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ABSTRACT

In this study, an immobilized TiO,/dye-loaded chitosan was designed in a layer-by-layer arrangement
for the enhanced photocatalytic degradation of phenol under a 45-W compact household fluores-
cent light irradiation. The immobilized photocatalyst was supported on glass plates and consists of
a porous top layer of TiO, and sub-layer of chitosan (CS) with chemisorbed Reactive Red 4 (RR4)
dye (TiO,/RR4-CS/glass). Results from the optical studies demonstrated that the absorption threshold
of the immobilized photocatalyst was shifted to the visible light region with lower recombination
of electron-hole pairs. The TiO,/RR4-CS/glass exhibits improved photocatalytic degradation and
mineralization of phenol as compared with the TiO,/glass and TiO,/CS/glass photocatalysts, with
a degradation rate of 0.030 min™ and total mineralization of 76.7%. The immobilized photocatalyst
also exhibited excellent photocatalytic stability and could be reused for up to five cycles of phenol
treatment. The enhanced photocatalytic performance of the TiO,/RR4-CS/glass can be ascribed to the

synergistic photocatalytic and sensitization effects that run concurrently under light irradiation.
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1. Introduction

Phenol is the most common pollutant emitted into the
surface water. It is introduced into water from industries
such as pesticides, coal conversion, petroleum, petrochem-
icals, paint, polymer resin, pharmaceuticals, and also from
domestic wastewater. It is a high priority pollutant due to
its extremely high endocrine-disrupting potency and geno-
toxicity even at low concentration [1]. Phenol is water-
soluble, stable, and a bio-refractory pollutant which makes
its treatment in wastewater by the traditional methods
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ineffective [2]. Rapid industrialization in Malaysia for the
past 20 years has contributed to the increase of phenols in
water bodies. In this case, the Department of Environment
(DOE) has set a national guideline for phenol content which
specifies that its concentration in the wastewater should not
exceed 0.001 mg L [3]. Therefore, the treatment of phenol-
containing wastewater using suitable and efficient method is
of high importance.

Photocatalysis is one of the most promising advanced
oxidation processes and is a green technology that can be
applied to wastewater treatment and water purification.
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Titanium dioxide (TiO,) is considered to be a benchmark
semiconductor for photocatalysis not only due to its high
activity but also because it is chemically stable, cheap, easy
to produce, and environmentally friendly [4]. Under UV
light irradiation, TiO, produces reactive oxygen species
that are able to fully mineralize organic pollutants such as
dyes, drugs, pesticides, and phenolic compounds [2,5-7].
However, the high recombination rate of electron-hole pairs
and the wide bandgap of TiO, (~3.2 eV) restricts its large-
scale applications especially under solar and visible irra-
diation. Hence, it is necessary to modify TiO, in order to
improve its photocatalytic performances and applicability.

Various methods have been developed to improve TiO,
photocatalytic activity, including doping with metal ions
[7,8], doping with non-metal elements [8,9], building hetero-
junction with small bandgap semiconductors [10,11], combi-
nation with adsorbent [5,12], and dye sensitization [2,6,13—
17]. Dye sensitization seems to be an interesting research
area since it is the easiest and the most effective technique
to improve the visible light sensitivity of TiO,. Dye absorbs
visible light and transfer electrons to the TiO, conduction
band, thus improving the separation efficiency of photoin-
duced electron-hole pairs and the photocatalytic activity.
In fact, dye-sensitized TiO, has received much attention in
photovoltaic applications, such as dye-sensitized solar cells
[18,19] and photolysis of water to generate hydrogen [20,21].
Various methods have been developed for the preparation
of dye-sensitized TiO, photocatalytic system. For example,
Boyer et al. [13] used cis-dichlorobis(2,2"-bipyridyl-4,4'-
dicarboxylic acid)ruthenium(II) to sensitize TiO, electrospun
fibers for the degradation of phenazopyridine under UV and
visible irradiation. Vinu et al. [14] used xanthene-fluorone
dyes, Eosin Y (EY), and fluorescein (FL) dyes, to sensitize
nano-TiO, for the degradation of phenolic compounds under
visible light. Finally, Hamdi et al. [15] used chitosan (CS) as
a template for the preparation of CS-phthalocyanine-TiO,
composites able to photodegrade aniline. However, the exist-
ing practice of the dye-sensitized TiO, photocatalytic system
has few drawbacks that need to be overcome. First, transi-
tion metal or organic metal complexes used as sensitizers are
toxic and generally very expensive [16,17]. Second, the dye
may leach out into the treated water or degraded, produc-
ing side products which are need to be treated [6,14,16]. In
addition, the regeneration, recovery, and reusability of the
dye-sensitized TiO, in slurry mode remains a major problem
for large-scale applications [16,17].

