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a  b  s  t  r  a  c  t

Photocatalytic  oxidation  of crosslinked  chitosan-epichlorohydrin  (CS-ECH)  film  was  successfully
achieved  via  an immobilized  TiO2/CS-ECH  photocatalyst  system  on a glass  plate.  Oxidation  process  of
CS-ECH  film  was  carried  out by irradiating  the system  with  a 45-W  fluorescent  lamp  for  10  h in  ultra-pure
water.  The  results  indicate  the  formation  of  carbonyl  functional  groups  and  partial  elimination  of amine
groups  in  the molecular  structure  of the  oxidized  CS-ECH  film.  This  oxidized  CS-ECH  film  has  different
optical properties,  ionic  conductivity,  degree  of transparency,  swelling  index  and  chemical  stability  than
eywords:
hitosan
pichlorohydrin
rosslinking
hotocatalysis

the  fresh  CS-ECH  film.  In  the  environmental  applications,  the  TiO2/oxidized-CS-ECH  photocatalyst  sys-
tem can  have  photodegradation  and  faster  mineralization  rate  of  phenol  than both  fresh  TiO2/CS-ECH  and
TiO2/oxidized-CS  photocatalyst  systems.  This  simple  photocatalyst  system,  therefore  can  be considered
as  an  environmental  friendly  method  to  oxidize  synthetic  biopolymer  and  to improve  the  photocatalytic

 wast
xidation
henol

efficiency  of  TiO2 to  treat

. Introduction

In the recent decades, development of natural cost effec-
ive biopolymer has gained a prime position in the polymer
rocessing technology. Chitosan (CS) (�-(1–4)-2-amino-2-deoxy-
-glucose) is an abundant cycloaliphatic biopolymer derived from
he deacetylation of the naturally occurring biopolymer chitin (�-
1–4)-2-acetamido-2-deoxy-d-glucose) which is considered as the
econd most abundant polysaccharide in the world after cellu-
ose (Crini & Badot, 2008). The amino ( NH2) and hydroxyl ( OH)
roups on its polymeric chain can act as adsorption sites for remov-
ng pollutants from wastewater (Chang & Juang, 2004) and also
s reaction sites for chemical modification by several crosslinking
gents (Kumar, 2000). Physical modification of CS can be achieved
y protonation of the amino functional group on the C-2 position
f the d-glucosamine repeating unit, which causes the dissolu-
ion of the CS biopolymer in acidic solutions (Kumar, 2000). This
S can be converted into various forms such as gel beads (Ngah,
hani, and Hoon, 2002; Ngah, Endud, & Mayanar, 2002), hollow
bers (Blondet, Vincent, & Guibal, 2008), sponge-like (Mi  et al.,
001), membrane (Wan, Creber, Peppley, & Bui, 2003) and thin layer
Nawi, Sabar, Jawad, & Ngah, 2010) in order to meet the require-
ents of the many applications in different fields.
The chemical modification of CS by using crosslinking reaction

ffers an alternative pathway for producing chemically more stable

∗ Corresponding author. Tel.: +60 4 6534031; fax: +60 4 6574854.
E-mail addresses: ahjm72@yahoo.com (A.H. Jawad), masri@usm.my (M.A. Nawi).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.04.066
ewater.
© 2012 Elsevier Ltd. All rights reserved.

CS’s derivatives, which can extend the potential applications of this
biopolymer to more areas. In this respect, blocking the hydrophilic
amino ( NH2) and hydroxyl ( OH) groups in the CS backbone with
the commonly used crosslinking agents of glutaraldehyde (GLA)
and epichlorohyrine (ECH) respectively leads to improve pore size
distribution, chemical stability, mechanical resistance and adsorp-
tion/desorption properties (Baroni, Vieira, Meneghetti, da Silva, &
Beppu, 2008).

