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Abstract. A new approach of mechanical preparation of photocatalyst zinc oxide (ZnO)/rubbers from four types of rubbers:
styrene butadiene rubber (SBR), ethylene propylene diene monomer (EPDM), natural rubber (NR), and epoxidized natural
rubber (ENR) with 50% epoxidation is presented. This technique is simple, fast and cost effective as ZnO/rubbers were mechanically mixed using conventional two-roll mill at 27 °C for 10 min and compressed into flat sheet. The characteristics of
photocatalyst were studied by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), ultraviolet-visible
spectroscopy (UV-Vis) and field emission scanning electron microscope (FESEM). The photocatalytic activity of ZnO/rubbers
was evaluated using methylene blue (MB) as a model pollutant under visible light for 300 min. The photocatalytic degradation
efficiency of ZnO/SBR is nearly as good as that of ZnO powder (87.32%) compared to ZnO/NR, ZnO/EPDM and ZnO/ENR.
This is due to the highest index of conjugated carbon-carbon bond of SBR and hydrogen bonding between ZnO and SBR. The
formation of hydrogen bonding was confirmed by FTIR and reduction of energy band gap of ZnO/SBR. The photocatalytic
degradation of MB with ZnO/SBR was could be fitted by pseudo-first-order kinetics of the Langmuir-Hinshelwood model.
Keywords: rubber, zinc oxide, methylene blue, photocatalytic, visible irradiation

1. Introduction

semiconductors with a wide band gap (3.3 eV) and
large excitation binding energy (60 meV) [2]. ZnO
showed excellent results on photocatalytic degradation of methylene blue (MB) and methyl orange
(MO) dyes [3–5]. The performance of ZnO is
strongly associated with the nature of its electronic
structure [6, 7].

Semiconductor-assisted photocatalytic degradation
of organic dyes has attracted considerable attention
owing to its high effectiveness in complete oxidation and mineralization of harmful organics using
solar light irradiation, which is free and inexhaustible [1]. Zinc oxide (ZnO) is one of the n-type
*

Corresponding author, e-mail: razifmn@uitm.edu.my
© BME-PT

838

Nordin et al. – eXPRESS Polymer Letters Vol.14, No.9 (2020) 838–847

is necessary, (ii) the removal of organic solvent has
negative impact on the environment, (iii) high cost,
and (iv) involve the presence of corrosive gases [20–
22]. To overcome the problems, this study attempts
preparing the ZnO/rubber sheets via mechanical processing method. To the best of our knowledge, this
method has never been used for the preparation of
photocatalyst sheets or films in photocatalytic study.
This advantageous method is simple, solvent-free,
time-saving, and most importantly, strong enough to
hold the ZnO powder.
The aim of this work is to investigate the photocatalytic degradation of methylene blue (MB) under
visible light irradiation with ZnO/SBR, ZnO/NR,
ZnO/EPDM, and ZnO/ENR photocatalyst sheets
prepared via mechanical processing method. The type
of substrates used may provide potential supporting
materials that are not only maximize the utilization
of light but also enhance the oxygenation of the photocatalyst, due to their floating ability.

Figure 1. Photocatalytic degradation of organic pollutants
by ZnO.

The underlying science of photocatalysis of ZnO is
shown in Figure 1. As the photon with an equivalent
or more energy hits the surface of the ZnO, an electron jumps from the conduction band to the valance
band, thus creating an electron-hole pair. These photoinduced electrons and holes move separately to the
surface of the ZnO and react with O2 and H2O. This
leads to the formation of hydroxyl radical (•OH), superoxide radical anions (•O2) and hydroperoxyl radicals (•OOH) [8].
A conventional method of the using powdered ZnO
in aqueous solution is highly effective in dye degradation due to a high ratio of surface to volume of
water. However, because of the small particle sizes
of ZnO suspended in water clogs filter membranes,
penetrates through porous filter materials and forms
slurry therefore filtration process is needed [9, 10].
Hence, several efforts have been made by previous
researchers to coat photocatalyst onto supporting
materials such as glass [11], metal [12], and natural
rubber latex [13].
Yet, the synthesized ZnO on these supports still sinks
in solution without agitation, thus hinders the support from light exposure and decreases the efficiency
of degradation [14]. The researchers attempted to
solve the problem by developing a suitable support
that make photocatalyst float on the surface of water.
New support materials such as expanded perlite [15],
chitosan [14], and natural rubber latex [13] were reported. However, very limited of works were reported on the use of dry rubber (DR) as a substrate for
photocatalytic degradation activities. DR strikes the
interest in this study due to its versatility, locally availability, light-weight, non-toxic properties, easily
processability, and low price.
Numerous techniques including dip coating [16], solution casting [17], chemical vapor deposition (CVD)
[18], and electrophoretic deposition [19] have been
employed to coat the semiconductor (ZnO) onto the
supporting materials. Noticeably, these techniques
have many disadvantages such as: (i) sintering step