Our group has been working with immobilized photo-
catalysts for the past few years, particularly on TiO,/CS layer-
by-layer arrangement [5,22,23]. It was observed that upon
light irradiation, the ENR_ in the TiO, formulation degraded
and formed macro-pores within the surface of TiO, layer
[22]. The macro-pores increased the surface area of the pho-
tocatalyst and improved the diffusion of pollutants and
light penetration to the CS sub-layer, thereby enhancing the
photocatalytic performance and reusability of the immo-
bilized photocatalyst [22]. Furthermore, the immobilized
TiO,/CS photocatalyst has also shown improvement in the
photocatalytic degradation of Reactive Red 4 (RR4) dye due
to the synergistic effects of photocatalysis, adsorption, and
self-sensitization processes [5]. The chemisorbed RR4 dye
at the CS sub-layer has the capability of participating in

the electron transfer process to improve the photocatalytic
decolorization of RR4 dye in the bulk solution.

The main objective of this work is to explore the potential
of immobilized TiO,/CS loaded with RR4 dye in a layer-by-
layer arrangement (TiO,/RR4-CS/glass) for the photocata-
lytic degradation and mineralization of phenol. Phenol was
chosen as a model pollutant since it does not have adsorption
ability towards the TiO,/CS photocatalyst [22]. Therefore,
any enhancement in the photocatalytic activity would prove
the sensitization effect by the chemisorbed dye. The RR4
dye is a highly stable tetrasulfonated monoazo dye that is
commonly used in textiles and dyestuff industries. It is met-
al-free, cheap, and commercially available. Considering that
the industrial textile wastewater consists large amount of
dyes, these dyes can be recycled and use as an effective dye
sensitizer in wastewater treatment, solar cells or hydrogen
generation.

2. Experimental section
2.1. Materials

Chitosan (CS) flakes (68.2% degree of deacetylation with
a molecular weight of 322 g mol™), Reactive Red 4 (RR4) dye
with 50% dye content (color index number: 18,105, chemical
formula: C, H, .CIN,Na,O, S, molecular weight: 995.23 g mol”,

A, 517 nm), terephthalic acid (TA, 98%), and TiO, (9%
anatase) were purchased from Sigma-Aldrich (USA). Other
chemicals used were epoxidized natural rubber (ENR,)
(Kumpulan Guthrie Berhad), ethylenediaminetetraacetic
acid (EDTA) di-sodium salt (Ajax Chemicals, Australia, 99%),
p-benzoquinone (BQ) (BDH Chemicals Ltd., UK, 98%), phe-
nol (Scharlau, Spain, 99.5%), and phenol formaldehyde (PF)
powder resin (Borden Chemical (M) Sdn. Bhd., Malaysia,
99%). All chemical solutions were prepared using ultra-pure
water (resistivity = 18.2 MQ cm).

2.2. Preparation of the immobilized photocatalysts

The preparation of the immobilized photocatalysts was
previously described in detail elsewhere [5,23]. It involves
three steps: (1) casting of CS solution, (2) adsorption of RR4
dye, and (3) dip-coating of TiO, formulation. The CS solution
was prepared by grounding 6.0 g of CS flakes and 400 mL of
5% acetic acid in a ball mill grinder for 30 h. After the ground-
ing process, the produced CS solution was casted evenly on
the surface of glass plates (dimensions 4.7 x 6.5 cm) before
air-dried at room temperature (27°C). Glass plates containing
0.65 + 0.08 mg cm™ of CS (with thickness of 6.15 + 0.13 pum)
were subjected to an adsorption process in RR4 dye solution.
The concentrations of RR4 dye were monitored at a wave-
length of 517 nm using a HACH DR/2000 (USA) direct read-
ing spectrophotometer. The adsorption study of RR4 dye by
the CS/glass had been reported in detail by Nawi et al. [23].
The adsorption capacity, g, of fully saturated RR4 dye on
the CS sub-layer was calculated to be 172 mg g™'. The dye-
loaded CS (RR4-CS/glass) was washed with ultra-pure water
to remove any non-adsorbed dye and then dried at room
temperature before being coated with the TiO, formula-
tion. The TiO, formulation was prepared by dissolving 5.0 g
of ENR,; solution (~11.3% w/v of ENR_ in toluene), 0.15 g
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of PF and 12.0 g of TiO, powder in 60 mL of acetone. The
formulation was sonicated for at least 5 h before immobi-
lizing the TiO, on the glass plates by a simple dip-coating
technique. An optimum TiO, loading of 0.98 + 0.08 mg cm™
(thickness 14.5 + 0.4 pum) [24] was used throughout this
study. The immobilized photocatalysts were finally pho-
to-etched under a 45-W compact fluorescent irradiation in
ultra-pure water for at least 10 h before the photocatalytic
reaction. The photo-etching process allows the degradation
of unreacted polymers and increases the surface area of the
immobilized TiO, photocatalyst [22,24-26]. The immobilized
photocatalysts were hereafter called as TiO,/glass, TiO,/CS/
glass, or TiO,/RR4-CS/glass. An overview of the immobilized
TiO,/RR4-CS/glass photocatalyst is shown in Fig. 1.