The photo-modification of CS can be considered as a fast and
convenient way  for producing high purity CS’s oligomers without
using initiator, oxidizing agents and/or complex experimental pro-
cedures. These CS’s oligomers have lower molecular weight and
viscosity, and higher water-solubility due to the breaking of the
�-d-(1 → 4) glycosidic bonds between the two repeat units of CS
(Choi, Ahn, Lee, Byun, & Park, 2002). Photocatalysis can also mod-
ify CS without breaking it down into its oligomeric forms. In our
previous work (Nawi, Jawad, Sabar, & Ngah, 2011a),  a solid state
natural CS had been successfully oxidized by using a simple assem-
blage of the bilayer TiO2/CS system under irradiation of indoor
fluorescent lamp. This alternative environmental friendly method
facilitates the formation of the chemically more stable and opti-
cally active form of the oxidized CS without altering much of its
polymeric structure. In addition, following studies showed that
the TiO2/oxidized-CS photocatalyst system had better photocat-
alytic performance than fresh TiO2/CS, slurry TiO2 and immobilized

TiO2 photocatalyst systems for the removal of phenol (Nawi, Jawad,
Sabar, & Ngah, 2011b), and its intermediates (Jawad & Nawi, 2011).

These interesting findings inspired us to move forward for
modifying crosslinked biopolymer by using heterogeneous TiO2

dx.doi.org/10.1016/j.carbpol.2012.04.066
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:ahjm72@yahoo.com
mailto:masri@usm.my
dx.doi.org/10.1016/j.carbpol.2012.04.066
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hotocatalyst technology for better physicochemical and optical
roperties. In fact, adding carbonyl (C O) functional groups onto
he polymeric structure of the crosslinked biopolymer can enhance

any of the physicochemical properties related to the optical
roperties, opacity (degree of transparency), ionic conductivity,
ydrophobicity and chemical stability. Producing multifunctional
iomaterials with different physicochemical properties may  be
seful for extending their potential applications in the areas
f water treatment technology, biosensors, membrane, adhesive,
ydrogels, drug delivery, tissue engineering and other biomedical
pplications.

Therefore, the first objective of this work was  to oxi-
ize a crosslinked chitosan-epichlorohydrine (CS-ECH) film by
sing heterogeneous TiO2 photocatalyst technology so that new
hysicochemical properties can be generated for that synthetic
iomaterial. The second objective was to investigate the effect of
he oxidized CS-ECH film on the photocatalytic performance of
iO2 photocatalyst in the water treatment technology by com-
ining them in the form of immobilized TiO2/oxidized-CS-ECH
hotocatalyst system. Phenol was chosen as the model pollutant

n evaluating the photocatalytic performance of the photocata-
yst system because of the negligible adsorptive effect of phenol
y the system. Moreover, the complication from the adsorption-
hotocatalysis synergistic effect as normally observed in the
emoval of dyes (Li, Su, & Tan, 2008; Zainal, Hui, Hussein, Abdullah,

 Hamadneh, 2009; Zubieta et al., 2008) can be avoided in this
ork. Hence, the immobilization of the photocatalyst system can

ffectively overcome the post-treatment catalyst powder recovery
nd the difficulty of filtration or separation processes.

. Materials and methods

.1. Chemicals

CS of medium molecular weight of 322 g mol−1 with a 68.20%
egree of deacetylation as determined by infrared spectroscopy
ethod (Kasaai, 2008) was purchased from Sigma–Aldrich. ECH

≥98% (w/v) aqueous solution) was supplied by Fluka. Tita-
ium(IV) oxide (99% anatase) was obtained from Sigma–Aldrich.
henol-formaldehyde powder resin (PF) was bought from Borden
hemical Sdn. Bhd., Malaysia. Epoxidized natural rubber (ENR50)
as obtained from Kumpulan Guthrie Sdn. Bhd., Malaysia. All the
aterials were used as received without further purification. Ultra-

ure water (18.2 M� cm−1) was used in this work.

.2. Fabricating of TiO2/CS-ECH photocatalyst system

Fabrication of the immobilized TiO2/CS-ECH photocatalyst sys-
em involved two main steps:

(a) Crosslinking and casting of CS-ECH: The crosslinking reaction
followed the procedure described by Ngah, Ghani, et al. (2002)
and Ngah, Endud, et al. (2002) with some modifications. 2.0 g
of CS flakes were dissolved in 90 mL  of 5% (v/v) acetic acid solu-
tion. The viscous solution of CS was left for more than 24 h with
vigorous stirring to ensure that all of the CS flakes were com-
pletely dissolved. The obtained gel of CS was filtered through
polystyrene sieve, and then 85 mL  of 0.05 M ECH was  added
into this gel with gentle stirring for 1 h to obtain a ratio of
1:1 (mol CH2O:mol CH2OH), the CH2O was from ECH, and the
CH2OH was from the CS solution. The bubbles-free homoge-

neously crosslinked CS-ECH gel (colorless and transparent) was
evenly casted onto a glass plate of dimension 4.7 cm × 6.5 cm
and allowed to dry for 5 days in order to produce an immobi-
lized colorless and transparent crosslinked CS-ECH film. This
te Polymers 90 (2012) 87– 94

immobilized CS-ECH film was rinsed several times with water
to remove any trace of HCl formed as a by-product during the
crosslinking reaction and dried at room temperature. Thickness
of CS-ECH film obtained by casting 0.65 ± 0.08 mg  cm−2 of CS-
ECH solution onto a glass plate measured by SEM microscope
(image not shown) was  found to be 4.81 ± 0.07 �m.

(b) TiO2 formulation and coating technique: The photocatalyst
formulation was prepared by adding fixed amounts of 0.15 g
phenol-formaldehyde resin (PF) as an adhesive co-agent and 5 g
epoxidized natural rubber (ENR50) solution (11.32% solution of
ENR50 in toluene) as a binder into an amber bottle which con-
tained 12 g TiO2 powder. Finally, 60 mL  of acetone was  poured
into the bottle before being homogenized by sonication for 5 h.
The TiO2 formulation was deposited onto CS-ECH film by using a
simple dip-coating method. This method involved dipping and
drying processes of the immobilized CS-ECH film into TiO2 for-
mulation until the desired amount of TiO2 was fixed on top
of the CS-ECH film. The thickness of the TiO2 layer obtained by
deposition of 1.30 ± 0.08 mg  cm−2 of TiO2 was  40.94 ± 1.16 �m.

2.3. Photocatalytic oxidation of CS-ECH film

The irradiation process for the immobilized TiO2/CS-ECH pho-
tocatalyst system was carried out in the presence of the ultra-pure
water, air and in ambient conditions of pH 6.6 and tempera-
ture 25 ◦C throughout this work. The immobilized TiO2/CS-ECH
photocatalyst system was  placed upright inside a homemade
photo-reactor cell of dimension 5 cm × 8 cm × 1 cm,  and then filled-
up with 20 mL  of ultra-pure water. The air was  supplied by using
an aquarium air pump with a constant aeration flow rate at
25 mL  min−1. Finally, a 45-W compact household fluorescent lamp
with UV leakage of 4.4 Wm−2 was  placed directly in front of the
outer side of the photo-reactor cell.

2.4. Physicochemical characterizations of CS-ECH film

All physicochemical characterizations of the CS-ECH films were
carried out by removing this film manually from the glass plate
by using a razor blade. While, for the irradiated CS-ECH film in
the TiO2/CS-ECH photocatalyst system, the TiO2 top layer was
firstly removed by intensive rinsing with acetone and brushing
with a laboratory brush until the entire TiO2 layer was visually
gone. It was  then followed by rinsing with ultra-pure water and
left to dry at room temperature and finally the clean irradiated
CS-ECH film was  carefully removed from the glass plate using a
razor blade as described above. The elemental analysis was car-
ried out by using CHN analyzer (Perkin-Elmer, Series II, 2400).
FTIR spectra were obtained via a Perkin-Elmer Fourier-transform
infrared spectroscopy system (spectrum BX). The solid state 13C
nuclear magnetic resonance (13C NMR) spectra were recorded
by using spectrophotometer (BRUKER, AVANCE 400) combining
cross polarization (CP) and magic-angle spinning (MAS) tech-
niques at a spinning rate of 8 kHz and frequency 100 Hz where
the samples were ground and packed into zirconia rotors (length:
2 cm;  internal diameter: 5 mm).  Diffuse reflectance UV–visible
spectroscopy (UV–vis DRS) were carried out on a Perkin-Elmer,
Lambda 35 UV–vis spectrometer. Photoluminescence spectra (PL)
were recorded by using Raman & Photoluminescence spectroscopy
system (model: Jobin Yvon HR 800 UV). The potentiometric titra-
tion was performed according to the published method of Vieira
and Beppu (2006) by using a pH meter (Metrohm, 827 pH lab).
The swelling index (SI) was  also calculated according to the

procedure described by Wan  et al. (2003).  The impedance (R) spec-
troscopy measurement was performed and the ionic conductivity
was calculated according to the published method (Rodrigues,
Forte, Azambuja, & Castagno, 2007) by using precision impedance
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be attributed to the n → �* transition for the newly formed carbonyl
chromophore group in the molecular structure of the irradiated
CS-ECH film. Based on the data reported in the published litera-
ture (Andrady, Torikai, & Kobatake, 1996; Nagasawa et al., 2000;

