groups (Zhang et al., 2007),

respectively.

The CH amine N–H bending at 1601 cm−1 in the IR spectrum of

DBIC is absent, but rather the spectrum displays a strong absorp-

tion peak at 1599 cm−1 corresponding to the C N stretching of

DBIC (Hakeim et al., 2008). This confirms that DBIC was synthe-

sized by the reaction between the amino groups of CH and the

aldehyde groups of dimethyl aminobenzaldehyde to become the

imino groups (C N) in DBIC.

The IR spectrum of HTACC reveals that the characteristic amine

N–H bending peak at 1601 cm−1 is absent, but rather reveals the

presence of the peak at 1477 cm−1 assigned for the C–H bending of

the trimethylammonium groups (Lim & Hudson, 2004a). In addi-

tion, the N–H bending of primary amine groups is absent due to

changes to the secondary amine. The peak at 3400 cm−1 was some-

what broadened, caused by the overlapping of the O–H group with

the N–H stretching. A weak and broad band at 2200–2000 cm−1 was

observed, potentially assigned to a combination of the asymmet-

rical N(CH3)3
+ bending vibration and to the torsional oscillation of

the N(CH3)3
+ group.

The 1H NMR spectrum of HTACC in Fig. 1(b) shows the inte-

grations of the trimethyl ammonium group equals to 1, and the

integration of the Hs at the positions 2′, 3, 4, 5, 6 and 6′ equal to 0.8.

The degree of substitution (DS) of GTMAC in HTACC was calculated

from Eq. (3):

%DS =
{

integral of the N+(CH3)3/9

(integral of the H-2′, 3, 4, 5, 6, 6′/6) × (95/100)

}
× 100

(3)

where %DD is the degree of deacetylation (95/100). From the

results, it confirms that HTACC contained 87.7% DS. The calculated
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Table 1
Zeta potentials of the materials used.

Type of material Zeta potential, � (mV)

Ink jet inks

Cyan −43.1

Magenta −56.5

Yellow −34.7

Black −36.7

Pre-treating solutions

1% (w/v) CH +83.4

15% (w/v) Gly +24.7

1% (w/v) CH + 15% (w/v) Gly +65.1

0.1% (w/v) DIBC +73.2

0.1% (w/v) HTACC +36.6

Fabrics

Untreated fabric −22.6

Treated fabric with 1% (w/v) CH −21.6

Treated fabric with 15% (w/v) Gly −26.4

Treated fabric with 1% (w/v) CH + 15% (w/v) Gly −28.8

Treated fabric with 0.1% (w/v) DIBC −24.6

Treated fabric with 0.1% (w/v) HTACC −23.1

average molecular weight of HTACC based on the above mentioned

data is 165,000 g/mol with an aqueous solution pH of 6.8.

3.2. Zeta potential measurement

The zeta potentials of all four base ink colors were found to

be negatively charged, with the magenta color having the highest

negative value and the yellow color the lowest, but still relatively

high (Table 1). To the best of our knowledge, 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 (generated negative charges), consistent

with their good dispersion stability. Similarly, the polyester fabric

also had a negative zeta potential, although of a lower magnitude

but still sufficient to likely prevent agglomeration of the particles.

For the pretreatment solutions, all of them had positive zeta poten-

tials with CH having the highest value, some 2.3-fold higher than

HTACC, whilst Gly had the lowest zeta potential. However, all can

be considered to highly likely be stable in an aqueous state. Never-

theless, when the fabrics had been padded with the pretreatment

solutions, all the zeta potentials of the treated fabrics became nega-

tive at around 22–29 mV, which can be considered to be less stable

in terms of agglomeration and aggregation. It is clear that the fab-

ric has a dominant effect because the analyzer measured the entire

bulk solution of the substrate with thus only a relatively small (by

mass) influence from the deposited thin film from the pretreatment

agent. One may assume that at least a minute amount of the pre-

treatment solution and thus agent could be absorbed on the surface

and a larger amount penetrated into the polyester fabric, leaving a

very thin layer on the fabric surface.

3.3. Effects of the pretreatment agents

3.3.1. Color strength

The ink jet inks are transparent due to the inherent nature of

the pigments used. The CH solutions in acetic acid (CH having

average molecular weight of 57,000 g/mol) were slightly yellow

to yellowish brown and so made the background yellowish. The

CH having average molecular weight of 100,000 g/mol can dissolve

slightly in acetic acid, therefore, CH with average molecular weight

of 57,000 g/mol was used as a representative for the fabric treat-

ment. The background color of the fabric interfered with the printed

ink color, resulting in inappropriate color assessments. The color

value so measured is basically the combined data of both the back-

ground color and the ink color. The background color of the fabric

was, therefore, used as a reference for all the measured color values

so as to obtain the real color yield of the ink and the resultant effect

of the pretreatment agent and the ink.

The color strength (K/S) of the fabrics subjected to the various

pretreatment solutions is summarized in Table 2. Theoretically, all

of the pretreated fabrics gave generally the higher K/S values than

the untreated fabrics. For the CH-treated fabrics, lower K/S values

were obtained for cyan, magenta and yellow inks at all CH load-

ings compared to the untreated fabric. Only the black ink showed

a numerically, but not statistically significantly, increased K/S level

at three out of the five CH loadings, that is not for those at 2 and 4%

(w/v) CH which had lower K/S values. In contrast to CH, compared

to the untreated fabric, the K/S values were higher for cyan, yellow

and black inks for all Gly loadings tested, whereas for magenta the

K/S values were higher than the untreated fabric at 5% (w/v) Gly, but

decreased with increasing Gly loadings to equal to and lower than

the untreated fabric at 10 and 15% (w/v) Gly, respectively. How-

ever, when the mixed pretreatment of 1% (w/v) of CH with 15%

(w/v) of Gly was used, the K/S values were all lower than that for

the untreated fabric and were not as high as those of the pure Gly

or CH at the same respective loading levels, except for the yellow

ink which was higher than that for 1% (w/v) CH alone. However,

none of these numerical differences in the K/S values relative to the

untreated fabric were statistically significant except for those at 1%

(w/v) CH for cyan color, 15% (w/v) Gly and the 15% (w/v) Gly mixed

with 1% (w/v) CH for cyan, black and magenta colors.

Pretreatment of the fabric with DBIC also gave lower K/S values

than the untreated fabric for all four inks. In contrast, pretreat-

ment of the fabric with HTACC gave a remarkable and the highest

improvement in the K/S values with the concentration of HTACC

Table 2
The color strength (K/S) and gamut volume of untreated and pretreated polyester fabrics.

