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Epoxidized natural rubber (ENR) and polyvinyl chloride (PVC) were used as polymer binders
in immobilizing TiO on glass substrate by using the dip-coating technique. Acid photo etching
process was applied to the immobilized TiO/ENR/PVC (TEP) samples to determine the reaction
and surface transformation with the presence of hydrochloric acid (HCI). The photocatalytic
activity of the prepared immobilized TiO-/ENR/PVC samples was examined on the degradation
of reactive red 4 (RR4) dye under a 65 W compact fluorescent lamp. All immobilized
TiO2/ENR/PVC samples under the acid photo etching process (TEP A) expressed higher
photoactivity in comparison with to photo etching process (TEP P). TEP A50 (acid photo etching
for 50 h) sample has shown the highest photocatalytic degradation where the pseudo 1% order
rate constant (k) value was ca. 0.0694 min-t. However, it is not considered as an optimum sample
due to the peel-off effect. Therefore, the optimum sample for the acid photo etching process was
TEP A40 (acid photo etching for 40 h) with 0.0553 min. TEP A40 is 2 times faster as compared
with the photoetched immobilized TiO2/ENR/PVC (TEP P), which is primarily due to the surface
transformation and formation of C-OH bond from crosslinking reaction of the polymer binder
with the HCI as verified from the FESEM and FTIR analysis.
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Photocatalysis is one of the potential treatment
processes to degrade organic products [1]. This
process also can be used in air and water purification
systems, sterilization, and hydrogen evolution energy
fields, including photoelectric conversion [2]. The
well-known semiconductor photocatalyst is titanium
dioxide (TiO2) due to its properties being chemically
and biologically stable, non-toxic, as well as low in
cost [3]. However, the wide bandgap energy (Eg) and
high electron-hole recombination have limited the
effectiveness of the TiO; [4]. Usually, a suspension
mode is a normal practice of TiO; in degrading
organic pollutants due to the high contact of surface
area to reactant ratio and light scattering effect [5-6].
However, this practice has difficulty as it requires a
post-filtration treatment to separate the nanoparticle
TiO,. This problem can be overcome by developing
immobilized TiO, where the system makes the TiO;
to be attached to the support material, thus allowing it
to be recycled and continuously used.

There are several approaches to immobilize the

TiO; onto a solid substrate such as via doctor blade
[ 71, spin coating [8], dip coating [9], and double sided
adhesive tape (DSAT) [10]. In addition, some
researchers implement polymer as a binder in
immobilizing TiO», such as polypropylene (PP)
granules [11], cellulose fibers [12], polypropylene
fibre (PPF) [13], polyvinyl chloride (PVC) [14],
polycarbonate (PC), poly(methyl methacrylate)
(PMMA) [15], polyvinyl acetate (PVACc) [16],
polyethylene sheets [17], thin polyethylene films [18],
polystyrene (PS) beads [19], expanded polystyrene
(EPS) beads [20], polyethylene glycol [21], fluoro-
polymer resins [22], polyethylene terephthalate (PET)
bottles [23], poly(styrene)-co-poly(4-vinylpyridine)
(PSP4VP) [24], rubber latex (an elastic hydrocarbon
polymer) [25], epoxidized natural rubber (ENR) [27],
parylene, and tedlar [26]. The addition of polymer can
improve the adhesiveness, temperature resisting
ability, durability, and absorbance affinity towards
pollutants [27]. ENR and PVC are commonly utilized
in immobilizing TiO; by dip coating method due to
their properties in adhesiveness and durability.
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Nevertheless, the high content of polymer can
decrease the photocatalytic activity due to the less
surface contact of TiO, and surfactant. Photo etching
treatment is introduced to remove the organic and
inorganic compounds on the surface of the photo-
catalyst. Many researchers have studied the effect of
the photo etching treatment on the surface of the
immobilized TiO/ENR/PVC [29-30]. The ENR-50
additive is removed systematically through a 5h photo
etching treatment of the immobilized TiO, system
[29]. It is also stated that there is a crosslinking
reaction between the ENR and PVC, which supports
the immobilized TiO, onto the glass substrate. Nawi
et al. [30] stated that the PVC also may turn into
polyene during the photo etching treatment, thus
enhancing the photocatalytic activity. However, no
research has been reported regarding the acid photo
etching treatment on the surface of immobilized TiO,.
Hence, this study aims to immobilize TiO, with ENR
and PVC as polymer binder along with the
determination of the acid photo etching treatment
effect for photocatalysis enhancement of RR4 dye
under a 65 W compact fluorescent lamp.

