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Photocatalytic-oxidation of an immobilized solid state chitosan (CS) by assembling a bilayer TiO,-CS-
glass system in aqueous solution under 45-W compact household fluorescent lamp was investigated.
The structural and optical changes of CS were characterized by elemental analysis, Fourier-transform
infrared spectroscopy (FT-IR) analysis, UV-vis diffuse reflectance spectroscopy (DRS) analysis and pho-
toluminescence spectroscopy (PLS) analysis. The results indicated the formation of carbonyl side group
and elimination of some amino group without altering much of the whole structure of CS. Furthermore,

'ég:gg;ﬁs" the photocatalytic-oxidation process led to the formation of an irregular surface morphology of CS accord-
Oxidation ing to the SEM images. The visual color changed to a more intense brown and less water uptake was also

Photocatalysis observed. The experimental results show that the bilayer TiO,-CS-glass arrangement system can be con-
TiO, sidered as a convenient and environmentally friendly method for green chemistry application, especially
Bilayer system in the field of the mild oxidation of a solid state CS.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Chitosan (CS) biopolymer has been effectively degraded from
polymeric into oligomeric form by using gamma and e-beam radia-
tion (Gryczka et al., 2009), laser pulses (Kasaai, Arul, Chin, & Charlet,
1999), microwave irradiation (Shao, Yang, & Zhong, 2003), and
ultraviolet irradiation (Andrady, Torikai, & Kobatake, 1996). Gen-
erally, irradiation of CS basically yields scission of 1-4 glycosidic
bonds and the formation of carbonyl side group in the CS oligomer.
However, new product from the photo-modified CS without alter-
ing much of its polymeric structure is a useful alternative method
in the still-developing field of polymer technology. In this regard,
only a few reports have been focused on the photo-oxidation of
CS without breaking it into oligomers form such as its photo-
oxidation under y-rays (Ulanski & von Sonntag, 2000), or in solid
state CS under UV light (Sionkowska, Wisniewski, Skopinska, Vicini,
& Marsano, 2005). In fact, in order to fulfill the requirements of
obtaining successful photo-modification of CS without significant
degradation of its polymeric structure, the presence of oxygen is
preferable whereby it is able to reduce considerably the scission
of the glycosidic bond (Ulanski & von Sonntag, 2000). In addition,
using a solid state form of CS is also preferable in order to prevent
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any extensive degradation of the polymer in its water-swollen form
(Ulanski & Rosiak, 1992).

Another novel approach to achieve photo-oxidation of CS is
via an advanced oxidation process (AOP). In fact, AOPs have been
proven to be an effective treatment method for the degradation
of toxic organic pollutants from wastewaters. In this application,
TiO, presents itself to be a bench mark photocatalyst because of
its various merits, such as chemical stability, high photocatalytic
activity, non-toxicity and excellent ability to degrade numerous
kinds of organic pollutant in water to harmless end products of
CO,, H,0 and some simple mineral acids (Gaya & Abdullh, 2008). It
is therefore hypothesized that TiO, under a mild irradiation process
and with a proper assemblage system could oxidize CS in its solid
state form without suffering extensive damage to its polymeric
backbone. However, to the best of our knowledge, until now, the
photocatalytic-oxidation of CS in its solid state form under a low-
energy 45-W compact household fluorescent lamp in the presence
of TiO, has never been reported in the literature. Therefore, this
work presents a new photocatalytic-oxidation method of CS in its
solid state form which was performed by using a novel assemblage
of immobilized bilayer TiO,-CS-glass system. This immobilized
system is a convenient method because the immobilization of TiO,
can solve the problem of the post-treatment catalyst powder recov-
ery. Additionally, it is an environmental friendly system, since
the super oxidizing agents and high-energy light sources are not
required and the oxidation process is also applicable at the ambient
temperature and pressure.
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2. Materials and methods
2.1. Materials

CS of medium molecular weight of 322gmol-! with a
68.20% degree of deacetylation as determined by infrared spec-
troscopy method (Gryczka et al, 2009) was purchased from
Sigma-Aldrich. Titanium (IV) oxide (99% anatase) was obtained
from Sigma-Aldrich. Phenol-formaldehyde powder resin (PF) was
bought from Borden Chemical Sdn. Bhd, Malaysia. Epoxidized nat-
ural rubber (ENR50) was obtained from Kumpulan Guthrie Sdn.
Bhd, Malaysia. All the materials were used as received without fur-
ther purification. Ultra pure water (18.2 MQ2 cm~') was used in this
work.