Polyester fabrics K/S at �max

Pretreatment Concentration (%, w/v) Cyan 620 nm Magenta 540 nm Yellow 400 nm Black 400 nm Gamut volume

Untreated – 2.53 4.79 5.38 3.61 6859

CH-

treated

0.1 2.61 3.54 5.11 4.25 6967

1 1.77 3.25 2.78 4.40 7535

2 1.54 2.56 3.05 2.93 6820

3 2.12 3.21 3.37 5.74 6961

4 1.57 2.47 5.20 2.40 7205

Gly

treated

5 3.57 5.07 6.77 3.77 7557

10 3.04 4.80 7.00 8.50 7703

15 2.90 4.19 6.26 7.57 7846

CH + Gly treated 1 + 15 1.67 3.10 4.56 2.61 6277

DBIC treated 0.1 2.28 4.48 4.2 3.02 7219

HTACC treated 0.1 8.74 14.15 29.14 30.40 12950
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Fig. 2. Color gamuts of the printed fabrics after various pretreatments expressed as a*b* for the red-green color vs. yellow-blue color; L*a* for lightness vs. red-green color;

L*b* for lightness vs. yellow-blue color. Data are the mean values, derived from 3 independent repeats.

as low as 0.1% (w/v). Indeed, HTACC pretreatment increased the

K/S values of the cyan, magenta, yellow and black inks by some

5-, 4-, 9- and 11-fold, respectively, above that of the untreated

fabric. These numerical increases in K/S values were statistically

significant (p < 0.05).

3.3.2. Color gamut and gamut volume

A more meaningful presentation of color is the color gamut in

the CIE L*a*b* and L*C*H* system because a more complete color

information can be obtained. The color gamut produced by the

pretreatment solutions is given in Fig. 2, in which the CIE a*b*,

L*a* and L*b* gamuts are shown separately. In all the three gamuts,

the 0.1% (w/v) HTACC pretreatment clearly gave the widest gamut

followed by 15% (w/v) Gly, while the rest of the pretreatment solu-

tions were only slightly different from each other and the untreated

reference fabric. The HTACC treatment produced a far more satu-

rated lemon and orange color, as shown in the CIE a*b* gamut, a

saturated green and red color, as shown in the L*a* gamut, and sat-

urated blue and yellow colors, as seen in the L*b* gamut. Moreover,

the calculated gamut volumes of the untreated and treated fab-

rics are summarized in Table 2. One can see that increasing the

pretreatment solution increased the gamut volume of the printed

colors whereas only 0.1% (w/v) of HTACC padded fabric produced

the highest gamut volume. Interestingly, the K/S values and the size

of gamut volume were not really related in every case, as seen in the

case of 0.1 and 1% (w/v) treatment by CH (Table 2). This is due to the

fact that the K/S was calculated from colors of the cyan, magenta,

yellow and black inks, whereas the gamut volume was calculated

from all colors produced in the color sphere. Thus, the gamut vol-

ume is a better tool for comparison of the effect of pretreatment

of the fabric on the color yield from subsequent printing because it

represents the colors that are actually seen.

3.3.3. Tone reproduction

Tone reproduction represents the reproduced optical density

with respect to the dot area in a continuous range. The higher the

density, the more saturated the printed fabric becomes. Fig. 3(a)

shows the tone reproduction of the pretreated fabrics, revealing

that different sloped tone reproduction plots were observed for

each of the different pretreated fabrics. The tonal densities of the

fabrics pretreated with CH, Gly, the CH–Gly mixture and DBIC were

all relatively close at the lower dot areas but they gave relatively

higher tone densities at the higher dot areas. Very interestingly, the

HTACC pretreated fabrics revealed a steadily increasing tonal den-

sity for the whole range of dot areas, with a much higher optical

density when the dot areas were higher than 40%.

3.3.4. Chroma or color saturation

The components of color appearance are represented by L*

(lightness), C* (chroma) and H* (hue angle), and so an L*C* plot

is another method to observe the extent of color saturation after

printing on fabrics pretreated with the different solutions. In this

representation, the higher the C* value is, the greater the color

saturation becomes. Most of the pretreated fabrics gave higher

color saturations at all lightness, even at the low lightness areas

(Fig. 3(b)). Pretreatment brings out a higher color saturation, as

indicated by the scattering of the points in the L*C* plot. Basically,

an ideal color production is judged by the evenly and widely scat-

tering of the points at all lightness and chroma values, i.e., from the

low to high values of both axes. With a wide scattering of the points

on the L* and C* plot, a better tone reproduction with more details

can be obtained.

When considering the CH pretreated fabrics, the color satura-

tion was slightly increased as the CH concentrations increased. In

the Gly pretreated fabrics, the color saturation increased gradu-
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Fig. 3. Color yield: (a) The L*C* boundary of the printed fabrics with various pretreatments; (b) tone reproduction (shown as a plot of dot area against optical density) of the

printed fabrics with various pretreatments. Data are the mean values, derived from 3 independent repeats.

ally with increasing Gly concentrations up to a maximum at 15%

(w/v) Gly. However, when a 1% (w/v) CH and 15% (w/v) Gly mix-

ture was used, the color saturation obtained was lower, being at

the same level as that observed with the 1% (w/v) CH pretreated

fabric samples. In contrast, when the HTACC was used, higher color

saturation was found in the HTACC pretreatment compared to that

found with DBIC pretreatment at the same concentration. Indeed,

the 0.1% (w/v) DBIC treatment resulted in similar color saturation

as that of fabrics pretreated with 1% (w/v) CH.

The extent of the interaction depends on the pretreatment agent

concentration, the molecular weight, degree of deacetylation, the

location of remaining acetyl units and the local environment, as

influenced by the pH, the molecular size of the colorant (Jocic et

al., 2005; Leelajariyakul et al., 2008; Phattanarudee et al., 2009),

and physical phenomena of surface properties. The major contrib-

utor towards the higher K/S values and wider color gamut can

be obtained by the adsorption onto the modified CHs, or onto

Gly, of the polymer treated pigment molecules under the envi-

ronmental conditions. It is now realized that chemisorption, such

as ion-exchange, electrostatic attractions and so forth, is the most

prevalent mechanism, with the pH being the main factor affect-

ing adsorption (Crini & Badot, 2008; Jocic et al., 2005; Pillai, Paul,

& Sharma, 2009). Under acidic conditions, the amino groups of CH

are protonated to positively charged amine ions (–NH3
+) that can

electrostatically interact with the negative charge of the polymer

encapsulated pigmented inks. It has been experimentally con-

firmed that the printed fabric color is enhanced under such acidic

conditions. Furthermore, Jocic et al. (2005) elucidated the possible

ionic states and interactions between wool, CH, CH-treated wool

and dye, in an aqueous solution at either pH 4.2 or pH 6.5. This

led to the postulation about the possible interactions between the

polyester and the negative charge of the polymer encapsulated

pigmented ink in the present case. Only one terminal end of the

hydroxyl group per polyester molecule can be hydrogen bonded

with the oxygen atom of the acetyl group of the adsorbed CH or

the modified CH, or through van der Waals and hydrophobic inter-

actions (Polyester/CH). Similar van der Waals and hydrophobic

interactions between the polyester and the pigmented ink disper-

sion are also possible (Jocic et al., 2005).