EXPERIMENTAL
1. Chemicals

The chemical used was titanium(lV) oxide (TiOy),
Degussa P25, 80:20 ratio of anatase and rutile,
epoxidized natural rubber (50% epoxidation)
(ENR50) from Guthrie Group Limited. Poly (vinyl)
chloride (PVC) powder from petrochemicals
(Malaysia) Sdn. Bhd. Acetone was obtained from
QRec, and dichloromethane was purchased from
R&M Chemicals. For the dye, reactive red 4 (RR4)
dye as a model pollutant was purchased from Sigma
Aldrich.

2. Preparation of Epoxidized Natural Rubber
(ENR50) Solution

Epoxidized natural rubber (ENR50) solutions was
prepared by refluxing 24. 8 £ 0.05 g of ENR50 in 250
mL of toluene at 88 + 2 °C for 192 h until a sticky
solution was formed. The prepared ENR solution
was transferred into a screw cap 250 mL Schott
bottle for the preparation of TiO, formulation.

3. Preparation of Polyvinyl Chloride (PVC)
Solution

Polyvinyl chloride (PVC) solution was prepared by
using 4.0 g of PVC powder dissolved in 175 mL
dichloromethane under stirring process for about 60
minutes. A homogenized PVC solution was then
placed into a screw cap 250 mL Schott bottle for the
preparation of TiO, formulation.
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4. Preparation of TiO2/ENR/PVC Formulation

About 20.0 g ENR and 4.0 g PVC solutions were then
mixed by using a magnetic stirrer for 2 hours. After
the mixed solution homogenized well, 30.0 g of TiO»
was added slowly into the mixture under continuous
stirring process for 36 hours.

5. Preparation of Immobilized TiO2/ENR/PVC

A clean glass plate was used as support material to
prepare an immobilized TiO./ENR/PVC via a dip-
coating technique. The weight of the glass plate was
been obtained by using an analytical balance. The dip-
coating technique was carried out by pouring TiO;
formulation into a coating cell made from glass. After
that, a clean glass plate was dipped for 5 seconds into
the dip-coating solution, covering up to 5.6 cm depth
(26.3 cm?), and later pulled up manually with a
consistent pulling rate. Afterward, the coated glass
plate was dried using a hot air blower and the
smoothed side of the coated glass scrapped off prior
the final weight was recorded.

6. Photo etching and Acid Photo Etching in
Immobilized TiO2 with ENR and PVC

In the photo etching procedure, 20 mL of distilled
water was transferred into the glass cell. The
Immobilized TiO./ENR/PVC was immersed and the
light was irradiated using a UVA lamp under aerated
conditions. The coated glass plate was undergo
photo etching for 1, 5, 10, 30, 40, and 50 h. The
procedure for acid photo etching was the same as the
photo etching process by replacing the distilled water
with 1. 0 N of 20 mL hydrochloric acid (HCI) for 1, 5,
10, 30, 40, and 50 h. After being immersed in the acid
as stated earlier, the glass plate was pulled away from
the glass cell and rinsed with distilled water. The
rinsed glass plate was undergo washing process for
one hour prior photocatalysis degradation process.

7. Characterization of TiO2/ENR/PVC

The absorbance from photocatalytic degradation of
RR4 was analyzed using UV — Visible spectroscopy
at 517 nm wavelength. Unmodified and modified
TiO2/ENR/PVC were characterized by Fourier
Transform Infrared — Attenuated Total reflectance
(FTIR — ATR) analyzer (Perkin-Elmer, model system
2000 FTIR) to see the changes of the functional
groups of the samples. Scanning Electron Microscope
(SEM) analyzer model LEO SUPRA 50 VP Field
Emission SEM and 3D Optical Profilometer
(PEMTRON HAWK 3D WT-250) were used to
analyze the surface morphology of the samples. X-ray
diffraction (XRD) analysis used Bruker D8
Advance diffractometer was conducted to see the
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crystallinity of the samples.
8. Photocatalytic Degradation