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

(a)

(b)

A
b
so

rb
an

ce
ig. 1. The photographs of (a) fresh CS-ECH film and (b) oxidized CS-ECH film. (For
f  this article.)

nalyzer (Agilent 4294A). The UV leakage of the 45-W compact
ousehold fluorescent lamp was determined through a radiome-
er (Solar light co. PMA  2100) connected with a UV-A and UV-B
roadband detector (PMA 2107). The aeration flow rate was main-
ained at 25 mL  min−1 throughout this work by using a Gilmont
irect reading flow meter.

.5. Application of TiO2/CS-ECH photocatalyst system for phenol
emoval

The photocatalytic performances of the fresh TiO2/CS-ECH pho-
ocatalyst system and TiO2/oxidized-CS-ECH photocatalyst system
ere evaluated for removal of 20 mL  of 10 mg  L−1 phenol by apply-

ng the same experimental set-up as mentioned in Section 2.3.  The
inetics of degraded phenol by all the photocatalytic systems and
hemical oxygen demand (COD) analysis were carried out accord-
ng to the published procedures (Nawi et al., 2011b).

. Results and discussion

.1. Physicochemical characterizations

Oxidation of CS-ECH film was carried out by irradiating the
iO2/CS-ECH system for 10 h in ultra-pure water. During the irra-
iation process, development of macro-pores on the TiO2 surface
ake place due to the photodegradation of a considerable part of the
NR50 binder (Nawi et al., 2011b). The diffusion of hydroxyl radicals
rom the surface of TiO2 toward the interface of the TiO2/CS-ECH
ayers could occur through these generated macro-pores. Conse-
uently, the hydroxyl radicals were considered to be responsible
or the oxidation of CS-ECH film. The characterizations on the CS-
CH film before and after the photocatalytic oxidation process are
ummarized below.

.1.1. Change in visual color
Fig. 1(a) and (b) shows the photographs of the fresh and oxi-
ized CS-ECH film respectively. The visual color and the degree of
ransparency of the CS-ECH film has totally changed from colorless
nd transparent to deep brown color after the irradiation pro-
ess. The color transformation in this case can be attributed to the
retation of the references to color in text, the reader is referred to the web  version

formation of carbonyl chromophore group in the polymeric struc-
ture of the oxidized CS-ECH film. In this respect, a number of works
had observed that brownish color of biopolymers can be obtained
by photo-oxidation of polysaccharides such as chitosan (Choi et al.,
2002; Nawi et al., 2011a; Zainol, Akil, & Mastor, 2009) and sodium
alginate (Nagasawa, Mitomo, Yoshii, & Kume, 2000).

3.1.2. Diffuse reflectance UV–visible spectroscopy (DRS) analysis
To confirm the above presumption, the UV–vis DRS spectra of

fresh and oxidized CS-ECH film are shown in Fig. 2(a) and (b) respec-
tively. An absorption band around 220 nm is clearly observed in
spectrum (a) which can be assigned to the n → �* transition for the
amine groups of CS (Wang, Huang, & Wang, 2005). On the other
hand, spectrum (b) shows a remarkable decrease in the absorption
band 220 nm which can be attributed to the partial elimination
of the amine groups. At the same time, a clear red-shift toward
longer wavelength corresponding to a new spectral absorption
band around 360 nm can be clearly seen. This absorption band can
200 250 300  350 400 450 500 550 600   650   700

0 

Wavelength (n m)

Fig. 2. UV–vis DRS spectra of (a) fresh CS-ECH film and (b) oxidized CS-ECH film.
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awi et al., 2011a; Wang et al., 2005) the formation of the car-
onyl chromophore groups by the photo-oxidation treatment of
olysaccharides are basically responsible for the appearance of a
ew absorption band in the UV–vis spectrum.