Gly, a small amino acid molecule, has an isoelectric point (PI)

at 5.97, the point or pH at which Gly will be centered between the

pKa of the two ionizable groups, the amino group and the carboxylic

acid group. Therefore, electrostatic interactions between the proto-

nated amino groups (–NH3
+) with the negative charge of polymer

encapsulated pigmented ink are also possible at a pH of less than

5.97.

When Gly was mixed with CH in an acidic condition (pH < PI), the

additional protonation of H+ to the amino group of Gly was, at first,

expected because the solution pH was lower than the isoelectric

point and thus Gly should be in the protonated form. Unfortunately,

the opposite result was obtained in that for the mixed Gly and CH

pretreatment, a lower pH yielded fabric prints with lower K/S values

and a narrower color gamut. This could be caused by the fact that

the acid (H+) used for dissolving CH might protonate the carboxyl

group of Gly instead.

For the DBIC pretreatment solution, there are two nitrogen

atoms per glucosamine unit, and so the K/S values and color gamut

were thus larger than those of the untreated fabric and the CH-

treated fabrics.

Introducing a quaternary ammonium group has long been

known to enhance the solubility of CH. The conjugation of gly-

cidyltrimethylammonium chloride (GTMAC) to CH produces a CH

derivative, HTACC, a water-soluble polymer at all pH values. There-

fore, having two nitrogen atoms, one secondary amino group and

one quaternary ammonium group, the HTACC pretreatment can

synergistically produce higher K/S values of each color, a higher

gamut volume and a better color saturation when compared with

the low effectiveness of the primary amino group of CH alone in

neutral or dilute acid solutions.

The stable positive charges may interact with the negative

charge of the polymer encapsulated pigmented ink via amidation or

electrostatic interaction. The much higher K/S values and the larger

color gamut boundary and volume induced by the HTACC pretreat-

ment can be further caused by the ease of site accessibility due

to the longer side chain. It is anticipated that this long side chain

can allow both chemisorption and physical surface adsorption of

the pigmented inks to take place. The protonated CH and HTACC

can provide a rapid surface adsorption followed by diffusion and

chemisorption of the modified pigment molecules in the CH net-

work via electrostatic interactions (Bahmani, East, & Holme, 2000).

Furthermore, HTACC has been reported to generate antibacterial

activity to cellulosic fibers (Seong et al., 2000), which is another

advantage to use HTACC in textiles.

3.3.5. Outline sharpness and contrast assessment

The outline sharpness of the printed character “E” visualized

and then as measured by the optical microscopy, is illustrated for

the positive characters in Fig. 4(a)–(f) and negative characters in
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Fig. 4. Outline sharpness and printed character quality of the “E” on fabrics with various pretreatments: Positive character: (a) the untreated fabric, and the fabrics pretreated

with (b) 1% (w/v) CH, (c) 15% (w/v) glycine, (d) mixture of 1% (w/v) CH and 15% (w/v) glycine, (e) 0.1% (w/v) DBIC and (f) 0.1% (w/v) HTACC; negative character: (g) the

untreated fabric, and the fabrics pretreated with (h) 1% (w/v) CH, (i) 15% (w/v) glycine, (j) mixture of 1% (w/v) CH and 15% (w/v) glycine, (k) 0.1% (w/v) DBIC and (l) 0.1% (w/v)

HTACC.

Fig. 4(g)–(l), printed on polyester fabrics after various pretreat-

ments. In principle, the good printed qualities of characters are

sharpness, even ink deposition and legibility. The sizes of the pos-

itive characters (Fig. 4(a)–(f)) are larger and shaper than those of

the negative characters (Fig. 4(g)–(l)). Ink spreading in both verti-

cal and horizontal directions was observed in the untreated fabric

(Fig. 4(a) and (g)) and all the CH-treated fabrics (Fig. 4(b) and (h)).

The edges of the positive characters were not so ragged but the

negative characters were more ragged and unevenly printed. The

printed positive characters and negative characters on 0.1% (w/v)

DBIC pretreated fabrics in Fig. 4(e) and (k) or 0.1% (w/v) HTACC pre-

treated fabric in Fig. 4(f) and (l) gave a much better legibility with

sharper edges, more evenly printed color densities and a higher

contrast between the letter and the background than those of the

untreated fabric. One obvious point was also seen in the blurred

“E” characters (Fig. 4(c) and (i)) on the Gly pretreated fabrics, due

to the lower viscosity resulting from the small molecular size of Gly.

This observation is even more obvious in the negative characters

(Fig. 4(i)).

The data of the treatments disclose that the contrast transfer

function (CTF) in the warp direction is higher than those in the weft

direction. The trace lines of micro-density vs. distance in pixel, and

their contrast calculated from the average micro-density in the weft

direction are revealed in Table 3. The contrast in the warp direction

cannot be calculated due to the configuration of the fiber and thus

no data could be presented. One should bear in mind that the den-

sities of the fabrics were bared. From these results, the 0.1% (w/v)

HTACC pretreated fabric gave the highest contrast, followed by the

0.1% (w/v) DBIC pretreatment, whilst fabric pretreated with the

mixed 15% (w/v) Gly and 1% (w/v) CH gave the lowest contrast. All

the measured samples rendered a decreasing contrast with increas-

ing spatial frequencies at each resolution. Therefore, among all the

pretreatments, the fabrics treated with 0.1% (w/v) HTACC gave the

highest smoother trace lines and resolution especially at the fre-

quency of 2 lines per mm (data are not shown here). Two possible

attributes to the above observations are the extent of ink absorp-

tion, spreading and fixation. The lower ink absorption produced a

higher ink density and better contrast, while the better color fixa-

tion controls an adequate ink penetration and limited ink spreading

to result in the fine and smooth edges of the characters.