Photocatalytic activity degradation performances was
analyzed by using UV-Visible spectroscopy at 517 nm
wavelength due to the max absorbance of the RR4 dye.
Anionic azo dye which is RR4 dye was used as the
model pollutant due to its application in the most
textile industries. For the degradation performances of
the photocatalyst, 10 mL of 30 ppm RR4 dye solution
was poured in the fabricated glass cell with aeration
flow rate, 10 mL/min and 55W light irradiation. 3 mL
of the treated dye were collected at every 15 min
interval and the absorbances were determined by using
UV-Vis spectroscopy at 517 nm wavelength. The
graph were plotted for the determination of the k value
and the linear correlation value. The results were
converted into In CO/C where CO the absorbance
of the initial concentration and C is the absorbance
at any time (t), thus the values were plotted against
irradiation or contact time. Based on the Langmuir-
Hinshelwood rate model, the slope of the linear line
was taken as the pseudo first order rate constant.

RESULTS AND DISCUSSION

1. Characterization

The surface morphologies of the TEP P and TEP A40
samples via Field Emission Scanning Electron
Microscopy (FESEM) under 5000x magnification are
shown in Figure 1. The surface of the photoetched
(TEP P) sample depicts some clusters of nanoparticles
that form bigger spheres and have a sponge-like layer
structure on the surface. This sample also reveals the
formation of tiny porosity particles.

However, the surface of immobilized TiO,/
ENR/PVC was modified by immersing it in the acid
with the presence of UV light. The acid photo etching
treatment has affected the formation of active sites on
the TiO; surface. A melted-like layer appears on the
surface of TEP A40 when HCI is applied to the
immobilized TiO/ENR/PVC. According to Sriwong
et al. [31], TiO, decreases due to the high amount of
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natural rubber. The presence of ENR may cover the
surface-active sites of TiO.

The surface of TEP P and TEP A40 were
characterized by a 3D optical profilometer to visualize
the surface porosity and roughness. Based on the 2D
surface profile in Figure 2 (a-b), the porosity of the
samples can be determined by the height of the surface
revealed in the colour indicator. The deepest height is
shown in red colour while the tallest height is in blue.
Figure 2 (c-d) shows the 3D surface profile, which
illustrates that the surface of TEP A40 was more
porous compared to TEP P.

The parameters in the 2D-surface roughness
category are average roughness (Ra) and familiar root
mean square roughness (Rg). Both of these parameters
were given by the following equations (Eq. 1-2) [32]:

Ra = (1N) XV.,1Z,| Equation 1
Where N is the total number of measured points, and

Z; is the vertical height deviation from the average
height of the surface.

Ry = /(Z(ZJ)Z)/N

In this equation, Z; is the vertical deviation with
respect to a mean line for the jth point of the total N
measured points.

Equation 2

Ra values for TEP P and TEP A40 were
3877.32 nm and 6473.59 nm, while the Rq values were
4873.04 nm and 8011.85 nm, respectively. The larger
surface structures of TiO2/ENR/PVC with high
roughness and high porous surfaces allow more
photocatalytic reactions than surfaces with low
morphological structures that can lower the photo-
catalytic activity as well as RR4 degradation [33].

The surface roughness of TEP A40 is higher
than TEP P due to the high porosity as ENR-50 leach
out from the immobilized TiO, which is supported by
the previous XRD and FTIR analysis.
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Figure 1. Field Emission Scanning Electron Microscopy (FESEM) results of a) TEP P and b) TEP A40 sample
under 5000x magnification.

Figure 2. a) 2D surface profile and b) 3D surface profile of TEP P and c) 2D surface profile and d) 3D surface
profile of TEP A40, respectively

Figure 3 shows XRD patterns for unmodified
(TEP 0), photoetched (TEP P), and optimal acid
photoetched (TEP A40) TiO2/ENR/PVC in the
anatase phase. According to the JCPDS databases, the
standard spectrum for XRD, the figure shows a clear

reflection at two values of 26.054° and 48.766°, which
indicate strong diffraction of TiO, anatase. Due to the
absence of ENR, the strong diffraction and intensity of
TiO. increased from TEP 0 to TEP A40 at a value of
26.054°, resulting in the formation of TiO; crystals.
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Figure 3. XRD patterns of a) unmodified TiO,/ENR/PVC (TEP 0), b) photoetched TiO./ENR/PVC (TEP P), and
c) 40 h acid photoetched TiO./ENR/PVC (TEP A40).