2.2. Fabricating of an immobilized TiO,-CS-glass system

An immobilized bilayer TiO,-CS-glass system was fabricated
based on our pervious procedure (Nawi, Sabar, Jawad, & Ngah,
2010). Anyhow, CS solution was prepared by adding 6.0g of CS
flakes in 400 mL of 5% (v/v) acetic acid solution and then homoge-
nized by grinding for 30 h using a ball mill grinder. The bubbles-free
white viscous CS solution was casted onto glass plates, each of
dimension 4.7 cm x 6.5 cm. It was then heated in an oven for 4h
at 100°C in order to remove the solvent. The final form of the
immobilized CS on the glass plate (or known as CS-glass) appeared
in a light-yellow color. The photocatalyst formulation was pre-
pared by adding fixed amounts of 0.15g phenol-formaldehyde
resin (PF) as a adhesive co-agent and 5 g epoxidized natural rub-
ber (ENR50) solution (11.32% solution of ENR50 in toluene) as a
binder to TiO, powder into an amber bottle, which contained 12 g
TiO, powder. Finally, 60 mL of acetone was poured into the bottle
before being homogenized by sonication for 5h. This TiO, for-
mulation was used to immobilize TiO, onto CS-glass by a simple
dip-coating method in order to fabricate a bilayer TiO,-CS-glass
system.

2.3. Photocatalytic-oxidation of CS

In this study, CS in its solid state form was photocatalytically
oxidized by TiO, under a low-energy 45-W compact household
fluorescent lamp. The photocatalytic oxidation method was based
on a novel immobilized bilayer system assembly of TiO,-CS-
glass whereby CS was made the sub layer while TiO, was
made the top layer with glass plate used as the support sub-
strate. The thickness of the TiO, top layer was determined
by SEM microscope to be 40.94+1.16 pm which was obtained
by deposition of 1.30+0.08 mgcm~—2 of TiO, formulation onto
CS-glass, while the thickness of CS sub layer was also deter-
mined by SEM microscope to be 6.35+0.61 wm which was
obtained by casting 0.65 + 0.08 mg cm~2 of CS solution onto a glass
plate.

2.4. Measurements

Elemental analysis was carried out by using CHN analyzer
(Perkin-Elmer, Series II, 2400). FT-IR spectroscopy of CS was
obtained via a Perkin-Elmer FT-IR system, spectrum BX. UV-vis
diffuse reflectance spectroscopy (DRS) was via a Perkin-Elmer,
Lambda 35 UV-vis spectrometer. Photoluminescence spectrum
(PLS) was recorded on Raman and Photoluminescence spec-
troscopy system (model:Jobin Yvon HR 800 UV). Scanning electron
microscopy (SEM-EDX, Model Leica Cambridge S360) was used to
observe the surface morphology of CS and also the thickness of the
immobilized TiO, and CS layers. The leaching ratio (LR) of CS was

calculated according to the following equation:

o [(W— Wt)}

LR (o)_[ | <100 1)
where W; is the initial weight (g) of CS-glass before the photo-
oxidation process with 20 mL water while W, the remaining weight
(g) of CS-glass system after different irradiation time. The swelling
index (SI) was followed and calculated exactly based on the proce-
dure described by (Wan, Creber, Peppley, & Bui, 2003), via following
formula:
SI (o ) — |:(WW - Wd)