3.3.6. Surface appearance and stiffness of the pretreated polyester

fabrics

Fig. 5 shows the surface appearance of the untreated polyester

fabrics and the various treated polyester fabrics. The untreated

polyester fabric, as depicted in Fig. 5(a) is not smooth and has

minute and shallow channels distributed widely on the fiber. When

it was treated with 1% (w/v) of CH, the channels were reduced

because the CH solution could fill up the channels. With higher

CH concentrations, at 2, 3 and 4% (w/v), an uneven and rough layer

of CH was deposited on the fiber surfaces which made the fibers

become distorted (micrographs are not shown here). This behav-

ior may induce stiffness to the fabrics. When an excessive amount

of 15% (w/v) Gly was padded, small specks, agglomerates and lay-

ers of the pretreatment Gly were deposited widely on the fiber, as

shown in Fig. 5(b). The fibers became smoother and less swollen

when the mixed CH and Gly solution was padded (Fig. 5(c)). The

stiffness of the fabric at this level of padding was hard to hand

touch. The CH and Gly pretreated fabrics were not soft to hand touch

because the fabric stiffness was increased appreciably. On the other

hand, the fabrics padded with 0.1% (w/v) of DBIC or 0.1% (w/v) of

HTACC (Fig. 5(e) and (f), respectively) had a smooth surface texture

somewhat similar to that of the untreated fabric. For softness to

hand touch, the 0.1% (w/v) DBIC or 0.1% (w/v) HTACC pretreatment

gave a relatively similar stiffness as that for the untreated fabric

regardless of the high molecular weight of HTACC. Based on Crutzen

(1995) model of ditallowdimethyl ammonium chloride deposition

on cotton, this model was adopted to explain the similar softening

result of the high molecular weight HTACC. The long side chain of

N-(2-hydroxyl-3-trimethylammonium)propyl chloride attached at

the nitrogen atom of the amine occupied more spaces on the fab-

ric. The combined effects of adsorption and the softening power of

quaternaries enable the fabric to behave somewhat like the cationic

softener treated fabric.

Fig. 6 shows the extent of the bending length of the printed fab-

rics in the warp and weft directions for the fabrics pretreated with

the different solutions. The stiffness of the untreated warp direc-

tion was higher because it is naturally stronger than that of the weft

direction, due to having more incorporated fibers (182 ends in.−1

for the warp fiber vs. 87 picks in.−1 for the weft). When 0.1% (w/v)

CH, 0.1% (w/v) HTACC and 0.1% (w/v) DBIC were used to treat the
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Table 3
Print contrast in the weft direction of polyester fabrics printed by ink jet inks after pretreatment with the indicated solutions.

Type of fabrics Traces of micro-density vs. distance (pixel) Contrast of the printed fabrics at the applied spatial frequency (lines per mm)

0.5 1 2

Untreated 0.69 0.58 0.53

0.1% (w/v) CH 0.57 0.51 0.47

1% (w/v) CH 0.63 0.60 0.51

2% (w/v) CH 0.59 0.52 0.36

3% (w/v) CH 0.55 0.48 0.37

4% (w/v) CH 0.57 0.52 0.44

0.1% (w/v) DBIC 0.69 0.69 0.51
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Table 3 (Continued )

Type of fabrics Traces of micro-density vs. distance (pixel) Contrast of the printed fabrics at the applied spatial frequency (lines per mm)

0.5 1 2

0.1% (w/v) HTACC 0.85 0.80 0.62

5% (w/v) Gly 0.65 0.60 0.48

10% (w/v) Gly 0.60 0.53 0.48

15% (w/v) Gly 0.70 0.58 0.48

15% (w/v) Gly + 1% (w/v) CH 0.50 0.44 0.35

fabrics prior to printing, the stiffness in the warp direction in each

pretreated fabric increased, which was influenced by the strength

of the warp fibers and the pretreatment solution (p � 0.05). The

HTACC pretreated fabric gave significantly lower fabric stiffness.

The stiffness of the weft direction in the untreated and treated fab-

rics showed a similar trend as those seen for the warp direction.

In contrast, when more concentrated pretreatment solutions were

used, the stiffness in the weft direction increased rapidly. This is

because the pretreatment solutions were absorbed easily by the

fibers in the weak weft fibers due to the lower fiber density at 87

picks in.−1 in this direction. Increasing the pretreatment of both

chitosan solutions from 0.1 to 4% (w/v), and Gly solutions from 5

to 15% (w/v) significantly increased the stiffness in both the warp

and the weft fiber directions, but with a greater increase in the weft

fiber direction. When the fabrics were pretreated with the mixture

of 1% (w/v) CH and 15% (w/v) Gly, the stiffness increased markedly

and this was statistically significant (p � 0.05). The greater the stiff-

ness of the fabrics, the less comfortable they became. It is also

anticipated that the electrostatic interaction between the positive

charges of the pretreatment agents and the negative charge of the

polyester surface and the inks might be the major contribution to

the increase in fabric stiffness. Therefore, there is a trade-off in the

amount of pretreatment solution on the required printing property

vs. the fabric performance properties. In the present case, HTACC is

a good candidate as a pretreatment agent because only 0.1% (w/v)

is required to obtain a satisfactory color strength, which does not

yield too high a fabric stiffness and also has the advantage of poten-

tially adding antibacterial activity, as reported elsewhere (Seong et

al., 2000).

3.3.7. Effect of pretreatment agent on color fastness to washing

and rubbing

Based on the ISO 105-C10:2006 (E) for evaluating color fast-

ness to washing, and AATCC TM 8 for color fastness to rubbing, the

results presented below are based on the five levels of evaluation

that 5 stands for excellent, 4 for good, 3 for fair, 2 for poor, and 1
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Fig. 5. Surface appearances of (a) the untreated fabric, and the fabrics pretreated with (b) 1% (w/v) CH, (c) 15% (w/v) glycine, (d) mixture of 1% (w/v) CH and 15% (w/v) glycine,

(e) 0.1% (w/v) DBIC and (f) 0.1% (w/v) HTACC.

Fig. 6. Stiffness of the printed fibers of (a) untreated fabrics, weft direction, (b) untreated fabrics, warp direction, (c) treated with 0.1% (w/v) HTACC, weft direction and (d)

treated with 0.1% (w/v) HTACC, warp direction. (Data are shown as the mean values ± 1 SD, derived from five independent repeats.)

for very poor:

Treatment Color fastness level Dry fastness level Wet fastness level

Untreated 1 3–3.5 2.5

CH, Gly, DBIC 2 3–4 2.5–3, 2–3, 1.5–2.5

HTACC 3–4 3–4 2.5

Gly–CH mixture 3–4 3–4 2.5–3.5

The pretreated fabrics gave the higher color fastness to wash-

ing than the untreated one. The HTACC gave better color fastness to

washing of the printed polyester fabric which might be contributed

by HTACC as an interlayer between the ink and the fabric. Similar

result was also observed for the Gly–CH mixture pretreated fabric.

Color fastnesses to wet rubbing for all fabrics with all pretreatments

are lower than those for dry rubbing. This could be caused by the

weakness of the swollen film in the wet condition which can be

easily rubbed off. One can also see that Gly–CH mixture pretreat-

ment having the higher stiffness contributes somewhat the better

color fastness to both dry and wet rubbings. It may be then said that

the higher flexural modulus is also another contribution to rubbing.

Both HTACC and DBIC pretreatments gave the lower color fastness

to wet rubbing because they are relatively hydrophilic in nature

with low flexural modulus and the pretreated films are weak in

water and under rubbing.