2.3. Characterization

The optical absorption properties of the immobilized
photocatalysts were examined by a UV-Vis diffuse reflec-
tance spectroscopy (DRS) (Model Lambda 35, PerkinElmer,
USA) within 200-800 nm using magnesium oxide (MgO) as
the reference. Photoluminescence (PL) emission spectra were
measured on a Jobin Yvon Horiba HR 800 UV spectrofluo-
rimeter at an excitation wavelength (A_) of 325 nm.

2.4. Experimental setup and procedures

The experiments were conducted in a lab-scale photo-
catalytic reactor and the setup was similar as reported else-
where [5,23,24]. The reactor consists of a 45-W compact
fluorescent lamp (Dicken Lighting, China) as the irradiation
source, which was placed horizontally and in contact with the
outer surface of a glass cell with dimensions of 5 x 8 x 1 cm.
The lamp has a visible light irradiance (400-700 nm) of
490 W m™ and a UV intensity (290-400 nm) of 4.0 W m=.
A visible light irradiation was conducted by placing a UV
filter (Contax, model L39UV) between the glass cell and the
lamp. The immobilized photocatalysts were placed inside
the glass cell with 20 mL of 10 mg L™ phenol solution.
Aeration was supplied throughout the reaction by using
an aquarium pump (Hailea, model ACO-6603). The pho-
tocatalytic performance of the immobilized photocatalysts
was also compared with the slurry TiO,. This was done by
suspending similar loading of TiO, powder as that of the
immobilized TiO, layer in phenol solution. All the exper-
iments were carried out at neutral pH of 6.6 and at room
temperature (27°C + 2°C).

TiO, photocatalyst

RR4 dye loaded CS

The concentrations of phenol were monitored using
a high-performance liquid chromatography (HPLC) on
a JASCO HPLC system consisting of a PU-1580 Intelligent
HPLC pump equipped with a UV-1570 intelligent UV/vis
detector (JASCO, Japan). A Supelcosil C18 reverse phase col-
umn (Supelcosil, 25 cm x 4.6 mm, 5 um) was used for the
chromatographic separation at 25°C. A mobile phase was
pumped at a flow rate of 0.5 mL min™, which was made up
of a mixture between methanol (chromatography grade) and
ultra-pure water with a ratio of 60:40 v/v. At every 20 min
interval, 0.5 mL of sample were syringed out from the reac-
tion mixtures and monitored at a wavelength of 220 nm. The
percentage of phenol remaining (%) was calculated using
the following equation:

Phenol remained = [?]100 (1)

0

where C, and C, are the concentration of phenol at time ¢
(min) and the initial concentration, respectively. Triplication
of all experiments was conducted under identical conditions
and the average results are reported.

2.5. Detection of hydroxyl radicals (OH")

Terephthalic acid (TA) fluorescence probing technique
[27] was adopted for the analysis of OH" radicals gener-
ated from the immobilized photocatalysts. The TA solution
was prepared by diluting the TA powder in a 2 x 10°M of
NaOH aqueous solution in order to obtain a concentration
of 5 x 10* M. The pH of the solution was adjusted to pH 7.0
after the TA powder was dissolved. The immobilized pho-
tocatalysts were then immersed in 20 mL of the TA solution
and was irradiated for 2 h with a 45-W compact fluorescent
lamp. After 2 h of reaction time, the sample was withdrawn
from the solution and the latter was analyzed by a fluores-
cence spectroscopy (model LS-55, PerkinElmer, USA) to
detect the hydroxylation product of TA, 2-hydroxytereph-
thalic acid (TAOH), which emits at 425 nm using an exci-
tation wavelength of 315 nm.