2. Experimental
2.1. Materials
Styrene butadiene rubber (SBR) 1502 with styrene
content of 23.5%, Standard Malaysia Rubber L (NR),
ethylene-propylene diene monomer (EPDM) – Keltan
9650Q, and epoxidized natural rubber (ENR) containing 50% epoxidation were supplied by Malaysian
Rubber Board (MRB), Selangor (Malaysia). The

Figure 2. Polymeric structure of (a) NR, (b) ENR, (c) SBR,
and (d) EPDM.
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evaluate structural variations on the samples. For each
spectrum, 32 consecutive scans with 4 cm–1 resolutions in the range of 4000–450 cm–1 were recorded.

polymeric structure of NR, ENR, SBR, and EPDM
is shown in Figure 2.
ZnO (99.8% purity) was purchased from CHEMETAL
(Malaysia) Sdn. Bhd., Selangor (Malaysia) and methylene blue (MB) (373.88 g/mol) was obtained from
HmbG Chemicals, Hamburg (Germany). In this study,
the particle sizes of ZnO were in the range of 38–
90 µm.

2.5. UV-Visible (UV-Vis) spectroscopy
Optical transmittance and absorbance spectral were
measured on Varian Cary® 50 UV-Vis spectrophotometer (Australia) equipped with quartz cuvette. In
order to acquire UV-Vis spectra, the samples were
dissolved in tetrahydrofuran (THF) at 0.1 g·l–1. THF
was selected due to its properties of transparence,
easily dissolves rubber with a cut-off wavelength at
212 nm [23].

2.2. Preparation of ZnO/rubbers
The preparation of ZnO/rubbers at a ratio of
80:20 [wt%] was carried out on laboratory sized tworoll mill (160×320 mm) model K-160 (China) friction ratio of rollers 1:1.4 for about 10 min. The samples were compression molded into a 0.54 mm thick
using hydraulic press at 150 bar at 27 °C for 2 min.
The appearance, flexibility, elasticity and floatability
of ZnO/rubber are in shown Figure 3.

2.6. Field emission scanning electron
microscopy (FESEM)
The morphologies of the ZnO powder were investigated with a Hitachi SU8020 FESEM (Japan). The
ZnO was mounted on aluminum stubs and sputtercoated with a thin layer of gold to improve image
processing during examination.

2.3. X-ray diffraction (XRD) spectroscopy
XRD was used to determine the crystal structure of
ZnO using Bruker AXS GmbH D2 Phaser X-ray diffractometer (Karlsruhe-Germany) equipped with
Cu Kα irradiation at λ = 1.5406 Å, generated at 30 kV
and 10 mA. The scanning 2θ range is 10 to 80°.

2.7. Photocatalytic degradation of methylene
blue (MB)
The photocatalytic degradation was investigated
using MB solution as a model pollutant under visible
light (7.5 W Vis-LED lamp, Philips). Photocatalytic
degradation was carried out in a 29.61 l closed rectangular compartment (31.9 cm height, 34.9 cm
length and 26.6 cm width) equipping with an exhaust
fan in a photoreactor. About 2 g square shaped
(3×3 cm) photocatalyst samples were set afloat in a
petri dish containing 60 mL MB solution (1.0 mg·l–1).
The solutions were stirred for 15 min at 100 rpm in
the dark to achieve adsorption-desorption equilibrium prior to testing. The photoreactor was then irradiated with constant stirring and 5 ml of MB solution
was collected at regular time intervals (20 min) and
centrifuged (6000 rpm for 10 min). The distance between the petri dish and Vis lamp was fixed to 10 cm.
The concentration of MB was calculated through a
calibration curve of the absorbance at λmax = 661 nm
using portable UV-Vis spectrophotometer (HACH
DR 1900, United States of America). The photocatalytic degradation (D%) of MB was calculated from
Equation (1):
Photocatalytic degradation:

2.4. Fourier transform infra-red (FTIR)
spectroscopy
Attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) (Perkin Elmer Spectrum
One Series, United States of America) is used to

Figure 3. Photographs of the (a) appearance, (b) flexibility,
(c) elasticity, and (d) floatability of ZnO/rubber.

