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ABSTRACT

An immobilized TiO,/chitosan loaded with Reactive Red 4 (RR4) dye has been successfully
fabricated via a layer-by-layer assemblage system. The immobilized photocatalyst was pre-
pared by adsorbing RR4 dye on a chitosan (CS) sub-layer supported by a glass plate, before
being coated with TiO, as the top layer (known as TiO,/RR4-CS/glass). This layer-by-layer
assemblage system allows the dye to be in contact with the TiO,/CS interface. In addition,
the leaching as well as direct oxidation of the chemisorbed dye would also be prevented.
Photo-etching of the immobilized TiO,/RR4-CS system for at least 10 h increased its surface
area and enhanced its photocatalytic activity due to the formation of macropores within
the TiO, top layer. Application of the immobilized TiO,/RR4-CS layer-by-layer system
shows that the photocatalytic system exhibited high photocatalytic efficiencies under the
irradiation of a 45 W compact fluorescent lamp for the degradation of phenol as well as its
intermediates. In addition, the immobilized photocatalyst system was also reusable for at
least five cycles of extended use without losing its efficiency. The immobilized TiO,/RR4-CS
layer-by-layer system improved the photocatalytic activity of TiO, due to its better charge
separation and lower electron-hole pair recombination.

Keywords: Photocatalysis; Titanium dioxide; Immobilization; Dye loaded; Reactive Red 4;
Charge transfer

1. Introduction

Titanium dioxide (TiO,) is the most efficient photo-
catalyst when compared to other semiconductors since
it is chemically and biologically inert, photocatalyti-
cally and thermally stable, relatively easy to produce
and to use, cheap and safe towards both humans as

*Corresponding author.

well as the environment. Its strong oxidizing agent is
capable of degrading organic pollutants (such as dyes,
polymers, pesticides, and herbicides) present at or
near the surface of the TiO, resulting usually in their
complete mineralization into H;O and CO, by irradia-
tion with UV light. However, its large band gap
energy (~3.2eV) usually results in low degradation
rates and quantum efficiency of the system under
solar and visible light region.
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Modification of TiO, such as doping with metal ions
[1,2], doping with non-metal elements [2—4], and dye
modifying [5-9] can improve the photocatalytic perfor-
mance of TiO,. The modification of TiO, with dye has
been reported to be the most effective way to extend
the photoresponse of TiO, into the visible region.
Several studies have reported that photosensitization is
the main mechanism in the dye-modified TiO, photo-
catalyst system [5-8]. In this case, the dye would get
excited, by absorbing photon energy, and produce
electrons which were then transferred to the conduction
band of TiO,. However, according to Hilal et al. [9],
dye-sensitized TiO, has two characteristic features: they
are sensitized to longer wavelengths (e.g. visible) and
they oxidize contaminants demanding oxidation
potentials less than the dye valence band edge only. If
the dye fails to sensitize TiO, under visible light irradia-
tion, the mechanism may be a charge transfer process
rather than photosensitization [9].

Generally, the dye is either physically mixed with
the photocatalyst [5,6] or directly adsorbed on the sur-
face of the photocatalyst [7-9]. However, the interac-
tion between the dye and the photocatalyst in such
techniques is not stable and may cause leaching or
desorption of the dye. Besides this, direct exposure of
the dye to light irradiation leads to fast decomposition
or photobleaching of the dye during the photoreaction
and thus, affects the photocatalytic degradation of the
organic pollutants [6,8,10]. In addition, the photo-
bleaching of the dyes also produces intermediates
which also needed to be treated and disposed of [6].
Furthermore, the use of dye-modified TiO, in suspen-
sion mode causes problems in the regeneration, recov-
ery, and reuse of the dye and the photocatalyst.
Attempts to immobilize the dye on solid supports fail
to maintain the sustainability of the dye-modified
TiO, system upon regeneration [10].

The main objective of this study is to fabricate an
immobilized TiO,/chitosan loaded with Reactive Red
4 (RR4) dye via a layer-by-layer assemblage system.
The layer-by-layer assemblage system consists of TiO,
as the top layer, the chemisorbed dye on chitosan (CS)
as the sub-layer, and glass plate as the supporting
material (known as TiO,/RR4-CS/glass). CS was
selected as the immobilization substrate for the dye
since the amino-function of the CS allows binding,
including adsorption or immobilization of dyes
[11-13]. On the other hand, RR4 is a conventional and
inexpensive dye used in the textile industry. It is a
highly stable tetrasulfonated monoazo dye that
can strongly bind with amine groups of CS via
electrostatic attraction [12]. Its chemical structure is
given in Fig. 1. The immobilized TiO,/RR4-CS layer-
by-layer system will be applied for the photocatalytic
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degradation of phenol as well as its intermediates
under irradiation of a 45W compact fluorescent
lamp. The layer-by-layer assemblage system would be
expected to offer many advantages such as enhancing
the photocatalytic activity of TiO,, sustainable, low
in energy, and expenses, as well as clean to the
environment.