2.6. Mineralization study

The mineralization rate of phenol by the immobilized
photocatalysts was determined by total organic carbon
(TOC) analysis using a Shimadzu TOC-V CPH/CPN analyzer,
(Japan). Similar experimental setup was applied with some

sub-layer

\ 2_23:3:1:1:3:;;:;:;:::

/

Glass plate

Fig. 1. Overview of the immobilized TiO,/RR4-CS/glass photocatalyst.



S. Sabar et al. / Desalination and Water Treatment 167 (2019) 190-199

modification. Longer glass plates and glass cell (dimensions
4.7 cm x 15 cm) were used to accommodate 50 mL of 10 mg L™
phenol solution. About 10 mL of the sample was withdrawn
from the solution after every 2 h interval and subjected to
TOC analysis.

3. Results and discussion
3.1. Properties of RR4 dye

RR4 dye absorbs strongly in the UV (A = 238 and 282 nm)
and visible (A = 517 nm) region (Fig. S1). It has a high
absorbance coefficient, € of 1.5 x 10* M cm™ at 517 nm [5],
which is larger than that of Ru-complex photosensitizers
[18,19], but lower than that of other organic dyes, such as
Eosin Y, Erythrosin B, and Rose Bengal [28,29]. In addi-
tion, the energy level of the conduction band (CB) in TiO,
(Ecpriony= ~4-2 €V) [30] is lower than the calculated energy
level of the lowest unoccupied molecular orbital (LUMO)
for RR4 dye (E, , oprs = —3-46 €V) [5]. Thus, the photogene-
rated electrons after the excitation of RR4 dye may transfer
to the conduction band of TiO, [31]. In fact, the energy level
of RR4 dye is almost similar to Eosin Y (-3.45 eV) and Rose
Bengal (-3.55 eV) dyes [29]. Besides, IR absorption spectros-
copy analysis shows that CS can strongly adsorb RR4 dye
via electrostatic attraction between the amine groups of CS
and sulfonic groups of RR4 dye [23]. The strong adsorption
between the adsorbent-adsorbate allows the CS to be used
as the substrate for the immobilization of the dye sensitizer.

3.2. Characterization of the immobilized photocatalysts

Fig. 2a shows the UV-Vis DRS spectra of the immobi-
lized photocatalysts in the solid state. It demonstrates that
the TiO,/RR4-CS/glass has a strong and broad absorption
band in the visible region due to the saturated concentra-
tion of RR4 dye which was around 5-7 wt.%. High concen-
tration of the RR4 dye increased the emissions coming from
the dye—dye interactions that resulted in the broadening of
the band [32]. The presence of the RR4 dye should increase
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the photocatalytic activity of the TiO, photocatalyst in the
visible region since the absorption bands of the TiO,/glass
and TiO,/CS/glass are limited to the UV region only.
Photoluminescence (PL) was also used to determine
the effect of RR4 dye on the recombination of electron-hole
pairs. As shown in Fig. 2b, the immobilized TiO,/glass, TiO,/
CS/glass, and TiO,/RR4-CS/glass photocatalysts displayed
broad band emission in the visible region within 400-550
nm, with two emissions at about 420 and 500 nm. The for-
mer is attributed to a band-band process, while the latter
is ascribed to as an excitonic process caused by the surface
oxygen vacancies and defects of the semiconductor [33]. All
the immobilized photocatalysts showed no shift in the spec-
tra with maximum emission at 500 nm. This indicates that
incorporation of the RR4 dye does not significantly affect
the properties of the semiconductor. Comparing the three
immobilized photocatalysts, the TiO,/glass exhibited the
highest PL emission intensity, indicating that electron-hole
pairs easily recombined [34]. On the other hand, the TiO,/
RR4-CS/glass materials exhibit the lowest emission intensity,
indicating that the excited state of the RR4 dye sensitizer par-
ticipates in the charge injection process [11]. The interfacial
charge transfer process of the excited RR4 dye to the conduc-
tion band of TiO, inhibits the recombination of electron-hole
pairs in TiO,. The decrease of the recombination rate should
increase the production of reactive oxygen species (ROS) and
thus the photocatalytic activity of the TiO,/RR4-CS material.