D% =

840

C0 - Ct
C0 $ 1000

(1)
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where C0 is the initial concentration of MB [mg·l–1]
and Ct is concentration of MB [mg·l–1] at irradiation
time (t). The kinetic of degradation of MB was determined using the Langmuir-Hinshelwood model
based on pseudo-first-order (Equation (2)) and pseudo-second-order (Equation (3)) [5] respectively:
C
ln C0 = k1 t
t

(2)

1
1
Ct = C0 + k2 t

(3)

peaks and functional groups are consistent with the
previous reports; ZnO [24] and virgin rubber (SBR
[25], NR [26], EPDM [27], and ENR [28]). By comparing the changes between ZnO, virgin rubber and
ZnO/rubber spectra (Figure 5), it is observed that the
intensities of prominent peaks such as conjugated
C=C (aliphatic [1641 cm–1] and aromatic [910 cm–1]),
and cyclic C–O–C (875 cm–1) were slightly decreased from designated peaks, thereby, indicating
the possibility of changes in index intensity of C=C
(aliphatic and aromatic) and C–O–C peak. The index
intensity of conjugated C=C peak was used to evaluate exciton sites, while C–O–C peak for ring opening reaction. The CH2 bond is selected internal reference because it: (i) remain stable below 100 °C
[29] and (ii) exists in SBR, NR, EPDM and ENR.
The intensity index ratio (Ix) of conjugated C=C and
C–O–C band were calculated us using Equation (4):

The pseudo-first- and second-order rate constants, k1
and k2 were calculated from the slope of ln(C0/Ct)
and 1/Ct versus irradiation time (t), respectively.

3. Results and discussion
3.1. Internal Structure of ZnO
The internal crystalline structure in ZnO was indicated by the XRD patterns as shown in Figure 4. The
sharp and intense diffraction peaks were observed at
2θ values = 31.99, 34.66, 36.48, 47.74, 56.80, 63.05,
68.15, and 69.28° which correspond to (100), (002),
(101), (102), (110), (103), (112), and (201) reflection
planes, respectively. According to Joint Committee
on Powder Diffraction Standard (JCPDS), this spectrum clearly indicates the presences of good crystalline hexagonal wurtzite phase of ZnO structure
(JCPDS card no: 36-1451). No impurity peak related
to any other phases of Zn such as Zn(OH)2,
Zn5(OH)6CO3 or Zn-derivative complexes were observed in XRD pattern. Our XRD results, thus confirmed the purity of ZnO powder.

A
Ix = Ax
y

(4)

Ax is the absorbance of the selected band, while Ay
is the reference absorption of CH2 (1445 cm–1).
Table 1 shows the quantified index of conjugated
C=C and C–O–C from FTIR spectra of ZnO, virgin
rubbers and ZnO/rubbers. The index of conjugated
C=C of virgin rubbers is not affected with the incorporation of ZnO, which indicates: (i) no chemical reaction occurred between aliphatic or aromatic C=C
and ZnO and (ii) available for electron excitation.
Meanwhile, the C–O–C index for ENR decreased
slightly from index ratio of 2.0 to 1.9 with the incorporation of ZnO due to the partial ring opening reaction. However, SBR with or without incorporation
of ZnO was proved to have more conjugated C=C
index compared to NR, EPDM and ENR.

3.2. Fourier transform infrared (FTIR)
spectroscopy
The FTIR spectra of ZnO, virgin rubbers, and ZnO/
rubbers are presented in Figure 5. The characteristic

Table 1. Values of C=C and C–O–C index of ZnO/rubber
composites compared to virgin rubbers.
Bond
–CH=CH
(aliphatic)
–C=CH
(aromatic)
–CH=CH
(aliphatic)
=CH-CH2–
(aliphatic)
–CH=CH
(aliphatic)
C–O–C
(cyclic)

Figure 4. XRD pattern of ZnO powder.
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Ax
Samples
[cm–1]
1641

Index
ratio
1.9

SBR
965
1641
875

Index
ratio
1.9

ZnO/SBR
2.1

2.1

NR

1.9

ZnO/NR

1.9

EPDM

1.9

ZnO/EPDM

1.9

1641

1.9
ENR

875

Samples

1.9
ZnO/ENR

2.0

1.9
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Figure 5. FTIR spectra of (a) virgin rubbers and ZnO, (b) ZnO/rubbers.