2. Materials and methods
2.1. Materials

TiOy, (99% anatase), chitosan (CS) flake (68.2%
degree of deacetylation with a molecular weight of
322 g mol™'), and Reactive Red 4 (RR4) with 50% dye
content (Color Index Number: 18105, chemical
formula: Cz,H»3CINgNasO14S;,, MW: 995.23 gmol_l,
Amax: 517 nm) were purchased from Sigma-Aldrich.
Maleic acid (299%) and fumaric acid (=99%) were
supplied by Merck. Other chemicals used were phenol
(Scharlau, 99.5%), phenol formaldehyde powder resin
(PF) (Borden Chemical (M) Sdn. Bhd.), epoxidized
natural rubber (ENRsp) (Kumpulan Guthrie Berhad),
hydroquinone (Acros, 99%), and catechol (Fluka,
>98%). All chemicals were used without additional
purification. Ultra-pure water (182MQcm™) was
used in this work.

2.2. Preparation of immobilized CS

CS solution was prepared by dissolving 6.0 g of CS
flakes in 400 ml of 5% acetic acid aqueous solution in
a ball mill grinder for 30 h at 60 rpm. The produced
white viscous CS solution was cast evenly on the
surface of the glass plates, each with a dimension of
4.7 cm x 6.5 cm (length x height), and dried completely
at room temperature (27°C). A CS loading of 0.65
+ 0.08 mg cm 2 was used throughout this study as this
is the optimum loading of CS obtained for the adsorp-
tion of RR4 dye [12]. The fabricated immobilized
CS on glass plates appeared white in color and is
hereafter known as CS/glass.

2.3. Preparation of RR4-CS plates

Immobilized RR4-CS plates were prepared by
conditioning the CS/glass plates in ultra-pure water at
pH 4.0 for 1h, followed by the adsorption process in
100 mg L™' RR4 dye solution at pH 6.0. A detailed
study on the adsorption of RR4 dye by the immobi-
lized CS/glass has been reported by Nawi et al. [12].
The dye solution was repeatedly changed with a new
batch until CS has become fully saturated. These
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Fig. 1. Chemical structure of Reactive Red 4 (RR4) dye.

plates henceforth are referred to as RR4-CS/glass. The
fully saturated adsorption amount of RR4 by CS was
172 mg g ' (1.10 x 10> mol m ) and used throughout
this study unless otherwise stated.

2.4. Preparation of immobilized TiO; layer

The photocatalyst formulation was prepared
according to the previously reported method by
Jawad and Nawi [14]. In this case, a fixed amount of
5.0-g ENRs, solution (~11.3% w/v of ENRs, in
toluene) was added into an amber bottle which
contained 12.0g of TiO, powder. Next, 0.15g of
PF was added to the mixture. Finally, 60 mL of ace-
tone was poured into the bottle before being soni-
cated for 5h in order to produce a homogenized
emulsion without any agglomeration. This TiO, for-
mulation was used to immobilize TiO, on a glass
substrate, CS/glass, and/or RR4-CS/glass by a sim-
ple dip-coating method. Different loadings of TiO,
were obtained by varying the number of dip-coating
processes, where a single dip of coating has
the equivalent weight of 0.33 +0.08 mgcm > The
coated substrates hereafter are called as TiO,/glass,
TiO,/CS/glass, or TiO,/RR4-CS/glass systems,
respectively.

2.5. Instruments

A HACH DR/2000 Direct Reading Spectropho-
tometer was used to monitor the concentrations of
RR4 dye during the adsorption process at a wave-
length of 517 nm. The concentration of phenol and its
intermediates was followed by a high performance
liquid chromatography (HPLC) on the JASCO HPLC
system, consisting of PU-1580 Intelligent HPLC pump
equipped with a UV-1570 intelligent UV/Vis detec-
tor. Chromatographic separation was accomplished
on a Supelcosil C18 reverse phase column (Supel-
cosil, 25 cm x 4.6 mm, 5 um) at 25°C and monitored
at 220-380 nm. The mobile phase used was a mixture
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of methanol (chromatography grade) and ultra-pure
water at a ratio of 60:40 v/v pumped at a flow rate
of 0.5 mL min~". Total organic carbon (TOC) analysis
to analyze the residual carbon content was deter-
mined in a Shimadzu TOC-V CPH/CPN Analyzer.
TOC analysis was conducted on the photocatalyst
systems (TiO,/glass, TiO,/CS/glass, and TiO,/RR4-
CS/glass) in order to determine the leaching of
organic carbon from the prepared plates. A radiome-
ter (model PMA 2100 from Solar light Co. Inc.)
equipped with PMA 2110 UV-A (320400 nm) and
PMA 2106 UV-B (280-320 nm) detectors was used to
determine the UV irradiance leakage from the 45 W
compact fluorescent lamp. The irradiance spectrum
of the light source was measured with an ASD
FieldSpec HandHeld 2 portable Spectroradiometer
(Analytical Spectral Devices Inc.) covering wave-
lengths from 325 to 1,075 nm.