3.3. Evaluation of the photocatalytic performance

In order to evaluate the role of the dye sensitizer in the
immobilized TiO, photocatalyst, a control test was conducted
by comparing the photocatalytic performance of the TiO,/
RR4-CS/glass against the TiO,/glass and TiO,/CS/glass. The
percentage of phenol remaining as a function of time using
the immobilized TiO,/glass, TiO,/CS/glass, and TiO,/RR4-CS/
glass photocatalysts is shown in Fig. 3. In addition, control
experiments involving photolysis and adsorption were also
conducted.

12500
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5
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z
2
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E 5000
)
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250 500 750 1000
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Fig. 2. (a) UV-Vis DRS and (b) PL spectra for the solid state of immobilized TiOz/glass, TiOZ/CS/glass, and TiOZ/RR4—CS/glass

photocatalysts.
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Fig. 3. Percentage of phenol remaining (%) as a function of time
using the immobilized TiO,/glass, TiO,/CS/glass, and TiO,/
RR4-CS/glass photocatalysts at a pH of 6.6 with a TiO, loading
of 0.98 mg cm™ and an initial phenol concentration of 10 mg L.

Phenol was weakly adsorbed at the surface of all pho-
tocatalysts and only 6.0% of phenol were photolyzed in the
absence of the immobilized photocatalysts after 2 h of irradi-
ation. This observation proved that both the adsorption and
the photolysis processes can be neglected for the removal of
phenol. The TiO,/glass and TiO,/CS/glass displayed 82.1%
and 86.18% of phenol removal, respectively, under light irra-
diation after 2 h of reaction. Meanwhile, phenol could be
completely removed under similar conditions by the TiO,/
RR4-CS/glass.

The pseudo-first-order rate constant, k (min™), was deter-
mined by the Langmuir-Hinshelwood kinetic model [35]
and the equation is given by:

In [gﬂ] =kt @)

t

where C; and C, are the initial concentration of phenol
and the concentration at irradiation time ¢ (min), respec-
tively. The k values were calculated from the linear slope
plot of In(C/C,) vs. t and the results are shown in Table 1.
Results show that the rate for the TiO,/RR4-CS/glass was
significantly higher than those calculated for other immo-
bilized photocatalysts. The rate for the TiO,/RR4-CS/glass was
0.030 min™, which was twice as fast as the TiO,/glass and
TiO,/CS/glass. The high photocatalytic activity of the TiO,/
RR4-CS/glass can be attributed to its better photonic effi-
ciency and to the deceased recombination of electron-hole
pairs. Similar photocatalytic performance between the TiO,/
glass and TiO,/CS/glass indicates that the CS sub-layer did
not contribute to the removal of phenol. In this case, the
phenol removal was only due to the photocatalytic perfor-
mance of the TiO, top layer, since there was no occurrence
of phenol adsorption by the CS sub-layer.

3.4. Mechanistic studies

In order to understand better the photocatalytic mecha-
nisms and roles of different oxidative radicals, a comparison

was made between the degradation curves of phenol by the
immobilized TiO,/RR4-CS/glass photocatalyst with those
tested under a UV cut-off filter, N, gas and after the addi-
tion of specific radical quenchers (Fig. 4). Visible light irra-
diation was conducted under a UV cut-off filter in order to
demonstrate the ability of chemisorbed RR4 dye to sensitize
TiO,. Visible light irradiation only generates weak amounts
of electron-hole pairs in TiO, and thus sensitization should
be dominant. The TiO,/RR4-CS/glass shows 14.6% of phe-
nol removal after 2 h under visible light irradiation. This
observation explained the improved photocatalytic per-
formance of TiO,/RR4-CS/glass as compared with those by
TiO,/glass and TiO,/CS/glass as discussed above. Both TiO,/
glass and TiO,/CS/glass can only be activated under UV
irradiation since their photoresponse is limited to the UV
region. Therefore, high reaction rate achieved under light
irradiation was due to two routes that run concurrently:
(1) the major route by the TiO, itself by the small UV irradi-
ance leakage from the light source and (2) the minor route by
the dye sensitizer activated by visible light. The UV is gener-
ally responsible for enhancing the charge separation and the
generation of oxidative species on the surface of TiO, photo-
catalyst, while the chemisorbed RR4 dye act as an electron
donor to the conduction band of TiO,. The degradation of
phenol was completely suppressed when the photocatalytic
reaction was carried out under N, gas. In the absence of dis-
solved O,, the recombination rate of electron-hole pairs is