Table 1. Crystallinity Index (CI) % for TEP O, TEP P, and TEP A40

Sample TEPO

TEPP TEP A40

Crystallinity Index (%) 37.68

42.398 42.91

The intensity of the XRD peaked at 48.766°
showed broad diffraction peaks, indicating a relatively
tiny size of TiO. crystallite [34]. Furthermore, it was
obvious from the crystallinity index, which was
derived by dividing the area of crystalline peaks for
TiO2 anatase by the total number of peaks, i.e.,
amorphous and crystalline, as shown in Eq. 3. Table 1
shows the crystallinity index for TEP 0, TEP P, and
TEP A40. Based on the results obtained, TEP A40 has
the highest crystallinity index, which is 42.91 %.
Crystallinity index (Cl) = Area CP / Area CAP Equation
Where:

Area CP = Area of all the crystalline peaks
Area CAP = Area of all the crystalline and amorphous
peaks.

Figure 4 represents the FTIR spectra from 600
to 1100 cm for six different types of immobilized

3

TIO2/ENR/PVC samples. The intensity peak of the
acid photoetching treatment that appeared at 664 cm™
of the shown some increment compared to the
unmodified TiO2/ENR/PVC, photo-etched TiO,/
ENR/PVC, and acid photo-etched TiO2/ENR/PVC.
The peak has been identified as a Ti — O stretching
band, which is a TiO2 characteristic peak. The
addition of acid reduces the ENR bound to TiO; and
increases the intensity of the Ti — O peak [35]. The
expectation of this study is TiO2 binds with
ENR/PVC to allow the ring opening to occur against
the epoxide in the ENR and a crosslinking process
will take place between the C — O bond (aliphatic
ether) of the ENR and the PVC compound. The ring-
opening for the ENR molecules and crosslinking for
ENR/PVC were seen and needed to be confirmed via
FTIR. The FTIR spectrum of unmodified TiOy/
ENR/PVC, photo-etched TiO2/ENR/PVC, and
acid photo-etched TiOx/ENR50/PVC are shown in
Figure 4 respectively.
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Figure 4. FTIR spectrum at the band 600 — 1100 cm'?

Figure 5 shows a comparison of TEP 0, TEP P,
and TEP A40 in terms of ring-opening and crosslinking
process between two polymers. The formation of ring-
opening from the C — O bond on ENR molecules
happened as predicted at the bands 1090 cm™. The
intensity increased from TEP 0 to TEP A40 in the 1196
cm? band, with smaller peaks apparent. According to
the FTIR spectrum table, it is peak C — O for tertiary
alcohol. A functional group corresponding to C — Cl
stretching peak could be seen in the 804 cm™ bands. The
peak at 1352 cm™ and 1427 cm™ bands indicate a C — H

bending from aliphatic bonding caused by the
destruction of C — Hs bonds from ENR molecules.
While the absorption bands 1655 cm™ and 2175 cm
reveal the peak of C = C from ENR, 2930 cm-1 shows
the peak of C — H, asymmetrical stretching for an
aliphatic group. A large peak appears in the absorption
band of 3282 cm™, where it is associated with O — H.
The FTIR spectrum shows that only ring opening on the
ENR structure occurs and crosslinking between ENR
and PVC does not occur under acid-etched in the
presence of UV light.
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Figure 5. FTIR spectra at the band 600 — 4000 cm*?
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Figure 6. Proposed mechanism of ring opening for ENR

The proposed mechanism of the ENR and PVVC
in the presence of acid is depicted in Figure 6. The ring
opening mechanism occurs to the ENR structure from
the structure. It is expected that in the presence of acid
and UV radiation, the production of C — OH occurs.
However, it is assumed that the crosslinking does not
occur between ENR and PVC structures; hence the
formation of ring openings has increased photo-
catalytic activity as verified by several other
characterizations.