(A)

(H)

(D)

4

/

G

Fig. 2. Schematic diagram of experimental setup for the
photocatalytic system: (A) 45 W compact fluorescent lamp,
(B) glass reactor cell, (C) immobilized plate, (D) phenol
aqueous solution, (E) aeration supplied by an aquarium
pump attached by a PVC tube, (F) Pasteur pipette,
(G) scissor Jack, and (H) power supply.



S. Sabar and M.A. Nawi | Desalination and Water Treatment 57 (2016) 10312-10323

2.6. Irradiation system setup

The schematic diagram of the experimental setup
for the photocatalytic system is shown in Fig. 2.
The immobilized plates were placed upright in a
custom-made glass reactor cell with dimensions of
5cm x8cm x 1 cm (length x height x width) that can
hold up to 20 mL of phenol solution. An aerator made
from an aquarium pump was attached to the container
via a PVC tube for a supply of air and proper
agitation of the solution for solutes transport
purposes. The system was irradiated with a 45 W
compact fluorescent lamp with an emitted UV inten-
sity of 40 Wm™ and main peak emission wave-
lengths centered at 402 (weak), 434 (weak), 486
(weak), 545 (strong), and 611 nm (moderate). This
lamp was placed horizontally to be in contact with the
outer surface of the glass reactor cell.

2.7. Kinetic analysis

HPLC was used to measure the concentrations of
phenol and its intermediates in the aliquots that were
syringed out (0.5 mL sample) from reaction mixtures
and measured at 20 min time intervals for 2 h. The
percentage of phenol remaining (%) is defined as:

Phenol remained = <%> 100 ey
0
where C; and C, are the concentrations at the irradiation
time t (min) and the initial concentration of phenol
(mg L"), respectively. The Langmuir-Hinshelwood
kinetic model was used to determine the pseudo-
first-order rate constant or degradation rate, and the
equation is given by [15]:

G\

where C, and C; are the initial concentrations of phe-
nol and the concentrations at irradiation time ¢ (min)
in mg L™, respectively. The pseudo-first-order rate
constant, k (min™!), was calculated from the slope of
plots In (C,/C)) vs. t.

The photocatalytic degradation of phenol was per-
formed using 20-mL volumes of 10-mgL™' phenol
solutions under room temperature at an ambient pH
(6.6) and an aeration flow rate of 40 mL min~'. The
immobilized plates after each cycle (each cycle =2 h)
were recovered, washed with ultra-pure water for
30 min (to remove accumulated pollutants on the
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surface of the photocatalyst), and reused up to five
cycles to study the reusability of the immobilized
photocatalyst systems. All experiments were con-
ducted in triplicates under identical conditions, and
the results are reported as average.

3. Results and discussion
3.1. Optimization of TiO, loading

In this work, immobilized TiO,/chitosan loaded
with RR4 dye has been fabricated in order to enhance
the photocatalytic activity of TiO,. In contrast to most
of the published literature [5-9], the dye was not
mixed with TiO,, but rather anchored on the CS sub-
layer underneath the TiO, top layer in a layer-by-layer
assemblage system. In this way, the dye would be
protected from direct irradiation and thus could
remain longer within the photocatalyst system.

Optimization of the TiO, loading is significant in
order to avoid the use of excessive catalyst and to
ensure total absorption of efficient photons. A series of
TiO, loadings ranging from 0.33 to 3.27 mg cm > were
obtained by varying the number of dip-coatings on
top of the RR4-CS layer. In the dip-coating processes,
the TiO, loading and thickness increases almost lin-
early with an increase in the number of times the sup-
port substrate is dipped into the coatings formulation
[16]. In this study, a single dip has the equivalent
weight of 0.33+0.08 mgcm™> of immobilized TiO,
with a thickness of 8.71 + 0.32 pm [17].

Fig. 3 shows the pseudo-first-order rate constants
or degradation rates of phenol by the TiO,/RR4-CS
layer-by-layer system at different loadings of TiO,.
From the graph, it can be observed that the
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Fig. 3. The effects of TiO, loading on the photocatalytic
degradation of phenol by the TiO,/RR4-CS/glass system
at ambient pH (6.6) with initial phenol concentration of
10 mg L%
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photocatalytic performance of the TiO,/RR4-CS layer-
by-layer system can be remarkably improved with an
increase in the TiO, loading up to the optimum
loading of 0.98 mg cm ™2 (equivalent to 14.5 + 0.4 pm of
thickness [17]). At such loading or thickness, about
75.0% of the phenol was degraded after 2 h of irradia-
tion. It has been reported that there was an optimum
film thickness under which the rate of reaction is at its
maximum because the fraction of light absorbed
reaches 100% [18].