d

Where W; is the weight (g) of dried CS layer while Wy, the weight
(g) of wet CS layer. All of the above analyses that include SEM,
swelling, PLS, UV-vis DRS, CHN and FT-IR analyses of the CS layer
were done by removing the CS layer manually from the glass plate
using a razor blade in a very delicate process. While, for the CS
sub layer in the bilayer TiO,-CS-glass system, the TiO, top layer
was firstly removed by intensive rinsing with acetone and brush-
ing with a laboratory brush until the entire TiO, layer was visually
gone. It was then followed by rinsing with ultra pure water and left
todryinair. Finally, the oxidized CS sub layer was carefully removed
from the glass plate using a razor blade as described above. The UV
leakage of the 45-W fluorescent lamp was determined by using a
radiometer (Solar Light Co. PMA 2100) connected with a UV-A and
UV-Bbroadband detector (PMA 2107). This lamp was placed in con-
tact with the outer surface of the (5 cm x 8 cm x 1 cm) glass photo
reactor cell containing 20 mL of ultra pure water. The whole set-up
was aerated via a pasteur pipette connected to an aquarium aera-
tor pump. The aeration flow rate was maintained at 25 mLmin~!
throughout the photocatalytic-oxidation process using a Gilmont
direct reading flowmeter. The photo-oxidation process was done
by a repeated 2 h radiation exposure with fresh ultra pure water
used at every 2 h cycle of irradiation. The process was stopped after
a total of 10 h or 5 cycles of irradiation.

] « 100 (2)

3. Results and discussion
3.1. Physical studies

3.1.1. Leaching ratio (LR) measurements

Fig. 1 shows the weight loss of the irradiated CS layer in the CS-
glass system and irradiated bilayer TiO,-CS-glass system in water
in the form of leaching ratio (LR) at different time of irradiation. For
controlling purpose, the leaching ratio of irradiated TiO, layer in
the TiO,-glass system and unirradiated bilayer TiO,-CS-glass sys-
tem were taken as references as well. As can be seen, the maximum
LR of the irradiated bilayer TiO,-CS-glass system was remarkably
reduced (2.43 +£0.27%) in comparison to the LR of the irradiated
CS layer without TiO; (8.36 +0.43%). The weight lost of the bilayer
TiO,-CS-glass system was assumed to be due to the leaching of the
CS sub layer as well as the organic additives within the TiO, layer.
In fact, the LR of the TiO, single layer was found to be (1.52 +0.12%)
after 10 h of the photocatalytic process. However, the LR of the unir-
radiated bilayer TiO,-CS-glass system did not show any noticeable
change after 10 h of placing it in water under the same condition
but in the absence of light. This means that the CS sub layer of
the bilayer TiO,—-CS-glass system undergone some transformation
during the photocatalytic-oxidation process into a more physically
stable form.

3.1.2. Swelling index (SI) measurements

The SI of unirradiated CS layer was measured to be
66.09 +4.86%. This relatively high SI was basically due to the exis-
tence of the hydrophilic groups, i.e. free hydroxyl and amino groups
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Fig. 1. Measuring the weight loss as a function of the leaching ratio (LR) of the
irradiated CS layer in the CS-glass system, irradiated bilayer TiO,-CS-glass system,
irradiated TiO, layer in the TiO,-glass system and unirradiated bilayer TiO,-CS-
glass system at different times of irradiation in water.

in the pyranose ring (Wan et al., 2003). On the other hand, the SI
of photocatalytically oxidized CS sub layer in the bilayer TiO,-CS-
glass system was reduced remarkably to 47.53 +5.98% after 10h
of the photocatalytic-oxidation process. This can be attributed to
the change in the content of the free amino (-NH,) and hydroxyl
groups of CS during the photocatalytic-oxidation process, and turns
the CS structure to be more hydrophobic. This data collaborates
well with LR values of CS during photocatalytic-oxidation pro-
cess. Furthermore, it can be predicted at this stage that the overall
polymeric backbone structure of CS remains intact without any
degradation, since the photocatalytic-oxidative form of CS exhibits
less leachability and swelling capacity. This is contrary to the nor-
mally reported results of the degradation process of CS which leads
basically to improve its solubility (Liu et al., 2006; Qin et al., 2006).

3.2. Structural studies

3.2.1. Elemental analysis

The CHN compositions of the unirradiated CS layer in the
CS-glass system, irradiated CS layer in the CS-glass system and
irradiated CS sub layer in the bilayer TiO,-CS-glass system were
taken and the results are listed in Table 1. It was found that
the changes in mass ratio of C/H of all systems were minor
at the best, while the mass ratio of C/N increased only during
the photocatalytic-oxidation process. This observation indicates
the possible elimination of partial amino groups during radiation
(Huang, Zhai, Peng, Li, & Wei, 2007). It is also important to note
the reduction of percent carbon and nitrogen in the photocatalyti-
cally oxidized CS as opposed to the unirradiated CS. Therefore not
only there was involvement of amino group in the photocatalytic-
oxidation process but also a carbon containing group. The overall
structure of the CS was expected to be intact, since the mass ratio of
C/H did not show any significant difference between the irradiated
CS sub layer in the bilayer TiO,-CS-glass system and the unirradi-

Table 1

ated CSin the CS-glass system. As for irradiated CS in the CS-glass, a
similar assessment can be made whereby it can be concluded that
no transformation occurred during the irradiation process.