Table 1
Photocatalytic reaction constants of the immobilized TiO,/glass,
TiO,/CS/glass, and TiO,/RR4-CS/glass photocatalysts

Immobilized Phenol degradation kinetic parameters
photocatalysts k (min-t) R
TiOZ/glass 0.013 0.9887
TiOZ/CS/ glass 0.015 0.9573
TiO,/RR4-CS/glass  0.030 0.9865

Phenol remained (%)

0 20 40 60 80 100 120
Time (minutes)
—>— Ti0,/RR4-CS/glass
—@— in the presence of EDTA
—— under UV filter

under aeration with N,
—— in the presence of BQ

Fig. 4. Percentage of phenol remaining (%) as a function of
time using the immobilized TiO,/RR4-CS/glass photocatalyst
under different conditions at a pH of 6.6 with a TiO, loading of
0.98 mg cm™ and an initial phenol concentration of 10 mg L.
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greatly enhanced. Therefore, no oxidative radicals could be
formed to promote the photocatalytic degradation. This indi-
cates that the dissolved O, served as electron scavengers to
reduce the recombination of electron-hole pairs and act as
the key reactant to generate superoxide radicals as well as
other reactive oxidative species. EDTA was also used during
the phenol degradation process as a quencher of holes (h*).
In the presence of 1 x 10°M EDTA, the photocatalytic deg-
radation of phenol decreased to 53.2%. This suggests that
the predominant active oxidants responsible for initiating
the degradation mechanism were the h* and/or OH" species.
When adding BQ, a quencher of superoxide radicals, only
a slight decrease in the phenol degradation (88.1%) was
observed even though dissolved O, was present.

The mechanisms of the immobilized TiO,/RR4-CS/glass
photocatalyst were further confirmed by the detection of
OH" radicals. Fig. 5 shows the fluorescence (FL) spec-
tral changes of terephthalic acid (TA) solution after 2 h of
irradiation time by the immobilized TiO,/glass, TiO,/CS/
glass, and TiO,/RR4-CS/glass photocatalysts. There was no
FL peak observed in the reference sample (in the absence of
light irradiation or photocatalysts). This indicates that the
increase in FL intensity originates from the reaction between
TA and OH-* radicals produced during the photocatalytic
reactions. It was proven that under these experimental con-
ditions, the hydroxylation reaction of TA proceeded mainly
by OH* radicals [27], without the interference from the pho-
toinduced superoxide radicals (O;"), hydroperoxyl radicals
(HOOr), and hydrogen peroxide (H,O,) [9]. Besides, the
generated FL spectrum had the similar shape and maxi-
mum wavelength with that of a standard TAOH [27]. After
2 h of reaction, the TiO,/RR4-CS/glass had the highest FL
intensity which indicated that more OH" radicals were gen-
erated by the photocatalyst. Almost similar FL intensities
were obtained for TiO,/glass and TiO,/CS/glass, indicating
that the same concentrations of OH" radicals were produced
by these photocatalysts. RR4 dye influenced the formation
of OH" radicals in the TiO,/RR4-CS/glass and enhanced its

450
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350 | TiO,/glass
= = TiO,/CS/glass
3 ——Ti0,/RR4-CS/glass
= 290 =
iy
g
E
: 150 -
50 4
-50 T T T T
370 410 450 490 530
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Fig. 5. Fluorescence spectra of TA solution after 2 h of irradiation
using the immobilized TiO,/glass, TiO,/CS/glass, and TiO,/
RR4-CS/glass photocatalysts at a pH of 7.0 with a TiO, loading
of 0.98 mg cm™ (excitation wavelength = 315 nm).

photocatalytic performance as compared with the TiO,/glass
and TiO,/CS/glass. Lower recombination of electron-hole
pairs and higher formation of OH* radicals promote the pho-
tocatalytic performance of the system. The results obtained
by the TA experiment confirmed that the OH" radicals were
the main active species during the photocatalytic reactions.