However, it can be observed that the degradation
rates slowed down beyond the optimum loading and
then leveled off. This is because high loading of a
TiO, photocatalyst would result in a thicker, denser,
and less porous TiO, layer which would hinder the
mobility and diffusion of phenol molecules towards
the TiO,/RR4-CS interface [17]. Furthermore, the light
scattering effect also increased, which made the inner
layer of the TiO, unavailable to harvest maximum
incident light. This reduced the light penetration
towards the dye since it has to first move some
distance within the TiO, layer itself before it can reach
the interface of TiO,/RR4-CS [19]. If the photons and
oxidative radicals cannot reach the interface of
TiO,/RR4-CS, the RR4 dye will not be oxidized. In
fact, it was also reported that the recombination of
unreacted electrons and hole pairs produced by
irradiation could be enhanced by the large amount of
photocatalyst present [20].

Below the optimum loading, there is weak absorp-
tion of light and less production of oxidative radicals
due to the thin TiO, layer. Besides that, the degrada-
tion rate of phenol at 0.98 mgcm 2 of TiO, loading
was 14 times faster than without the presence of the
catalyst. Without the photocatalyst, there were no
oxidative radicals available to degrade the phenol and
oxidize the chemisorbed RR4 dye within the immobi-
lized RR4-CS layer. This fact eliminated the possible
degradation of phenol by the dye itself as it needed
the TiO, to initiate the electron transfer processes.
Therefore, 0.98 mg cm~ 2 was selected as the best TiO,
loading since the thickness at this loading allowed the
generated oxidative radicals to be as close as possible
to the TiO,/RR4-CS interface. Hence, the oxidative
radicals can easily oxidize the chemisorbed RR4 dye,
followed by a fast electron transfer to the TiO, layer,
leading to an efficient charge separation. At this point,
charge separation is more dominant than charge
recombination.

A similar observation was also reported by Shang
et al. [19] in the photocatalytic performances of glass/
Sn0O,/TiO, interface composite film for the degrada-
tion of formaldehyde. On the other hand, Nawi and
Sabar [17] has obtained an optimal TiO, loading of
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0.33 mg cm > for the photocatalytic degradation of
RR4 by the TiO,/CS layer-by-layer system. According
to the authors, the highest synergistic effect was
observed at this optimum loading since it offered bet-
ter adsorption of RR4 by CS sub-layer combined with
reasonable light absorption to produce sufficient
amounts of oxidative radicals on the surface of the
TiO, for the simultaneous photocatalytic degradation
of the nearby RR4 dye anions.

In contrast, an earlier study by Nawi et al. [21]
reported that the oxidation of the CS sub-layer was
observed when combined with TiO, in a layer-
by-layer system under an extended irradiation period
(210 h irradiation) in ultra-pure water [21]. However,
the oxidation of the CS sub-layer would highly
depend on the amount of coated TiO, photocatalyst.
This is because the increase in the TiO, loading
increases the amount of the generated oxidative radi-
cals [22]. Fig. 4 shows the UV-vis DRS spectra of CS
sub-layer oxidized at different TiO, loadings after they
were irradiated in ultra-pure water for five cycles
(equivalent to 10 h) without the presence of RR4 dye.
As can be seen, un-irradiated and irradiated CS with a
TiO, loading of 0.33 and 0.98 mg cm ™2 has an absorp-
tion band at 300 nm, which is caused by the n — ¢*
transition of amino groups in CS. Irradiated CS with a
TiO, loading of 1.30 mg cm > or more exhibited two
absorption bands. The first absorption band shows a
10-nm redshift compared to the original CS. The other
absorption band at 368 nm is assigned to the n — #*
transition of carbonyl or carboxyl groups, which indi-
cates that a new side group was formed during the
oxidation process [21,23,24]. The intensity of this peak
increases with the increase in TiO, loading which is

2.1
1.9
1.7 1
1.5 4
1.3 A
1.1
0.9 1
0.7 - (a) (H)
0.5 1
0.3 1
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250 300 350 400 450 500 550 600 650
‘Wavelength (nm)

Fig. 4. UV-vis DRS spectra of (a) un-irradiated CS/glass
and irradiated CS/glass at (b) 0.33, (c) 0.98, (d) 1.30, (e)
229, and (f) 3.27 mg cm 2 TiO, loading in the TiO,/CS
layer-by-layer system for five cycles (10 h) in ultra-pure
water.
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attributed to the increase in the concentration of
carbonyl groups. This observation is consistent with
the browning effect (caused by the formation of car-
bonyl chromophore [21,23-25]) on the irradiated CS,
whereby the color becomes more intense at a higher
loading of TiO,. Thus, it can be concluded that
increasing the TiO, loading increases the oxidation of
the CS sub-layer.