3.2.2. FT-IR spectral analysis

Fig. 2 shows the FT-IR spectrums of (a) unirradiated CS layer
in the CS-glass system, (b) irradiated CS layer in the CS-glass
system and (c) irradiated CS sub layer in the bilayer TiO,-CS-
glass system for 10h in water. As can be seen from spectrum
(a), the characteristic bands of CS polysaccharide appeared at
around 3432 cm~! (overlapping of the stretching vibration of N-H
and O-H functional groups), 1653 cm~! (C=0 stretching vibration
in amide group, amide I), 1577 cm~! (N-H bending vibration in
amide group, amide II), 1419cm~! (bending vibration of primary
amino group, -NH,), 1380cm~! (C-N bending vibration) (Ngah &
Fatinathan, 2006). The characteristic bands to the saccharied struc-
ture were at 1153 cm~! (asymmetrical stretching vibrations of the
C-0-C glycosidic bond), 1082 and 1031 cm™"! (skeletal vibrations
involving the C-O stretching) (Pawlak & Mucha, 2003; Smitha,
Sridhar, & Khan, 2005). Meanwhile, bands at 2921, 2875, 1322
and 1261 cm~! are assigned to the asymmetrical and symmetrical
stretching vibrations of the CH, of pyranose ring (Ostrowska-
Czubenko & Gierszewska-Druzyfiska, 2009). The evidence obtained
from spectrum (b) indicated that there is no obvious modification
of chemical structure of CS, except for a slight reduction in the
band intensity at around 1577 cm~! which is ascribed to the partial
involvement of amino groups in intra- and intermolecular hydro-
gen bonds (Peter, 2002). However, the result of photocatalytically
oxidized CS in spectrum (c) indicated that the amino and hydroxyl
characteristic bands of CS generally shifted to lower wavenumbers
and new band appears at 1647 cm~!, which is assigned to the elim-
ination of partial amino and hydroxyl groups and the formation
of carbonyl (C=0) side groups respectively. In this regard, it was
reported that the photo-oxidation of CS caused the formation of
carbonyl group which appeared as a new band either at 1640 cm™!
(Andrady et al., 1996), or at 1634cm~! (Shao et al., 2003). Addi-
tionally, the rest of the bands in spectrum (c) were almost similar
to the bands represented in spectrum (a) and (b). In fact, the dis-
tinct band of glycosidic bond does not show noticeable changes
neither in the band intensity nor shifting in the wavenumbers as
compared to the unirradiated CS (spectrum (a)). This indicates that
the photo-oxidation of CS leads to the formation of carbonyl side
group without breaking of the glycosidic bond and altering much
of the whole chemical structure of CS.

3.3. Optical studies

3.3.1. UV-vis DRS spectral analysis

To further confirm the optical changes of CS during the
photocatalytic-oxidation process. UV-vis DRS spectral analysis was
carried out on the CS samples. Fig. 3(a) and (b) shows the UV-vis
DRS spectrums of unirradiated CS layer in the CS-glass system and
irradiated CS sub layer in the bilayer TiO,-CS-glass system respec-
tively. For spectrum (a), a strong absorption band at around 306 nm
is known for natural CS (Andrady et al., 1996). As can be seen in
spectrum (b), the new absorption band appears at around 350 nm
which can be ascribed to the n — * transition of the newly formed

Elements’ content of unirradiated CS layer in the CS-glass system, irradiated CS layer without TiO in the CS-glass system and the irradiated CS sub layer with TiO, in the

bilayer TiO,-CS-glass system for 10 h in water.