Photoluminescence (PL) spectroscopy has
been widely used to explore the efficiency of charge
trapping, immigration, and transfer and to
acknowledge the recombination of electron hole

pairs in the semiconductor particles [28]. PL
analysis was done for TEP P and TEP A40 samples
which the spectra are plotted as shown in Figure 7.
PL signals result for TiO2 semiconductors is usually
from the recombination of photo-induced charge
carriers. Based on Figure 7, the maxima peak for
TEP P was at 452 nm due to the band-band
recombination process of the induced charge
carriers, while TEP A40 reached the maxima peak
at 588 nm due to the excitonic PL signal primarily
from the surface oxygen vacancies and defects of
semiconductors. TEP A40 has a low recombination
rate of electron-hole pairs, thus higher photo-
catalytic activity can be achieved since it has low
PL intensity of the band-band peak.
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Figure 7. Photoluminescence (PL) spectra of TEP P and TEP A40.
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Figure 8. Pseudo first-order rate is constant for photocatalytic degradation of RR4 for the immobilized
TiO/ENR/PVC.

2. Photodegradation of Immobilized TiO2/
ENR/PVC

Photocatalytic degradation activity of RR4 dye
was determined by the absorbance of the RR4
towards the immobilized TiO2/ENR/PVC plate.
The comparison was made by observing the
differences of rate constant between three
conditions which are unmodified immobilized
TiO2/ENR/PVC (TEP 0), photoetched immobilized
TiO2/ENR/PVC (TEP P), and acid photoetched
immobilized TiO2/ENR/PVC (TEP A15, TEP A30,
TEP A40, TEP A5Q) that have been irradiated
under UV light. Figure 6 shows the percent
degradation and rate constant (k) value for each
sample. The increment of percent degradation and
k value is perpendicular to the time of the acid
photo etching. Even though TEP A50 has the
highest value of k compared to other samples, the
optimum sample is TEP A40 with a 0.0553 min-!
k value. TEP A50 was not considered optimal due
to the TiO2/ENR/PVC composite peeling off from the
glass substrate by itself when the acid photo etching
time was prolonged. The high molarity of HCI with
the presence of UV light for a long period can dissolve
the TiO2/ENR/PVC composite layer on the plate.

Figure 8 is supported by Figure 9 and Figure
10, which show the percent remaining of RR4 dye
and linear correlation coefficient, R? value for
each sample, respectively. In Figure 9, the percent
remaining at 1 hour decreases with the increment
of acid photo etching time. The lowest percent
remaining is TEP A50, followed by TEP A40.
Based on Figure 10, the order of the reaction was
found in the range 0.9-1.0. Hence, this reaction has
successfully followed the Pseudo first-order
reaction and confirmed that no absorption process
happened.

Figure 11 depicts the component on the
surface of the immobilized TiO, before and after
the acid photo etching treatment. A ring-opening
reaction occurred in the presence of UV light on
the ENR structure which resulted in the formation
of a C — O bond. However, the crosslink reaction
recombination of electron hole pairs. The ENR-
OH-CI will scavenge the electron produced from
the conduction band in TiO; and prevent them
from recombining with the hole located at the
valence band. At this state, a better photocatalytic
activity can be achieved as the tendency of
superoxide ions formation is higher.
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Figure 9. Percent remaining of RR4 dye for each sample during photocatalytic degradation for 1 hour.
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Figure 10. Linear correlation coefficient, R, for each sample

between ENR and PVVC does not occur in the presence
of HCI and the ENR structure may react with the ion
from acid, which is H* and CI,” thus forming the C —

electron scavengers as there is low
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OH bond. Based on the PL intensity result shown in
Figure 7, the ENR-OH-CI substances may act as
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Figure 11. Schematic diagram of electron injection and immobilized TiO, surface before and after acid photo
etching treatment.

CONCLUSION

This work discovered the effect of acid photo etching
on immobilized TiO2/ENR/PVC and the reaction
between the polymer binder and hydrochloric acid
during the acid photo etching treatment. The
enhancement of photocatalytic activity has been
achieved by implementing the acid photo etching
treatment onto the immobilized TiO./ENR/PVC
before the photocatalytic degradation of RR4 dye.
This statement has been explained by the
characterization of FESEM, 3D profile, and XRD
pattern. In addition, the FTIR spectra show the high
intensity of the OH bond, which indicates the
increment of the OH bond produced. Hence, the
mechanism reaction through the acid photo etching
treatment can be proposed by the FTIR analysis. This
significant discovery can be one of the approaches to
enhance the photocatalytic activity of other
immobilized catalysts.
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