From this point of view, increasing the TiO, load-
ing would be expected to increase the oxidation of
chemisorbed RR4 dye in the TiO,/RR4-CS layer-by-
layer system. However, as depicted by Fig. 3, increas-
ing the TiO, loading beyond the optimum loading of
0.98 mg cm > decreases the degradation rates of phe-
nol. This is because the oxidative radicals produced
from the oxidation of chemisorbed RR4 could not be
transported efficiently to the pollutant in the bulk
solution due to the thickness of the TiO, layer. The
thick TiO, layer increases the distance of electron
transfer from the interface TiO,/RR4-CS to the surface
of TiO, top layer. It was also observed that the
oxidation of the CS sub-layer only occurred when the
loading of the TiO, layer immobilized on the CS sub-
layer was more than 1.30 mgcm > Therefore, the
effect of the oxidized CS sub-layer on the photocat-
alytic degradation of phenol by the TiO,/RR4-CS
layer-by-layer system did not arise in this study since
the optimum loading of TiO, in this work was only
0.98 mg cm™>. The selected optimum loading is suffi-
cient to cause the oxidation of chemisorbed RR4 and
degrades phenol without oxidizing the CS sub-layer.

3.2. Leachability of dissolved organic matter via TOC
analysis

Since the binders used for immobilizing the photo-
catalyst were organic polymers in the form of ENRs,
and PF, the possibility of leached dissolved organic
matter (DOM) should be investigated. The leached
DOM from the fabricated TiO,, TiO,/CS, and TiO,/
RR4-CS layers during the photocatalytic reaction were
evaluated by the TOC analysis. In this regard, the
immobilized photocatalyst systems (TiO,/glass, TiO,/
CS/glass, and TiO,/RR4-CS/glass) were immersed in
ultra-pure water and irradiated with a 45 W compact
fluorescent lamp. After 2 h of irradiation (equivalent
to one cycle), the water samples were collected and
replaced with a new batch of ultra-pure water using
the same respective immobilized photocatalyst plates.
This procedure was repeated until the seventh cycle.

The results of the TOC analysis as a function of
repeated cycles of irradiation are presented in Fig. 5.
The concentrations of TOC in the water samples for
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Fig. 5. TOC (mgL™") values of irradiated water samples
representing the leachability of organic matters from the
TiO,, TiO,/CS, and TiO,/RR4-CS layers during repeated
cycles of irradiation.

all of the immobilized photocatalyst systems demon-
strated the same trend. The concentrations were
initially high in the first cycle, but gradually decreased
and gave almost zero values after the fifth cycle of
irradiation. High TOC indicates the presence of high
organic matters in the water samples. From the
observation, there are three possible sources of organic
matters from the TiO,/RR4-CS layer-by-layer system:
(1) degradation of organic binders (ENRsg) applied as
adhesive in the TiO, formulation, (2) leaching of CS
sub-layer, and (3) photobleaching of chemisorbed RR4
dye.

ENRs5y used as an adhesive in the TiO, formulation
is not photoresistant and degrades during the photo-
catalytic reaction. This is supported by the fact that
the TiO, single layer system contributes about 8.32
+1.15mg L™ of TOC at the first cycle of irradiation.
Similar observations were also made by others
[14,26,27]. However, the degradation of the ENRsj
binder by the photocatalytic reaction is an advantage
since it can enhance the porosity and surface area of
the immobilized photocatalyst [27,28].

Like other polysaccharides, CS is sensitive to vari-
ous types of irradiation [21,23,24,29-32]. The CS sub-
layer is leachable upon irradiation with light and
increases the concentration of DOM in the treated
water samples. From Fig. 5, it is believed that the
leaching of the CS sub-layer combined with
the degradation of the ENR5, binder is responsible for
the increase in TOC by the TiO,/CS layer-by-layer
system. The concentration of TOC for the TiO,/CS
layer-by-layer system at the first cycle was 17.03
+1.29 mg L™". Overall, the TiO,/CS layer-by-layer sys-
tem maintains higher TOC as compared to TiO, single
layer and TiO,/RR4-CS layer-by-layer systems from
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the first to the seventh cycle. In fact, the TiO,/CS
layer-by-layer system continued to leach out organic
matters into the treated water samples as shown by
the detected TOC values.

On the other hand, one of the drawbacks of a dye-
modified photocatalytic system is the photobleaching
of the dye that could also contaminate the treated
water samples. The mineralization of the dye is a
complex quantity, which is governed by the desorp-
tion of dye from the catalyst surface and degradation
of the dye [6]. Generally, the degradation of RR4
arises from the cleavage of azo bonds and the opening
of the aromatic rings due to the hydroxylation by the
attack of hydroxyl radicals. The resulting intermediate
metabolites (e.g. aromatic amine or phenolic
compounds) were further degraded to organic acids,
inorganic ions (NO;, CI” and SOj") as well as H,O
and CO,. Subsequent irradiation of the TiO,/RR4-CS
layer-by-layer system causes a gradual disappearance
in the intensities of the visible bands of RR4 under
prolonged irradiation due to the breaking of the azo
bonds [17]. However, from the HPLC and ion
chromatographic analyses, there was no trace of RR4
intermediates and inorganic ions detected. This could
either mean that a very low amount of RR4 was
photobleached during the irradiation of the TiO,/RR4-
CS layer-by-layer system or that the intermediates
produced from the degradation of RR4 dye could be
readsorbed on the surface of the CS sub-layer. This
hypothesis is consistent with the TOC analysis of the
TiO,/RR4-CS layer-by-layer system. The TOC value of
the TiO,/RR4-CS layer-by-layer system (12.55
+0.89 mg L") was in fact lower than that obtained by
the TiO,/CS layer-by-layer system. This is because
less CS is accessible for degradation as it is electro-
statically attached to the RR4 dye. Hence, the TOC
value contributed by the TiO,/RR4-CS layer-by-layer
system was mainly from the degradation of ENRs,
binder, with minor influence from the CS and
RR4 dye.