Samples C% Ho% N% C/N C/H
Unirradiated CS layer in the CS-glass system 34.48 6.12 5.85 5.89 5.63
Irradiated CS layer in the CS-glass system 34.39 5.98 5.82 5.90 5.75
Irradiated CS sub layer in the bilayerTiO,-CS-glass system 32.66 5.89 4.63 7.05 5.54
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Fig. 2. FT-IR spectrums of (a) unirradiated CS layer in the CS-glass system, (b) irradiated CS layer in the CS-glass system, (c) irradiated CS sub layer in the bilayer TiO,-CS-glass

system for 10 h in water.

carbonyl (C=0) side group. It was reported in the published litera-
ture, a strong absorption band of original CS ascribed to the n — ¢*
transition for the amino groups, while the new absorption bands
of irradiated CS ascribed to the n— 7" transition for the carbonyl
and carboxyl side groups (Ulanski & Rosiak, 1992; Wang, Huang, &
Wang, 2005).

3.3.2. Photoluminescence spectroscopy (PLS) spectral analysis

Fig. 4(a) and (b) shows the emission spectrum and fluorescent
intensity of unirradiated CS layer in the CS-glass system and irradi-
ated CS sub layer in the bilayer TiO,-CS-glass system respectively
performed at 325 nm excitation wavelength. As shown in Fig. 4(a),
the typical emission spectra (Aem ) of unirradiated CS was observed
at 500 nm (Kumar, Dutta, & Sen, 2010), at the excitation wavelength
of 325 nm. On the other hand, the emission spectrum (b) shows sig-
nificant reduction in the emission intensity and also red-shifted to
around 525 nm. In this regard, Kumar et al. (2010) reported that
the reduction of the emission intensity was due to the grafting
of the electron-withdrawing groups in the CS backbone, while the
red-shifted was due to the richer electron content of CS structure
by the attachment of the conjugates side group to the CS struc-
ture which would enlarge the degree of delocalized m-bond on the

150
14
1z @&
L 350
11 {a
10
o 06
08
07
06
05
04
03
02
0l
000

Absorbance

350 400 450 500 550 600 630 7000
Wavelength (nm)

200.0 250 300

Fig. 3. UV-vis DRS spectrums of (a) unirradiated CS layer in the CS-glass system and
(b) irradiated CS sub layer in the bilayer TiO,-CS-glass system for 10 h in water.

whole molecular structure of CS. In fact, this explanation corre-
sponds well with our presumption in this study about the formation
of carbonyl (C=0) group as an electron-withdrawing side group in
the structure of the photocatalytically oxidized CS. The presence of
carbonyl group in the structure of the photocatalytically oxidized
CS is considered to be responsible for the reduction in the emission
intensity and caused the red-shift as well.

3.4. Surface studies

3.4.1. Surface morphology of CS

Fig. 5(a) and (b) shows representative SEM images of unirra-
diated and irradiated CS sub layer in the bilayer TiO,-CS-glass
system respectively for 10 h in water. In fact, the relatively smooth
and regular surface of unirradiated CS sub layer had been con-
verted into irregular, wavy surface with intense color, which is
ascribed to the structural changes obtained by the forming of the
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Fig. 4. Smoothed photoluminescence spectrums of (a) unirradiated CS layer in the
CS-glass system and (b) irradiated CS sub layer in the bilayer TiO,-CS-glass system
for 10 h in water, at excitation wavelength 325 nm.
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Fig. 5. SEM micrographs of CS sub layer in the bilayer TiO,-CS-glass system (a) before and (b) after 10 h of irradiation in water, at 5000x magnification.

carbonyl side group in the photocatalytically oxidized CS struc-
ture. As for, the ultra fine white particles on both unirradiated
and irradiated CS sub layer surfaces were ascribed to the ultra
fine TiO, particles remained on the CS surface after the washing
process.

3.4.2. Color change of CS

Fig. 6(a) and (b) shows the photographs of the visual color
changes of unirradiated CS layer in the CS-glass system and irradi-
ated CS sub layer in the bilayer TiO,-CS-glass system respectively
for 10h in water. As can be seen, the color of irradiated CS sub
layer obviously changed to a more intense brown, which is ascribed
to the structural changes due to the formation of the carbonyl
chromophore group in the chemical structure of the photocatalyt-
ically oxidized CS. The same observation was reported by other
researchers when the CS was subjected to the different irradiation
dose (Choi, Ahn, Lee, Byun, & Park, 2002), and different light sources
(Felinto et al., 2007).