.1.3. Photoluminescence (PL) analysis
Photoluminescence analysis shows that the emission intensity

f the fresh CS-ECH film is significantly reduced after irradiation, as
hown in Supplementary Fig. 1. This remarkable reduction in the
mission intensity can be attributed to the formation of an electron-
ithdrawing carbonyl (C O) functional group in the molecular

tructure of the oxidized CS-ECH film. The low photoluminescence
ield of the primary n → �* transition of the carbonyl functional
roup is the reason why spectrum (b) exhibits lower emission
ntensity than spectrum (a) (Levin, 2003).

.1.4. Potentiometric titrations
The potentiometric titrations were carried out in order to deter-

ine quantitatively the percentage of amino groups in the chemical
tructure of the CS-ECH film before and after photocatalytic oxida-
ion process. The obtained results were summarized in Table 1. It
as found that the oxidized CS-ECH film had significantly lower
ercentage (32%) of amino groups than fresh CS-ECH film. This
eans that the average number of protons bound to the free amino

roups in the chemical structure of the irradiated CS-ECH film
ecame less due to the partial elimination of the amino groups
uring the photocatalytic oxidation process.

.1.5. Swelling index
Swelling test was performed in order to compare the swelling

ehavior of the fresh CS-ECH film and oxidized CS-ECH film. It was
ound that the oxidized CS-ECH film had lower swelling index than
he fresh CS-ECH film as summarized in Table 1. This decrease in
welling index could be attributed to the lesser content of amino
roups remaining in the oxidized CS-ECH film as determined previ-
usly by the potentiometric titration measurement. Consequently,
he polymeric structure of the irradiated CS-ECH film had become

ore hydrophobic.

.1.6. Ionic conductivity measurement
The results obtained from the impedance measurements were

onverted to the corresponding ionic conductivity values as sum-
arized in Table 1. The oxidized CS-ECH film showed lower bulk

mpedance and higher ionic conductivity than the fresh CS-ECH
lm. This phenomenon is basically due to the formation of the car-
onyl functional group in the polymeric structure of the oxidized
S-ECH film. In fact, the formation of the carbonyl group as an
dditional functional group could be responsible for increasing the
obility of the structural network and the density of the potential

harge carriers. Therefore, better ionic conductivity was obtained
rom the photo-modified biopolymer.

.1.7. CHN analysis
The elemental content of the fresh and oxidized CS-ECH films

re given in Table 1. The mass ratio of C/N of the oxidized CS-ECH
lm was remarkably decreased which indicated the occurrence of
artial elimination of some amino groups. The minor increase in
ass ratio of C/H could be attributed to the oxidation process of

ydroxyl groups at C-3 of the repetitive pyranose units of CS into
 carbonyl group with the loss of the hydrogen atoms. It has been

eported that the irradiation of CS derivatives led to partial elimi-
ation of some amino groups which corresponded with the higher
atio of C/N in their polymeric structures (Huang, Zhai, Peng, Li, &

ei, 2007).
Fig. 3. 13C solid state NMR  spectra of (a) fresh CS-ECH film and (b) oxidized CS-ECH
film.

3.1.8. 13C NMR analysis
Fig. 3(a) and (b) shows the 13C NMR  spectra of the fresh CS-

ECH film and the oxidized CS-ECH film respectively. The peaks
of spectrum (a) were quite comparable to the peaks recorded by
Chen, Liu, Chen, and Chen (2008), who  attributed the appearance
of three peaks at around 59.4, 81.1 and 102.6 ppm to the exist-
ing of O CH2 CHOH CH2 O linkage between the two  repeated
units of pyranose rings of CS. Furthermore, the peak at 172.3 ppm
was attributed to the carbon atom of C O group of acetamide
(NH CO CH3) residues in the N-acetyl glucosamine unit (Heux,
Brugnerotto, Desbrie’res, Versali, & Rinaudo, 2000). The similarity
between spectrum (a) and (b) indicates that the chemical struc-
ture of O CH2 CHOH CH2 O linkage remains intact during
the irradiation process. In addition, the slight increase in signal
at ı = 173.9 ppm can be attributed to the increase in the carbonyl
(C O) content in the polymeric structure of pyranose unit of CS. The
slight shifting of the peaks in the spectrum (b) toward higher ppm
values can be attributed to the new environment caused by the for-
mation of carbonyl withdrawing functional group in the polymeric
structure of the oxidized CS-ECH film.