Fig. 6 summarizes the overall mechanisms involved in
the photocatalytic degradation of phenol by the immobilized
TiO,/RR4-CS/glass photocatalyst. It shows that the enhanced
photocatalytic performance of the TiO,/RR4-CS/glass was
attributed to two routes, photocatalysis and sensitization,
that run concurrently under light irradiation. When TiO, is
excited by light (containing low UV intensity), the photoin-
duced holes (h") migrate to the surface of TiO, photocatalyst
where they are scavenged by H,O or OH ions to produce
OH- radicals. The phenol in the bulk solution was directly
oxidized by the OH*. At the same time, as the chemisorbed
RR4 dye absorbs visible light, its electrons will be excited
from the highest occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital (LUMO). Since
the energy level of RR4 dye satisfied for an electron trans-
fer process to occur, the excited dye molecule (RR4*) will
transfer its electrons into the TiO, conduction band. While
the dye itself is converted to its cationic radical (RR4"), the
transferred electrons together with the photoinduced elec-
trons (e) resulted in the accumulation of excess electrons in
the TiO, conduction band. The electrons at the surface are
scavenged by dissolved O, molecules to produce O;-, HOO",
H,O,, and especially OH" radicals that are responsible for
the degradation of phenol [35,36]. The OH* and O;" radicals
may also attack the ground state dye and dye radical cat-
ions, respectively, which resulted in the degradation of the
chemisorbed dye [14]. In addition, the transferred electrons
could possibly undergo recombination with the dye radical
cations to regenerate the dye in the ground state. These reac-
tions, however, proceed at a slower rate as it competes with
the electron transferred and electron scavenging reactions.
This is evident by the reduction in the rate of phenol deg-
radation under visible irradiation [13]. Better photoinduced
charge carrier separation under light irradiation decreases
the recombination of electron—hole pairs and enhanced the
photocatalytic efficiency of the system.

3.5. Catalyst recyclability

The reusability of different immobilized photocatalysts
was tested up to five consecutive experiments to measure
the stability of the immobilized photocatalysts for the pho-
tocatalytic degradation of phenol. After each cycle, the
immobilized photocatalysts were recovered, washed with
ultra-pure water for 30 min and reused. The reusability of the
immobilized photocatalysts is shown in Fig. 7 as a function
of rate constants obtained in the photocatalytic degrada-
tion of phenol. In addition, the photocatalytic degradation
of phenol by TiO, in slurry mode was also conducted for a
comparison.

The results showed that the rate obtained by the TiO,/
glass and TiO,/CS/glass remained almost constant from the
first to the fifth cycles of their respective applications with
the average rate values of 0.013 and 0.014 min™, respectively.
These values are slightly lower than that obtained by TiO,
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Fig. 6. Illustration of the possible mechanisms involved during the photocatalytic degradation of phenol using the immobilized
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Fig. 7. A plot of pseudo-first-order rate constant of the immobi-
lized photocatalysts as a function of consecutive cycles at a pH
of 6.6 with a TiO, loading of 0.98 mg cm™ and an initial phenol
concentration of 10 mg L.

in slurry mode whereby the rate obtained in the first cycle
was 0.028 min™. However, the use of TiO, in slurry mode hin-
dered the reusability of the photocatalyst. Based on Fig. 7, the
TiO,/RR4-CS/glass gives the best phenol degradation. Under
the operation of this photocatalytic system, the average rate
was 0.033 min™'.

Although all the immobilized photocatalysts were prac-
tically reusable and sustainable in their photocatalytic appli-
cations, the rate of TiO,/RR4-CS/glass was more than twofold
higher than the TiO,/glass and TiO,/CS/glass. The excellent
photocatalytic performance of the TiO,/RR4-CS/glass origi-
nates from the sensitization effect of the chemisorbed RR4
dye. Most importantly, the TiO,/RR4-CS/glass photocatalyst
was reusable and highly stable under the studied conditions.
Finally, there was no sign of dye desorption or leaching into
the treated aqueous solution since the dye was strongly
chemisorbed onto the CS sub-layer.

3.6. Regeneration of the immobilized TiO,/RR4-CS/glass
photocatalyst

During the photocatalytic reaction, the chemisorbed RR4
dye also undergoes oxidation. It was reported previously
that the intensity of the RR4 color changes was more visi-
ble after repeated cycles of usage [5]. The RR4 color inten-
sity decreases by 20.1% after the fifth cycles of application
in ultra-pure water. The oxidation of RR4 dye caused deac-
tivation of the immobilized photocatalyst upon reuse. Such
a shortcoming can be overcome by re-adsorption with fresh
dye on the spent photocatalyst. This is an added advantage
of recycling dye waste. The spent photocatalyst was recov-
ered after the fifth cycle and a fresh solution of the RR4
dye was re-adsorbed.