After the fifth cycle, negligible TOC was obtained
for all the respective photocatalyst systems indicat-
ing that most of the major organic compounds have
been degraded, leaving only those hidden behind
and in contact with the TiO, top layer. Besides that,
the intermediates produced from the degraded
organic compounds were mineralized to harmless
acid, H,O, and CO, after the fifth cycles. Therefore,
in order to apply the immobilized photocatalyst sys-
tems without the interference from the degradation
of DOM by the fabricated plates, the plates need to
be subjected to a “photo-etching” for about 10 h of
irradiation under a 45 W compact fluorescent lamp
in ultra-pure water [26].
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3.3. Effect of photo-etching

The immobilization process is known to reduce
intrinsically the active surface area available for
adsorption and catalysis through the formation of
non-porous layers [33]. Photo-etching of the immobi-
lized photocatalyst system by irradiation under light
would lead to the formation of macropores within the
TiO, layer as recently been observed by Nawi et al.
[28]. They reported that macropores were generated
within the TiO, top layer in the TiO,/CS layer-
by-layer system after the third cycle of irradiation by
light and are completely formed after the fifth cycle
(one cycle is equivalent to 2h of irradiation). The
macropores were generated due to the degradation of
the ENRsy binder which acted as a macro-pore
forming agent on the surface of TiO, layer [28]. The
generation of macropores would highly improve the
photocatalytic performance of the immobilized TiO,
photocatalyst system. In order to study the effect of
photo-etching on the immobilized photocatalyst for
the photocatalytic degradation of phenol, the
TiO,/RR4-CS layer-by-layer system was irradiated
under a 45 W compact fluorescent lamp in ultra-pure
water for a total of 10 h or five cycles.

As shown in Fig. 6, the irradiated TiO,/RR4-
CS/glass could effectively remove phenol better than
the un-irradiated TiO,/RR4-CS/glass where the per-
centage of phenol that remained after 2 h of irradia-
tion was 1.70 £0.03% and 27.1 +1.3%, respectively.
In addition, the degradation rate of phenol by the
irradiated TiO,/RR4-CS/glass (0.0304 + 0.0002 min ")
was more than four times faster than un-irradiated
TiO,/RR4-CS/glass (0.0072 + 0.0006 min ).

100 4 —a— Un-irradiated

—e—Irradiated

Phenol remianed (%)
- (o) o)
(=) o (=)

[5]
(=]
L

0 20 40 60 80 100 120

Time (minutes)

Fig. 6. The effect of un-irradiated and irradiated TiO,/
RR4-CS layer-by-layer systems on the photocatalytic
degradation of phenol at ambient pH (6.6) with TiO,
loading of 0.98 mg cm™ and initial phenol concentration
of 10mg L™".
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The inefficiency of un-irradiated or un-etched
TiO,/RR4-CS/glass in degrading phenol was due to
the masking effect of the TiO, outer layer that blocks
the RR4-CS sub-layer. Without the generation of
macropores, the layer-by-layer system effectively
behaved like the TiO, single layer. This is because the
RR4-CS sub-layer was isolated from phenol molecules
by the TiO, top layer, hindering the penetration of
hydroxyl radicals and the diffusion of pollutants.
Thus, the dye in the sub-layer provided a less con-
tribution to the reaction as it was unable to participate
in the electron or an energy transfer process. Genera-
tion of macropores increased the light penetration and
allowed better diffusion of the pollutants as well as
hydroxyl radicals across the inner layer of the TiO,
[14,28], hence increasing the photonic efficiency at the
TiO,/RR4-CS interface.

In fact, Nawi et al. [26] as well as Nawi and Zain
[27] have also reported that the degradation of the
ENRsy binder in the TiO,-ENR5,—PVC coating for-
mulation increases the surface area of the immobilized
TiO, anatase and Degussa P-25, respectively. In addi-
tion, high leaching of DOM from the ENRs, binder,
CS sub-layer, and chemisorbed RR4 dye would
decrease and mostly stopped upon the fifth cycle of
irradiation as discussed earlier (Section 3.2). Therefore,
all the immobilized photocatalyst plates were photo-
etched for at least 10 h of irradiation under a 45 W
compact fluorescent lamp in ultra-pure water prior to
its application in the photocatalytic degradation of
phenol. This is to generate macropores on the TiO,
top layer and to avoid leaching of DOM as well as
any other possible interferences from the photocatalyst
samples on the target phenol pollutant.