3.1.9. FTIR analysis
The FTIR spectra of the fresh CS-ECH and the oxidized CS-ECH

films are given in Supplementary Fig. 2. The 1653 cm−1 band can
be attributed to the C O stretching vibration in the amide group,
amide I. There are observable bands at 1569 cm−1 (N H bending
vibration in amide group, amide II), 1418 cm−1 (bending vibra-
tion of primary amino group, NH2), and 1379 cm−1 (C N bending
vibration) (Ngah & Fatinathan, 2006). The characteristic bands of
the saccharied structure are at 1153 cm−1 (asymmetrical stretch-
ing vibrations of the C O C glycosidic bond) (Pawlak & Mucha,
2003) and 1075 cm−1 (C O stretching vibration of COH  ) (Huang
et al., 2007) while bands at 1322, 1262 and 898 cm−1 were assigned
to the asymmetrical and symmetrical stretching vibrations of the
CH2 of the pyranose ring (Ostrowska-Czubenko & Gierszewska-
Druzynska, 2009; Shao, Yang, & Zhong, 2003). Appearance of a new
band at 1638 cm−1 in spectrum (b) can be attributed to the forma-
tion of carbonyl (C O) groups on the molecular structure of the
irradiated CS-ECH film. In this regard, it has been reported that
the photo-oxidation of CS caused the formation of carbonyl group
which appeared as a new band ranging from 1640 to 1634 cm−1
(Andrady et al., 1996; Nawi et al., 2011a; Shao et al., 2003). The
decrease in the band intensity of 1418 cm−1 can be assigned to the
partial elimination of the amino groups. While, a clear increment
in the band intensity of ( COH ) at 1075 cm−1 can be attributed
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Table  1
Potentiometric titrations, swelling index, impedance and its corresponding ionic conductivity and elemental content of the fresh CS-ECH film and oxidized CS-ECH film.

Sample Potentiometric
titrations, NH2 (%)

Swelling index (%) Impedance, R (k�)  Ionic conductivity,
� (�S cm−1)

Elemental content

C (%) H (%) N (%) C/N C/H

 

 

t
g

3

s
a
e
t
o
2
t
e
a
p
a
(

T

I
t
a

H

T
d

T

M
p

T

T
t
t
b
t
C

�
p
o
p
r
s
e
m
e
e
b
p
t
p
t
d
t

Fresh CS-ECH film 70.62 36.12 146.8
Oxidized CS-ECH film 48.30 29.54 43.7

o the simultaneous replacement of amino group by the hydroxyl
roup at position of C-2 in the pyranose ring of CS.

.2. Mechanistic discussion

The crosslinking reaction and the discussion of the proposed
tructures of the oxidized CS-ECH products 2–7 (structures 2–7)
re schematically shown in Fig. 4. The homogenous reaction of
pichlorohydrine crosslinking agent with CS (structure 1) leads to
he reaction with the hydroxyl group in the primary alcohol group
f CS to form the fresh crosslinked CS-ECH product 2 (structure
). It is known that the process of photocatalytic reaction by TiO2
akes place after absorption of photonic energy (h�) that is equal or
xceeds the band gap energy (Ebg) value for anatase which is 3.2 eV
t wavelength � ≤ 380 nm.  In this case, an electron (e−) would be
romoted from the valence band (VB) to the conduction band (CB)
nd a positive hole (h+) would be left in the valence band, Eq. (1)
Gaya & Abdullaha, 2008).

iO2 + h� → e−
CB + h+

VB (1)

n an aqueous solution, the photolysis of water leads to the adsorp-
ion of hydroxyl ion on the catalyst surface in the dissociative form
s (OH− and H+), Eq. (2):

2O + h� → OH− + H+ (2)

he positive hole reacts with a surface-bound hydroxyl ion to pro-
uce very powerful hydroxyl radicals (•OH), Eq. (3):

iO2 (h+) + OH− → •OH (3)

eanwhile, the negative electron reacts with the proton (H+) to
roduce hydrogen radical (•H), Eq. (4) (Huang et al., 2007):

iO2 (e−) + H+ → •H (4)

he •OH radicals derived from the irradiated TiO2 surface migrates
o the TiO2/CS-ECH interface and can readily attack C-3 atom in
he pyranose ring of the adjacent CS-ECH film. Unlike natural CS
iopolymer, crosslinking reaction of CS with ECH leads basically to
he blocking of the primary alcoholic ( CH2OH) groups at position
-5 and therefore not available for oxidation.