With a very smooth interface adhesion for the ink and sub-

strate, the only forces holding the substrate and pretreatment agent

together are the interfacial attractive forces. Internal stresses act to

reduce adhesion and less external force is required to disrupt the

adhesive bond. As film formation proceeds, Tg rises and free volume

is reduced; the film becomes fixed in unstable conformations, and

internal stress increases. Stresses also result from volume expan-

sions, such as swelling of films by exposure to high humidity or

water immersion. Thus delaminating of the printed ink film under

rubbing can occur easily.

4. Conclusions

The use of CH, Gly, and the two modified CHs (DBIC and HTACC)

as the pretreatment reagents of polyester fabrics prior to ink jet

printing indicated that these pretreated fabrics produced a much
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better color quality than the untreated fabrics, but that the extent of

this improvement largely depended on the type and concentration

of the pretreatment solutions. Although polyester is a hydrophobic

fabric, it had a negative zeta potential implying that it has neg-

ative charges on its surface. The important properties of the K/S

value, color gamut and gamut volume, color saturation, tone repro-

duction, outline sharpness and surface appearance were evaluated.

Overall, HTACC pretreatment gave overwhelming excellent prop-

erties over the rest of the pretreatments. Only 0.1% (w/v) of HTACC

was required to provide a high color gamut and color saturation,

good tone reproduction and outline sharpness, smooth surface and

less fabric stiffness. Nevertheless, Gly could also be used as a pre-

treatment agent for good color reproduction, but it is not as good for

outline sharpness because it produced rather poor outline sharp-

ness and low contrast print, due to its high spreading caused by

the low solution viscosity. Based on the numerical observation and

statistical evaluation, the pretreatment agents gave better quali-

ties than the untreated fabric and their efficiency can be ranked as

follows for (i) color properties: HTACC 	 Gly > CH ≈ DBIC > Gly–CH

mixture (15% and 1% (w/v), respectively); (ii) for outline sharpness:

HTACC > CH ≈ DBIC ≈ Gly–CH mixture (15% and 1% (w/v), respec-

tively); and (iii) less stiffness: HTACC < DBIC < Gly < CH < Gly–CH

mixture (15% and 1% (w/v), respectively); (iv) color fastness to

washing: HTACC ≈ Gly–CH mixture > CH > gly ≈ DBIC; (v) color fast-

ness to rubbing: Gly–CH mixture > gly ≈ CH > HTACC > DBIC.
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Abstract
Purpose – The purpose of this paper is to prepare anionically surface-modified organic pigment/binder ink jet inks for printing on chitosan-pre-treated
silk fabrics.
Design/methodology/approach – Anionically surface-modified organic pigment/binder ink jet inks were prepared in four colours (cyan, magenta,
yellow and black). The pigment-to-binder ratio was controlled at 1:6.4 for the cyan, magenta and yellow inks, and 1:3.4 for the black ink. Ink
formulations (by weight) were assembled and mixed as follows: 8 per cent pigment dispersion, 10 per cent diethylene glycol, 12 per cent glycerol,
5 per cent urea, 10 per cent polyacrylate emulsion binder and 55 per cent deionised water. They were characterised in terms of their particle size,
zeta-potential, particle morphology, viscosity, surface tension and pH. The inks were printed onto silk or the chitosan pre-treated silk fabrics using a
piezo-type ink jet printer. The fabrics were then heat cured and analysed for the effect of chitosan pre-treatment on colour gamut, wash fastness and
crock fastness.
Findings – The formulated ink jet inks yielded an acceptably good ink jetting reliability, one-year stability and printability. The chitosan pre-treated silk
fabrics gave a wider colour gamut and colour saturation than the non-treated one. Crock fastness and wash fastness of the chitosan pre-treated fabrics
were relatively better than those of non-treated fabrics.
Research limitations/implications – The surface-modified pigments are transparent and thus their inks printed on the chitosan pre-treated fabrics
produced slightly low K/S values of cyan, magenta, yellow, and black colours because the limited chitosan concentration in the pre-treatment is
controlled by its solubility in acidic solution. The higher loading of chitosan pre-treatment gave higher K/S values and a stiffer touch of the fabrics.
Practical implications – The water-based pigmented inks having the sulphonate group on the pigment surface can be printed on the fabric surface
pre-treated with chitosan molecules which have the protonated amino groups to give good colour appearance. It is anticipated that this type of ink can
be applied to any textile surface which has been pre-treated with the protonated chitosan.
Originality/value – The modified organic pigments having the sulphonate group on their surface can be used to produce novel water-based ink jet
inks which can print on the chitosan pre-treated silk fabric. Ionic interactions between the sulphonate group of the pigment and protonated amino
groups of chitosan in conjunction with polyacrylate binder enhance colour strength, widen colour gamut and chroma, and produce good adhesion for
fabric operational properties such as wash fastness and crock fastness.

Keywords Inks, Colour fastness, Silk, Pigments, Ink jet printers

Paper type Research paper

Introduction

Organic pigments that are used in ink formulations for fabric

printing need to be surfacemodified if they are to be suitable for

printing and application. Limitations on the pigments in this

context usually relate to the colour gamut, the stability of the

ink, the nature of the continuous medium and the drying time.

In applications, various problems, such as in the development of

a concentration gradient, the blocking of jets, inconsistency in

colour and the lowoptical density of the resultant prints, are of a

major concern (Fu, 2006). The pigment dispersion needs to

demonstrate colloid stability with a limited and controllable

particle growth in size with time, the size remaining less than

150nm. The formulated ink must have a low viscosity and a

high surface tension.There is a need, therefore, to consider both

the thermal and long-term shelf life stabilities of the inks

coupled with the need for colour purity (Leelajariyakul et al.,

2008). The stability of the pigment dispersion within the ink

depends on particle separation forces (type and magnitude),

whereby the separated distance can bemaintained by stabilising

groups that are adsorbed to polymer surface via steric and/or

electrostatic forces. These stabilising groups can be covalently

attached to the pigment surface in ways that ensure that the

functional groups, such as carboxylic or sulphonic acid groups

are available on the pigment surface (Belmont, 1994; Johnson

and Belmont, 1997).
Like other fabrics, silk, which is directly printed by ink jet

printing, does not provide high-quality printing because the

surface of the silk fabric is not smooth. A pre-treatment
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process to limit the excessive spreading of the ink is necessary

before ink jet textile printing because the fabric is porous, soft
and pliable. The treating system helps to smooth out the

fabric surface and ink absorption becomes more uniform
(Phattanarudee et al., 2009). The functional groups provided
by the pre-treatment compounds are designed to absorb

additional ink, resulting in a better deposition of ink on the
fabric surface or a higher ink holdout (Bajaj, 2002).
The majority of interest in textile and printing has been

involved with cotton (Bahmani et al., 2000; Oktem, 2003) or
synthetic textiles as the substrate- and dye-based ink jet inks

(Yuen et al., 2007) have been used. The limited research into
the use of the ink jet colouration of silk is a suppressing factor.
The major objectives of the current research were to use the

anionic, surface-modified pigments/binders to formulate four
pigmented ink jet inks and to investigate those parameters
that were considered to be of relevance to their printing on

pre-treated silk fabrics.