3.4. Control experiments

Control experiments were conducted to evaluate
the effect of loading RR4 dye at the TiO,/CS interface
by comparing the photolysis, adsorption, and photo-
catalytic performance of the system against the other
immobilized systems. Experiments conducted in the
dark (adsorption) using different immobilized systems
(TiO,/glass, TiO,/CS/glass and TiO,/RR4-CS/glass)
showed no significant phenol loss. As shown in Fig. 7,
control experiment conducted under light irradiation
in the absence of the immobilized system (photolysis)
was extremely poor with only 6.0 +2.8% of phenol
removal. In the presence of the photocatalyst under
light irradiation, 82.1 + 1.2% and 86.1 + 8.8% of phenol
were degraded within 2 h of treatment by the TiO,/-
glass and TiO,/CS/glass, respectively. Meanwhile,
almost 100% of phenol was removed by the
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Fig. 7. Control experiments for the photocatalytic degrada-
tion of phenol by the TiO,/glass, TiO,/CS/glass, and
TiO,/RR4-CS/glass systems at ambient pH (6.6) with TiO,
loading of 0.98 mg cm™ and initial phenol concentration
of 10mg L™".

TiO,/RR4-CS/glass under the same conditions. This
proved that the immobilized TiO,/CS layer-by-layer
system loaded with RR4 dye improved the
photocatalytic degradation of phenol.

The mechanism of the immobilized TiO,/RR4-CS
layer-by-layer system can be explained by the effect of
a charge transfer process rather than photosensitiza-
tion [17]. In the presence of TiO, as the top layer, the
electrons in the TiO, particles were excited to produce
conduction band electrons (eCB™) and valence band
holes (hVB™). This explains the removal of phenol by
the TiO,/glass system which is illustrated in Fig. 8(a).
The photo-generated holes reacted with H,O or OH™
ions to produce hydroxyl radicals (OH’), which are a
very strong oxidant. The OH' radicals, derived from
the TiO, surface, diffused through the porous TiO,
top layer and oxidized the chemisorbed RR4 dye. The
oxidation of chemisorbed RR4 dye, by the OH' radi-
cals at the TiO,/CS interface, generates electrons
which were then transferred to the conduction band
of TiO,. This would result in the build-up of excess
electrons in the conduction band of TiO,. Conse-
quently, the accumulation of excess electrons in the
TiO, were scavenged by molecular oxygen to form
superoxide radicals (O3 ) and hydroperoxyl radicals
(OOH). These radicals attacked the phenol aromatic
ring forming intermediates and eventually mineraliz-
ing them to CO, and H,O. The electron transfer pro-
cess improved the charge separation and decreased
the recombination rate of photoinduced electron-hole
pairs on the surface of TiO,. Fig. 8(b) illustrates the
overall mechanisms involved during the photocat-
alytic degradation of phenol by the immobilized
TiO,/RR4-CS layer-by-layer system.
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(b) TiOo/RR4-CS/glass
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@) Direct photocatalytic degradation of phenol by the TiO, photocatalyst.
(ii) Charge transfer from the oxidation of chemisorbed RR4 dye at the TiO,/RR4-CS interface to the conduction band of TiO,.

Fig. 8. Illustration of the possible mechanisms involved during the photocatalytic degradation of phenol by the

(a) TiO,/glass and (b) TiO,/RR4-CS/glass systems.

3.5. Catalyst recyclability

Very few studies actually reported the reusability
of dye-modified TiO, photocatalyst systems. Even so,
the degradation of the target pollutants tends to slow
down after several applications due to the leaching or
photobleaching of the dye that retards the overall
photocatalytic reaction. For example, Zyoud et al. [10]
reported that the photocatalytic degradation of methyl
orange by activated carbon/TiO,/anthocyanin system
decreases by 15% upon recovery, while Yang and
Chan [34] found that the removal efficiencies of Cr(VI)
by nanoscale ZnO sensitized by Alizarin Red S dye
reduces from 75 to 50%.

In order to demonstrate that the immobilized TiO,/
RR4-CS layer-by-layer system is sustainable and stable,
a study on the reusability of the immobilized photocata-
lyst systems was performed. This is important in order
to assess the sustainability, reusability, and cost-
effectiveness of the system. The reusability of the
TiO,/glass, TiO,/CS/glass, and TiO,/RR4-CS/glass
systems throughout from the first to fifth cycles of
applications is shown in Fig. 9.

The result shows that the percentage of phenol
removed by the TiO, single layer and TiO,/CS layer-
by-layer systems remained almost constant from the
first to the fifth cycle with an average percentage of
phenol removed of 80.0+21% and 87.3 +2.0%,
respectively. The best condition of phenol degradation
was achieved by the TiO,/RR4-CS layer-by-layer sys-
tem. Under the operation of this photocatalyst system,
the removal of phenol was maintained at almost 100%
for up to five cycles of usage with a sustainable

120

OTiO,/glass BTiO,/CS/glass OTiO,/RR4-CS/glass

100 A

80 1

60

40 |

Phenol removed (%)

20
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Number of cycles

Fig. 9. The reusability of the immobilized photocatalyst
systems on the percentage of phenol removed at ambient
pH (6.6) with TiO, loading of 0.98 mgcm ™ and initial
phenol concentration of 10 mg L™".

degradation rate of 0.033 + 0.002 min~' from the first
cycle up to the fifth cycle.