Furthermore, recently Zainol, Akil, and Mastor (2009) reported
that the browning in color of irradiated CS solution by vy-irradiation
is a fundamental function to the formation of carbonyl group.

3.5. Mechanistic discussion

It is well known that the TiO, is excited with light of wavelength
A <380nm (3.2eV). Then, the electrons are promoted from the
valence band (VB) to the conduction band (CB), generating positive
holes and free electrons (Gaya & Abdullh, 2008), Eq. (3):

TiOy + hv — ey + hiy 3)

In an aqueous solution, the photolysis of water leads to the adsorp-
tion of hydroxyl ion on the catalyst surface in the dissociative form
as (OH™ and H*), Eq. (4):

H,0+hu— OH™ +HT (4)

Hence, the positive hole reacts with a surface-bound hydroxyl ion,
producing very powerful hydroxyl radicals (*OH), Eq. (5).

TiOy(h™) + OH™ — °OH (5)

The *OH radicals derived from an irradiated TiO, surface (Eq. (5))
migrated to the surface of the CS sub layer and can readily attacked
any carbon atom in the pyranose ring of CS, since all the CH sites
in the pyranose ring and also primary alcoholic (-CH,OH) sub-
stitute group have the same selectivity towards the very active

Fig. 6. The photographs of (a) unirradiated CS layer in the CS-glass system and (b) irradiated CS sub layer in the bilayer TiO,-CS-glass system for 10 h after the complete

removal of the TiO, top layer.
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*OH radicals (Ulanski & von Sonntag, 2000). In fact, the generated
hydroxyl radical by light-induced TiO, photocatalyst can readily
abstract a proton from C-5, while the presence of oxygen (O,)
enable the formation of peroxyl radical at the same C-5 position
which eventually led to simultaneous removal of hydroxymethyl
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Fig. 7. Proposed structure of the photocatalytically oxidized CS sub layer in the
bilayer TiO,-CS-glass system.

radical and the formation of the carbonyl group at C-5 position.
In this regard, Sionkowska et al. (2005) reported that the photo-
oxidation of the solid state CS film under UV light occurred by
abstracting the primary alcoholic group (-CH,OH) from C-5 of pyra-
nose ring and forming the free radical. The role of oxygen was to
form the peroxyl radicals, after which the hydroxyl radical can eas-
ily undergo elimination resulting in the formation of the carbonyl
side group at C-5. As for, the partial elimination of the amino group
in the photocatalytic-oxidation process, it was reported that the
photo-modification of solid state CS by y-rays leads to the decay of
amino groups without any further scission caused in the CS struc-
ture (Rosiak, Ulanski, Kucharska, Dutkiewicz, & Judkiewicz, 1992;
Ulanski & Rosiak, 1992), while Huang et al. (2007) suggested that
the partial elimination of amino group at C-2 of the carboxymethy-
lated CS solution under y-rays led to simultaneous formation of
hydroxyl group at C-2. Thus, theses mechanisms may explain the
reduction in the percent nitrogen detected in the photocatalyti-
cally oxidized CS in this study and its apparent LR and SI as well. As
mentioned, the experimental data described earlier in this study
indicated that there was no major structural change of CS but a
decrease in percent C and an appearance of carbonyl group with
partial loss of amino groups. Therefore the most likely structure as
the end product of the photocatalytic-oxidation process of CS in the
solid state form and in the presence of TiO, under mild irradiation
condition can be proposed and represented in Fig. 7.

4. Conclusion

By a simple bilayer assemblage of TiO,-CS-glass system, CS
could be effectively oxidized under a low-energy 45-W compact
household fluorescent lamp. The characterizations results indi-
cated that the photocatalytic-oxidation of CS took place without
altering much of the overall polymeric structure of CS. Furthermore,
the CHN analyses and optical properties indicated clearly the lost
of primary alcoholic group (-CH,OH) with the formation of the car-
bonyl (C=0) side groups and partial elimination of amino groups.
Additionally, the browning in CS color and the observable changes
in the surface morphology of the photocatalytically oxidized CS
were due to the modification of CS structure. In fact, this novel
method of photocatalytic-oxidation process of CS can be consid-
ered as a convenient, potentially applicable and environmentally
friendly.
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