Experimental

Materials
Preparation of pigmented ink jet inks
The pigmented ink jet inks that were used in the study are
listed in Table I with the surface-modified pigments being
supplied by Cabot Corporation, Billerica, Massachusetts,

USA (Jason, 2004). The four pigments used were a cyan
pigment, IJXTM 253C, modified from C.I. Pigment Blue
15:4; a magenta pigment, IJXTM266D, modified from C.I.

Pigment Red 122; a yellow pigment, IJXTM273B, modified
from C.I. Pigment Yellow 74 (Johnson and Belmont, 1997;
Johnson et al., 2002); and a black pigment, CAB-O-Jet 200,

modified from C.I. Pigment Black 7 (Belmont, 1994;
Belmont et al., 1996a, b). The pigments were provided as
an aqueous dispersion. The relevant structures of the

pigments are shown in Figure 1, whilst the properties of the
surface-modified pigment dispersions are given in Table I.

Methods

Each pigmented ink formulation was assembled as follows

(total composition by per cent volume): 8 per cent pigment
dispersion, 10 per cent diethylene glycol, 12 per cent glycerol,
5 per cent urea, 10 per cent polyacrylate emulsion binder and

55 per cent deionised water. The pigment/binder ratios were
prepared at 1:6.4 for the cyan, magenta and yellow inks, and

1:3.4 for the black ink (Leelajariyakul et al., 2008;
Phattanarudee et al., 2009). The polymer binder for the
anionically surface-modified pigment dispersions was a

polyacrylate emulsion, Vanatex S-711 polyacrylate binder
(Shin Nakamura, Wakayama, Japan), added at 10 per cent

w/v of dispersion in 63 per cent w/v de-ionised water. The

mean diameter of the polymer particles was 116nm. The

Vanatex S-711 contained non-ionic surfactant at 48.5 per cent

w/v. The viscosity was 1,000mPa s at a shear-strain rate of

320 s21 at 258C. The pH of the dispersion was 5. The glass

transition temperature of Vanatex S-711 was 1.28C. Urea, a

good hydrotropic agent, which works as an anti-hydrogen

bonding additive was used to improve the stability and to

provide the required reduced viscosity and clogging problems

that are inherent in on-demand piezo nozzle-jetting devices.
Each component was added individually to the total system.

Diluted NaOH solution was added to the ink in order to

adjust the pH to within the desired range of 7-9. After mixing,

the inks were filtered through a cellulose acetate filter (pore

size 0.45mm, Sartorius Stedim Biotech GmbH, Göettingen,

Germany) to remove all coarse particles and so the risk of

their clogging the orifices of the ink jet printer was reduced.

Characterisation of pigmented ink jet inks

The pigment dispersion was dried on a glass support, and the

resulting film was dried and ground. The dried powder was

subjected to Fourier transform infrared (FTIR) measurement

(Perkin Elmer System 2000, UK). The pH of the ink was

adjusted to the suitable range for printing (pHmeter, pHTester

20,Oaklon, Eutech instruments, VernonHills, Illinois,USA) at

room temperature. A Brookfield viscometer (DV III,

programmable rheometer, Stoughton, Massachusetts, USA)

was used tomeasure the viscosity of the pigment dispersion and

of the formulated inks, at 258C. A particle size distribution

analyser (Malvern laser scattering analyser, model Mastersizer

S, long bed Ver. 2.11, Worcestershire, UK) was used for the

particle size analyses of the pigment dispersions and of the

formulated inks. The particle size distributions of the ink

formulations were measured after various storage periods (one

day, one, ten and 12months) to confirm the stability of the inks.

The surface tension of each ink preparationwasmeasured using

a surface tensiometer (K8, Kruss, Hamburg, Germany) by the

DuNouy Ring method at room temperature (258C). The

morphology and particle sizes of dried samples of the pigment

dispersions were viewed by transmission electron microscopy

(TEM) (JEOL, JEM-2100, Tokyo, Japan). The ink samples,

after one year of storage, were diluted and applied to a glass

substrate. The solvent was removed by evaporation and the

resultant dried ink samples were then observed by scanning

electron microscopy (SEM) (JSM 6400, JEOL, Tokyo, Japan)

and TEM. The inks were diluted using deionised water and

their zeta-potential was measured by nanosizing Zetasizer

(Nano Series, Malvern Instruments Ltd, UK). The charge on

pigment surface was evaluated at 258C.

Table I Properties of ink ingredients from the surface-modified pigment dispersions

Chemicals

Colour index of

pigments used Chemical class

Average particle size

(nm)

Solid content

(%(w/w))

Viscositya

(mPa s)

Zeta-potential

(mV)

Cyan: C (IJX 253 C) Pigment Blue 15:3 Phthalocyanine 91 9.45 1.37 255

Magenta: M (IJX 266D) Pigment Red 122 Dimethyl quinacridone 105 9.96 1.70 257

Yellow: Y (IJX 273B) Pigment Yellow 74 Monoazo; acetoacetyl 105 9.66 1.43 252

Black: K (CAB-O-JET200) Pigment Black 7 Carbon black 69 18.65 3.10 264

Vanatex S-711-Polyacrylate emulsion 116 50.7 1,000 238

Note: aThe viscosity was measured at shear-strain rate of 330 s21 at 258C
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Preparation of the silk fabrics

Aplainweave silk fabric, constructedwith 73endsper inch £ 62

picks per inch, with a basic weight of 0.11 kg m22, was used.

The fabric was cut into rectangles of 22 cm £ 31 cm. Then, the

samples were bleached using dilute (0.2 per cent w/v) hydrogen

peroxide, at pH 10.5 and a temperature of 1008C, for 1 h.

The bleaching formulation was composed of hydrogen

peroxide (2 g l21, reagent grade, $98 per cent, anhydrous

Sigma-Aldrich, Pte. Ltd, Singapore), sodium carbonate

(10 g l2 1, American Chemical Society (ACS) reagent,

anhydrous, 99.95-100.05 per cent dry basis, Sigma-Aldrich,

Pte. Ltd, Singapore) and deionised water and then used at

Figure 1 FTIR spectra of the surface-modified pigments
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a 1:50 (v/v) ratio of silk fabric: bleaching solution. The bleached

fabricswerewashedwith deionisedwater several times to remove

the remaining oxidizing agent and then dried at 508C for 4h.