Fig. 8 shows the reusability of fresh and regenerated
immobilized TiO,/RR4-CS/glass photocatalyst for the pho-
tocatalytic degradation of phenol. The results show that the
regenerated TiO,/RR4-CS/glass showed ~22% lower photo-
catalytic efficiency as compared with the fresh photocatalyst.
This result was primarily due to the insufficient amount of
RR4 dye adsorbed in the regenerated samples (the adsorp-
tion capacity of adsorbed RR4 dye on the CS decreased from
172 to 30 mg g™') that can be oxidized as a sensitizer. This in
turn decreases the number of electrons being transferred to
the TiO, conduction band under the same light irradiation
and consequently decreases the amount of oxidative species
generated by the photocatalyst. However, the photocatalyst
regained its photocatalytic efficiency and was reusable for
at least five more cycles. This evidence suggests that the
immobilized TiO,/RR4-CS/glass photocatalyst can easily be
regenerated by a simple and cost-effective method.

3.7. Mineralization study

The mineralization rate of phenol by the immobilized
TiO,/glass, TiO,/CS/glass, and TiO,/RR4-CS/glass photocat-
alysts was monitored by TOC analysis. Fig. 9 shows that the
trend of phenol mineralization by the immobilized TiO,/
glass, TiO,/CS/glass, and TiO,/RR4-CS/glass photocatalysts
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Fig. 8. Reusability of the fresh and regenerated immobilized
TiO,/RR4-CS/glass photocatalyst on the photocatalytic degrada-
tion of phenol at a pH of 6.6 with a TiO, loading of 0.98 mg cm™
and an initial phenol concentration of 10 mg L.
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Fig. 9. TOC analysis of the immobilized photocatalysts as a
function of mineralization rates of 50 mL phenol solution at a pH
of 6.6 with a TiO, loading of 0.98 mg cm™ and an initial phenol
concentration of 10 mg L.

was nearly identical throughout the reaction time, regardless
of the pathways taken by each of the system. The TOC reduc-
tion was initially slow because at this stage the degradation
of the phenol was initiated by branch dissociations with
benzene rings still remained intact [37], producing interme-
diates such as catechol, p-benzoquinone, and hydroquinone
as the first oxidation intermediates [38]. The mineralization
rate of phenol by the TiO,/RR4-CS/glass at this stage was
faster than the TiO,/glass and TiO,/CS/glass due to the pres-
ence of the dye sensitizer. Therefore, more oxidative species
could react with phenol and its intermediates leading to
further oxidation of the by-products, yielding organic acids,
such as maleic, oxalic, formic, and acetic [38].

After 4 h of reaction time, most of the phenol molecules
were completely removed by the immobilized photocata-
lysts. Despite that, the mineralization rate of phenol by the
TiO,/glass, TiO,/CS/glass, and TiO,/RR4-CS/glass was much

slower with a total mineralization of 63.2%, 65.1%, and 76.7%,
respectively, after 8 h of reaction time. Longer irradiation
time was needed to achieve complete mineralization. This
could possibly due to the complicated reaction mechanisms
of phenol oxidation. Overall, the TiO,/RR4-CS/glass showed
better photocatalytic performance for the mineralization of
phenol with major intermediates previously identified as
hydroquinone, catechol, and maleic acid [24]. There are no
traces of RR4 dye intermediates and inorganic ions detected
in the treated phenol solution either by the UV-Vis, HPLC, or
ion chromatographic analyses. This likely originates from the
low amount of RR4 dye being oxidized during the reaction
or due to the re-adsorption of the intermediates produced
on the surface of the CS sub-layer.

4. Conclusion

In summary, an immobilized TiO,/RR4 dye-loaded CS
photocatalyst (TiO,/RR4-CS/glass) was successfully prepared
for the photocatalytic degradation of phenol under a 45-W
compact household fluorescent light irradiation. Results
from the UV-Vis DRS and PL demonstrated that electron—
hole pairs recombination was reduced and the visible light
absorption enhanced in the immobilized TiO,/RR4-CS/glass
photocatalyst. The photocatalytic degradation and mineral-
ization of phenol by the TiO,/RR4-CS/glass were obviously
improved as compared with the TiO,/glass and TiO,/CS/
glass. The enhanced photocatalytic performance of the TiO,/
RR4-CS/glass can be attributed to two routes, photocatalysis
and sensitization, that run concurrently under light irradia-
tion. Both processes contributed to lower recombination of
the electron-hole pairs and to better photoinduced charge
carrier separation. In addition, the immobilized photo-
catalyst also demonstrated excellent reusability and good
stability.
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Fig. S1. UV-Vis DRS spectrum of the RR4 dye in ultra-pure water at neutral pH.
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