Since, the FTIR results indicate that there is no breakage of the
-d-(1,4)-glycosidic linkages between the two repeated units of
yranose ring of CS, therefore it is postulated here that C-3 position
f the pyranose ring could undergo oxidation process to yield the
roduct 3 (structure 3). In this respect, Ulanski and Sonntag (2000)
eported the formation of a carbonyl group at C-3 when the CS
olution was irradiated with �-rays in the presence of oxygen. Gen-
ration of product 3 from 2 should follow similar oxidative radicals
echanism as previously proposed for the oxidation of CS (Nawi

t al., 2011a).  Product 4 (structure 4) was then generated via partial
limination of the amino group with the simultaneous replacement
y the hydroxyl groups at the position C-2. Oxidation of the other
yranose ring with simultaneous replacement of amino group by
he hydroxyl group finally yielded product 6 (structure 6). The

artial elimination of the amino groups is well supported by poten-
iometric titration, swelling test, FTIR and CHN results which were
iscussed previously. Furthermore, Huang et al. (2007) reported
hat the partial elimination of amino group at the position of C-2
0.017 39.25 6.88 7.07 5.55 5.70
0.056 38.38 6.18 6.03 6.36 6.21

of the CS’s derivative solution under �-rays led to the simultane-
ous formation of the hydroxyl group at position C-2. An alternative
reaction route could also possibly occur via the alternative prod-
uct 5 (structure 5) whereby both pyranose rings get oxidized. The
next step involves the replacement of amino groups in both pyra-
nose rings to form product 6. It is also possible here that product 6
could be directly generated from further oxidation of product 3. In
this work, no evidences were obtained to suggest the formation of
product 7 (structure 7) since the O CH2 CHOH CH2 O linkage
remained intact as discussed previously in the 13C NMR  analysis.

3.3. Performance of the TiO2/CS-ECH photocatalyst system for
phenol removal

It was proven in our previous works that the TiO2/oxidized-
CS photocatalyst system had better photocatalytic performance
than both the fresh TiO2/CS photocatalyst system as well as the
TiO2 single layer system for the removal of phenol (Nawi et al.,
2011b) and its intermediates (Jawad & Nawi, 2011). Therefore two
photocatalyst systems were prepared for testing the photodegra-
dation of phenol. First was  the fresh TiO2/CS-ECH photocatalyst
system while the second system was the TiO2/oxidized-CS-ECH
photocatalyst system. In addition, a comparative study between
the photocatalytic performances of TiO2/oxidized-CS-ECH photo-
catalyst systems against the fresh TiO2/CS and the TiO2/oxidized-CS
photocatalyst systems was also performed as well. The preliminary
results of the photocatalytic performances of these photocatalyst
systems are presented below.

3.3.1. Photocatalytic activity
Fig. 5 shows the results of the adsorption and photocataly-

sis tests of the different photocatalyst systems for the removal of
10 mg  L−1 phenol at different contact times. Adsorption study was
performed in order to investigate if there was any synergistic effect
of the adsorption-photocatalysis or not. The calculation of the per-
centage of phenol remaining in the treated solution was calculated
according to Eq. (5).

% of phenol remained =
(

Ct

Co

)
× 100% (5)

where Co = initial concentration of phenol before treatment (t = 0)
(mg  L−1) and Ct = concentration of phenol after treatment (t = t)
(mg  L−1).