Preparation of the chitosan-containing pre-treatment

solutions

The three chitosanpowders,FL-80,FM-80andFM-40, had an

averagemolar mass of 120, 370 and 850 kgmol21, respectively,

with an N-deacetylation degree of 88, 87 and 88 per cent,

respectively, and were obtained from the Koyo Chemical Co.

Ltd (Japan). Each of the three chitosan types were prepared at

0.25, 0.5, 1 and 2 per cent w/v in a 1 per cent w/v aqueous

solution of acetic acid (ACS reagent, $99.7 per cent,

Sigma-Aldrich, Singapore) by heating at 608C until a

homogeneous solution was obtained, except that 2 per cent

w/v solution could not be made for FM-40 because it could not

dissolve at room temperature. The highest concentration of the

pre-treatment solution gave difficulty to apply on the fabric

because of both the limited solubility capacity and the stickiness

of the chitosan solution when it was used for padding on

the fabric.

Pretreatment of the fabrics

The bleached silk fabrics were each padded with the pre-

treating solutions at 100 per cent pick up in a padding machine

(Tsuji Dyeing Machine Mfg, Osaka, Japan). The fabrics were

later steamed, pre-treated at 808C for 5min and fixed at 1108C
for 2min in an oven (Rapid Labortex Corporation, Taiwan).

After the pre-treatment, the silk fabrics were characterised by

FTIR-attenuated total reflectance (ATR) spectroscopy

(Spectrum One, Perkin Elmer, UK), to confirm the existence

of the pre-treatments on the silk fabrics. Likewise, all of the ink

colours printed on the silk fabrics were characterised by FTIR

spectroscopy to observe the functional groups of the inks and

the fabrics.

Printing on the fabric

Each silk fabric was supported on a flat plastic sheet using

double-sided adhesive tape to give stable dimensions to the

fabric in the media-feeding path for the ink jet printer.

The samples were printed with the in-house formulated ink jet

inks using an Epson StylusTM C65 printer (Epson (Thailand),

Bangkok,Thailand), at a resolution of 5,760 £ 1,440 optimised

dpi. After printing, each printed silk sample was steamed at

1008C for 5min to fix the printed inks.

Evaluation of the printed fabric
Colour gamut
The colour test chart of each of the printed fabrics was evaluated

according toCIEL*a*b* colour space (Commission International

I’Eclairage), determined using a spectrophotometer

(GretagMacbeth Spectrolino, 45/0, X-rite, Incorporated,

Regensdorf, Switzerland), with an illuminant D50 and the 28
observer, based on the CIE 1931 system (Berns, 2000). The L*

axis runs fromtop tobottomwith amaximumof100 representing

a perfect reflecting diffuser. The minimum value for L* is zero,

which represents black. The a* and b* axes have no specific

numerical limits. Positive and negative values for a* represent a

red and green colours, respectively, whilst the same for b*

represents a yellow and blue colours, respectively. The equations

for CIE 1976 L* a* b* (CIELAB) colour space are presented

elsewhere (Berns, 2000).

Wash fastness
The treatment of the fabric before and after the printing

process is an important aspect of the ability to ensure a good
fastness property. Thus, the printed silk fabrics (non-treated

and chitosan pre-treated) were soaked in 5 per cent w/v NaCl

(ACS reagent, $99.7 per cent, Sigma-Aldrich, Singapore)
and then steamed for 5min to fix and stabilise the inks on the

fabrics. Wash fastness evaluations were carried out according
to ISO 105-C06 (1994). Thus, in each case, a sample

(100 £ 40mm) in contact with the specified adjacent fabric

was washed, rinsed and dried. Each printed fabric, together
with its attached multifibre strip, was washed at 408C for

30min in liquor containing 4 g of standard detergent (SDC,

ISO 105, without optical brightener) per 1 l of water at a
liquor volume of 150ml. The adjacent multifibre fabric (DW)

contained wool, acrylic, polyester, polyamide, bleached

cotton and cellulose diacetate fabrics. Any change in the
colour of the adjacent fabric was compared using the grey

scale for staining in accordance with ISO 105-A03 (1993).
The colour difference in the printed fabrics, from before and

after washings, was also reported in terms of the colour

strength (K/S) and the relative colour strength, as derived in
equations (1) and (2), from which the K/S ratio and the

relative colour strength were calculated:

Colour strength; K=S ¼ ð12 RÞ2
2R

ð1Þ

Relative colour strength ¼ ðK=SÞafter washing

ðK=SÞbefore washing

ð2Þ

Here, R ¼ the reflectance of printed silk fabric in the range of
the highest absorption, based on ISO 105-C06 (1994). The

fabrics were printed as a solid pattern in the four colours

(cyan, magenta, yellow and black). The printed fabrics, before
and after the washing treatment, were evaluated using a

spectrophotometer (X-rite, SP62, d/8, X – Rite Asia Pacific

Ltd, Quarry Bay, Hong Kong). The reflectance of samples
was measured five times in different areas to determine the

K/S-values. An averaged value was then calculated.

Crock fastness
The crock fastness of the printed fabric was evaluated using

the AATCC Crockmeter (Atlas Electric Devices Corporation,

Chicago, Illinois, USA) and AATCC Test Method 8-2001
(2002). The amount of colour that was transferred from the

printed surface to the other tested surfaces, during a
controlled rubbing process, was judged using a grey-scale

chart (Grey Scale for Staining or the Chromatic Transference

Scale). Each printed sample was rubbed with a standard white
cotton fabric in ten back-and-forth motions, under both dry

and wet conditions. The amount of colour transferred to the

cotton fabrics was graded in a range from 1 to 5, in an
increasing order of rub fastness.

Results and discussion

Quality of the pigmented ink jet inks

Figure 1 shows the IR spectra of the surface-modified organic
pigments: C.I. Pigment Blue 15:4 (spectrum (a)), C.I. Pigment