The degradation efficiency of the TiO,/RR4-CS
layer-by-layer system was due to the existence of two
processes occurring at the same time (photocatalysis
and charge transfer) [17]. Besides that, the TiO,/RR4-
CS/glass system was also highly reusable and stable
under the studied conditions. There was also no
occurrence of any desorption or leaching of the
adsorbed dye within the CS sub-layer into the treated
aqueous solution. On the other hand, the degradation
of phenol by the TiO,/CS layer-by-layer system only
improved slightly as compared to the TiO, single
layer system. In this case, CS only acts as the immobi-
lization substrate for the dye and was not involved in
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the electron transfer process as CS did not undergo
photooxidation.

3.6. Photocatalytic efficiency for the removal of phenol
intermediates

The degradation of phenol took place in multiple
steps and resulted in several byproducts before it
could be completely mineralized to CO, and H,O. The
main intermediates produced during the photocat-
alytic degradation of phenol (PhOH) by the TiO,
single layer, TiO,/CS, and TiO,/RR4-CS layer-by-
layer systems were identified as hydroquinone (HQ),
catechol (CAT), and maleic (MAL) acid. The same
intermediates were also observed by Jawad and
Nawi [14].

Fig. 10(a)—(c) shows the time course of PhOH and
the main intermediates detected from the HPLC (HQ,
CAT, MAL acid) during the photocatalytic degrada-
tion of PhOH by the TiO,/glass, TiO,/CS/glass, and
TiO,/RR4-CS/glass systems, respectively. As can be
seen, the intermediates appeared as soon as PhOH
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started to degrade. However, TiO, single layer and
TiO,/CS layer-by-layer systems demonstrated the
poorest photocatalytic efficiency towards the removal
of PhOH and its intermediates. For example, after
120 min of irradiation, PhOH and its intermediates
still appeared in considerable quantities. This is unfa-
vorable since HQ and CAT are considered toxic and
an inhibitory intermediate, respectively [35].

On the other hand, the TiO,/RR4-CS layer-by-layer
system exhibited better photocatalytic efficiency in
terms of PhOH removal and its intermediates whereby
complete removal of PhOH and most of its intermedi-
ates was achieved within 120 min of irradiation time.
Only MAL acid was still detectable by the end of the
reaction time. This is also supported by the fact that
the pH of the solution decreases from 6.8 to 3.8 at the
end of the reaction time, caused by the formation of
organic acids [36]. This observation indicates that
aromatic intermediates were more degradable than
carboxylic acids, which appears to be more resistant to
oxidation under these operating conditions. MAL acid
is an inert and non-biodegradable carboxylic acid, but
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Fig. 10. The time course of PhOH and its main intermediates detected from HPLC by the (a) TiO,/glass, (b) TiO,/
CS/glass, and (c) TiO,/RR4-CS/glass systems, respectively, during the photocatalytic degradation of PhOH.
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it is not toxic [35]. It could slowly be degraded to
oxalic, acetic, and formic acids by extending the
reaction time, which would eventually lead to com-
plete mineralization to CO, and H,O [37-40].

4. Conclusions

In this study, an immobilized TiO,/CS loaded
with RR4 dye has been successfully fabricated via a
layer-by-layer assemblage system. The optimum
loading of TiO, obtained was 0.98 mg cm > (equiva-
lent to 14.5 + 0.4 um of thickness). Catalyst loading or
thickness higher than the optimum value was found
to be detrimental on the photocatalytic degradation of
phenol. Photo-etching of the photocatalyst systems
for 10 h enhanced the photocatalytic degradation of
phenol by fourfold due to the formation of the
macropores within the surface of TiO,. Application of
the TiO,/RR4-CS layer-by-layer system for the photo-
catalytic degradation of phenol and its intermediates
showed better photocatalytic performance than the
TiO, single layer and TiO,/CS layer-by-layer systems.
In this case, complete removal of phenol could be
achieved by the TiO,/RR4-CS layer-by-layer system
within 2 h of reaction time. The improved photocat-
alytic activity of the immobilized TiO,/RR4-CS
layer-by-layer system was due to photocatalytic and
charge transfer processes occurring simultaneously.
The charge transfer process provides better charge
separation and lower electron-hole pair recombina-
tion of the TiO,/RR4-CS Ilayer-by-layer system.
Besides having good photocatalytic performance, the
leaching as well as direct oxidation of the chemi-
sorbed dye were prevented by the layer-by-layer
assemblage system. Furthermore, the immobilized
TiO,/RR4-CS layer-by-layer system was also readily
recovered from the reaction mixture and reusable for
at least five cycles of extended use without losing its
efficiency.
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