As shown in Fig. 5, no adsorption of phenol was  detected on
the surface of all photocatalyst systems. On the other hand, after
exposing the catalyst system to the light, the degradation of phe-
nol increased with time. This meant that the degradation of phenol
was mainly due to the photocatalytic process. The kinetics of phe-
nol removal followed the pseudo-first-order kinetics shown in
Supplementary Fig. 3. Both TiO2/CS-ECH and TiO2/oxidized-CS-ECH
photocatalyst systems exhibited better photocatalytic activities
than both fresh TiO2/CS and TiO2/oxidized-CS photocatalyst sys-
tems respectively (Fig. 5). The reason why fresh TiO2/CS-ECH

photocatalyst system shows higher photocatalytic activity than
fresh TiO2/CS photocatalyst system was due to the crosslinking
treatment of CS with ECH which reinforced the chemical stabil-
ity of the CS-ECH film. At this stage, no complete oxidation of
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alytic degradation with different photocatalyst systems using a 45-W fluorescent
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of CS with ECH and the most likely structures of the oxidized CS-ECH.

CS-ECH layer occurred since irradiation time was no enough to
cause the oxidation of either the CS or CS-ECH films within the
photocatalyst systems. In fact, the crosslinked CS-ECH is more use-
ful in wastewater treatment technology than natural CS, since it
could overcome the leaching and swelling effects normally encoun-
tered with the natural CS (Jawad & Nawi, 2011; Nawi et al., 2011a,
2011b). Furthermore, it was also observed that the TiO2/oxidized-
CS-ECH photocatalyst system had higher photocatalytic activity
than the TiO2/oxidized-CS photocatalyst system. This enhancement
in the photocatalytic performance was due to the decrease in the
recombination rate of the photo-induced electron–hole pairs on the
surface of TiO2 as shown in the PL spectra depicted in Fig. 6 where
the PL intensity of the TiO2/oxidized-CS-ECH was found lower
than the PL intensity of the TiO2/oxidized-CS photocatalyst sys-
tem. In fact, lower PL intensity basically means better electron–hole
charges separation on the surface of TiO2 (Liqiang et al., 2006).
Therefore better photocatalytic performance can be obtained by
the TiO2/oxidized-CS-ECH photocatalyst system. In fact, the pres-
ence of oxidized CS-ECH film in the photocatalyst system has a
beneficial impact not only in improving the electron–hole charge
separation but also on the physical strength of the oxidized CS-ECH
system which has lower swelling index as compared to the swelling

index of the non-crosslinked system as recorded in our previous
work (Nawi et al., 2011a). Supplementary Table 1 clearly shows
that the oxidized crosslinked CS-ECH has better physical strength
due to lower COD values recorded upon different irradiation times.
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ence, this work shows that the oxidized CS-ECH biopolymeric
lm is a highly viable candidate for use as a supporting bioma-
erial for enhancing the photocatalytic activity of the TiO2 system,
ven though there is no significant contribution with respect to the
dsorption of pollutants.

.3.2. COD test
Fig. 7 shows the COD values of the treated phenol solutions

ersus irradiation time which were taken as a function of the min-
ralization rate of phenol solution into CO2, H2O and some sorts
f mineral acids. As can be seen, the mineralization rate of phenol
as generally faster by using TiO2/oxidized-CS-ECH photocatalyst

ystem and total mineralization can be achieved within 240 min
f irradiation. On the contrary, detectable COD values were still
ecorded after the same time of irradiation by using TiO2/oxidized-
S photocatalyst system. These results are in good agreement with
he results of the photocatalytic activity tests, and confirm fur-
her the effectiveness of the TiO2/oxidized-CS-ECH photocatalyst
ystem for speeding-up the mineralization rate of phenol.
. Conclusions

Crosslinked CS-ECH film was mildly oxidized in a very simple
nd environmental friendly method by using TiO2 heterogeneous
te Polymers 90 (2012) 87– 94 93

photocatalyst technology. The photocatalytic oxidation process
leads to formation of the carbonyl (C O) group, and converted CS-
ECH structure into a more chemically stable form due to the partial
removal of amino ( NH2) and oxidation of hydroxyl ( OH) groups.
The preliminary application of the oxidized CS-ECH film in hetero-
geneous TiO2 photocatalyst system for water treatment technology
gave a positive response for phenol removal, even though no direct
adsorption of phenol was  observed by the system. Most important,
these results indicated that oxidized CS-ECH sensitized TiO2 was
better than the oxidized CS (Nawi et al., 2011b). Our main interest
now is to study the key operational parameters governing the pho-
tocatalytic reactions of this system in the removal of phenol and
other pollutants.
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