Yellow74 (spectrum (b)), C.I. Pigment Red 122 (spectrum (c))

and C.I. Pigment Black 7 (spectrum (d)), which all have
strongly electrolytic sulphonate groups on their pigment

surface, whilst the black pigment (spectrum (d)) has in
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addition the weakly electrolytic carboxylic acid, hydroxyl and

ketonic carbonyl groups on its surface which did not influence

the behaviour of the sulphonic acid group. These weakly
electrolytic groups were generated during the production of

carbon black. For the four pigments, the IR peaks give

evidence for the presence of the sulphonate groups as follows:
the peaks at around 1,369-1,288 cm21 are assigned to the

asymmetrical stretching of ZSZO, 1,124-1,090 cm21 for the

SvO stretching, and 1,023-809 cm21 for ZSZO symmetric
stretching of the ZSO3

2 group. The peaks at 1,610, 1,607,

1,594-1,592, and 1,486 cm21 are the ZCvCZ stretching of

the aromatic rings in the pigments. The peak at 1,508 cm21 in
spectrum (a) of Figure 1 relates to the CvN stretching of the

phthalocyanine blue pigment. That at 3,274 cm2 1 in

spectrum (b) of Figure 1 relates to the NvH stretching of the
quinacridone red pigment, whilst that at 1,576 cm21 in

spectrum (c) of Figure 1 relates to the NvN stretching of the

monoazo yellow pigment. The peaks at 1,636 and 1,675 cm21

relate to the CvO stretching of the magenta pigment in

spectrum(b)ofFigure1, and theyellowpigment in spectrum(c)

of Figure 1, respectively.More peaks are seen in the spectrumof
the carbon black pigment in spectrum (d) of Figure 1, where the

sharp peak at 1,723 cm21 indicates the CvO stretching

from the carboxylic acid group and the peaks at 1,674 cm21

indicate the presence of the ketone carbonyl group, that at
1,446 cm21 the presence of the anionic carboxylate groups,

COO2, and finally the small peak at 3,657 cm21 relates to the

OZH stretching of carbon black. A schematic drawing of
Figure 1(e) represents the pigment surface that wasmodified by

Cabot’s diazonium attachment chemistry (Belmont, 1994) to

give the sulphonate groups. Here, the sphere is the CI pigment
having the attached functional groups on the surface which are

surrounded by the positive counter ions.
Zeta-potential measurements were used to confirm the

nature of the negatively charged, surface-modified pigments in

all of the pigment dispersions and pigmented inks. The black
pigment dispersion had the highest zeta-potential (264mV,

Table I), as did the black ink (250.9mV, Table II). It should be

noted that all of the four pigments were surface modified with
sulphonate groups. However, only the black ink pigment

systems contained theOHandCOOHgroups, albeit it at only a

relatively low density. We deduce that the attached functional
groups on the surface, surrounded by the positive counter ions,

are in a suitable continuous medium, for example, in a colloidal

state with one electrical double layer, as shown schematically
in schematic drawing of Figure 1(e). The negatively

charged pigment surface, together with the components of

the continuous aqueous medium, stabilises the inks in a
colloidal state.
The presence of the sulphonate and/or carboxylate groups

gives an electrostatic repulsive force between the particles,
fulfilling the so-called self-dispersing property in a water-based

vehicle, without the need for additional dispersing agents

because all the pigment concentrates contained a 4.85 per cent

final concentration of non-ionic surfactant.
The sulphonate group-containing pigments, as stronger

electrolytes, have a better water solubility than that of the

carboxylate anion-containing pigments. It has been reported
that the print performance of the black inks having ZCOOH

groups (Cab-O-jet 300), as defined by their optical density

and water fastness, was superior to those containing ZSO3H

groups (Cab-O-jet 200) (Belmont, 1994; Johnson and
Belmont, 1997).

Particle size and stability

The prepared inks (cyan, magenta, yellow and black colours)

had pH values in the range of 8-9. The particle sizes of the
inks were measured after filtration to check for the presence of

oversized ink particles. This was because larger particles could

clog the orifice of the printer during ink jet printing. The four
inks had different average particle sizes with the black ink

having the smallest average particle size at 60 nm and the cyan

ink the largest size at 105 nm. The pigments in the magenta

and yellow inks were in-between with average particle sizes
within the range of 79 nm (Figure 2).
The pigmentary species that were present in the formulated

inks had very narrow particle size distributions. Figure 2

shows the stability of the inks in terms of the particle size

distributions of the inks following ten months and one year of

storage. The particle sizes of the cyan and yellow inks
remained fairly constant over the year, whilst the magenta and

black inks contained a minute fraction of larger particles in

the size range of 100-120mm and 8-100mm, respectively,
after ten months to one year of storage. Analysis of the ink

particles by TEM and SEM (Figure 3) revealed that the

particle sizes of the pigments in the dried cyan and yellow inks

were still less than 120nm. However, the majority of the
pigments in the magenta and black inks had larger particles,

at around 300 and 200nm, respectively. The smaller the

primary particle size is the greater is the tendency towards
aggregation or agglomeration. The oversized particles were

created by the low level of aggregation that involved only a

small amount of polymer binder. All of the oversized pigments

were removed by filtration, causing the inks to become
suitable for ink jet application as shown by the fact that the

particle size remained unchanged over ten months. The

jetting of these inks was smooth during printing and, in
addition, very little, if any cleaning of the print head nozzles

was required.
The zeta-potential gives a useful guide to the strength of the

repulsive force that operates between the colloidal particles of

the ink, and the strongly negative charges (243 to 251mV)

observed for all the inks (Table II) suggest that they are likely
to be stable in solution and not aggregate. This strong

Table II Ink properties of the four pigmented inkjet ink colours

Inks Viscosity (mPa s) Surface tension (mN m21) Density (g cm23) Zeta-potential (mV) Solid content (%)

Cyan 2.4 44 ^ 2 1.04 248 28

Magenta 2.5 44 ^ 1 1.05 243 28

Yellow 2.5 45 ^ 1 1.05 243 28

Black 2.5 43 ^ 0 1.05 251 29

Note: Data are shown as the mean ^1 (SD) and are derived from three replicates
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negative zeta-potential is due to the sulphonate or carboxylate

groups on the pigment surface (Jason, 2004). Indeed, the

other ink properties (Table II) are not contrary to the notion

that these inks are suitable for use in a textile ink jet printing

system.

Rheological features

Typically, the viscosity of an ink jet ink is approximately

1-5mPa s. Above this range, the ink becomes too viscous to

flow through the nozzle or pass through the orifice, resulting

in a clogging problem during drop ejection. The viscosity of

all of the prepared inks was measured at room temperature

(258C), where typical Newtonian flow behaviour was

observed at the appropriate shear-strain rate, giving viscosity

values of approximately 2.5mPa s for all the inks. Thus, these

low-viscosity inks could be printed by the ink jet printing

method, using piezo technology, since the piezo print head
uses a high shear force in jetting the ink.
When the inks were deposited on the silk surface, the ink

bulk fluid (non-coloured medium) was absorbed by the
wetting, spreading, penetration and evaporation processes
that all took place simultaneously, allowing penetration into
the medium. The non-volatile ink components in the medium
provided the basis for many cohesive networks to be
developed resulting in adhesion or mechanical entrapment
on the silk surface.

Characterisation of the pre-treated fabrics and the

printed silk fabrics

Chitosan has amino groups that are similar to those on the
silk fabrics. Viscosity of the padding of chitosan solutions in
Figure 4(a) increases with molecular mass at the fixed
concentration, 0.5 per cent w/v and increasing the chitosan

Figure 2 The particle size and their distributions for the ink jet printing inks after storage for the indicated times
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