Further analysis on absorption coefficient of ZnO/
rubbers are required in order to understand the effect
different types of rubbers. The molar absorptivity coefficient (ɛ) is associated with the strong absorption
region of the samples which is calculated from absorbent (A) and path length (l) Equation (5):

3.3. Ultraviolet – visible (UV-Vis)
spectroscopy
Figure 6 shows the UV-Vis absorption spectra of virgin rubbers, ZnO, and ZnO/rubbers. The absorption
edge for ZnO and virgin rubbers are within 327–
335 nm. These results are consistent with the previous reports [28, 30, 31]. The incorporation of ZnO
into rubbers, however, resulting in two absorption
edges in between of 360–390 and 460–510 nm. It is
worth mentioning over here that the absorption edges
of ZnO/rubbers were extended to higher wavelengths
compared to bare ZnO (335 nm) and virgin rubbers
due to the aforementioned interaction (hydrogen
bonding) of ZnO and rubbers. Mahmood et al. [28]
also reported similar absorption spectra. The lower
absorption edge is corresponding to π-π* transition
of C=C of rubber macromolecules and the higher absorption edge is assigned to the n-π* transition of the
lone pair oxygen atom that forms a hydrogen bond.

A
f = 2.303 l

(5)

derived from Beer Lambert Law.
The optical band gap of all samples is calculated
using Tauc relation [32] as shown in Equation (6):
n

B Rhv - Eg W
f=
hv

(6)

where B is a constant, hv is the energy of incident
photons, Eg is the energy band gap and exponent n
is a value that depends on the type the transition having values of 0.5, 1.5, 2, and 3 corresponding to
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Figure 6. Variation of molar absorptivity coefficient of (a) virgin rubbers and ZnO, (b) ZnO/rubbers as a function of wavelength.

[24]. This is due to the combination effect of quantum confinement effect as a result of agglomeration
[32] and different shapes (e.g. acicular, square, rod,
cubic and hexagonal-like) of ZnO as shown in Figure 8. Low indirect band gap energy of virgin rubbers
is associated with slow and inefficient electron excitation especially at low temperature [33]. However,
when the ZnO is incorporated in rubbers, two band
gap energies were obtained corresponding to direct

allowed direct, forbidden direct, allowed indirect and
forbidden indirect transitions, respectively [32]. Figure 7 show the variation of (ɛhv)1/n vs. photon energy, hv for virgin rubber, ZnO and ZnO/rubbers with
n values of 0.5, and 2, respectively. Allowed direct
and indirect band gaps of virgin rubbers, ZnO, and
ZnO/rubbers are listed in Table 2. The direct band
gap energy of ZnO (3.82 eV) is slightly higher compared to the reported value by Lavand and Malghe
Table 2. The variation of band gap energy for all samples.
Direct energy
band gap
[eV]

Indirect energy
band gap
[eV]

N*

SBR

–

3.68

2/3

NR

–

3.55

2/5

EPDM

–

3.70

1/8

ENR

–

3.70

1/5

ZnO

3.82

–

–

ZnO/SBR

2.72

2.68

2/3

ZnO/NR

2.85

2.94

2/5

ZnO/EPDM

2.52

3.00

1/8

ZnO/ENR

2.68

2.88

1/5

Samples

*N:

Number of carbon atoms that form conjugated carbon-carbon
bond per number of carbon in repeating units of virgin rubbers

Figure 8. Micrograph images of ZnO powder.

Figure 7. Variation of (a) (ɛhv)2 and (b) (ɛhv)0.5 for ZnO and virgin rubbers as a function of photon energy, hv.
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of MBs which is in accordance with the UV-Vis
analysis (Figures 6 and 7). The reduction of band
gap energies (Eg < 3.3 eV) causes the photoresponse
of ZnO/rubbers broaden under visible light exposure. When light strikes the ZnO/rubbers sheet with
sufficient energy, the electron-hole pairs are generated [36]. At the same time, the adhesion properties
of rubber further enhanced the degree of MB dyes
absorption onto the surface of ZnO/rubbers. Therefore, SBR is more suitable to be used as a substrate
compared to ENR, NR and EPDM.

and indirect electron excitation. Interestingly, the direct and indirect band gap energies of ZnO/rubbers
are lower than ZnO and virgin rubbers. This is due
to the various degree on intensity of conjugated carbon either aliphatic and or aromatic of ZnO-rubber
as shown in Table 1.

3.4. Photocatalytic activity
The change in the concentration of MB during photocatalytic and absorption of ZnO, virgin rubbers and
ZnO/rubbers after 300 min is presented in Figure 9.
ZnO shows the highest removal of MB followed by
ZnO/rubbers and virgin rubbers. This is due to its
large surface area which further enhanced surface reactivity [34]. For virgin SBR, notable reduction of
MB concentration may be attributed to the physisorption process. The incorporation of ZnO into rubbers
improved the degradation of MB. The possible reason for this result can be ascribed to the role of
Zn–OH–C hydrogen bonds in ZnO/rubbers that provide an ultrafast pathway for the charge transfer. Jin
et al. [35] stated that this phenomenon happened due
to: (i) hydrogen bonds are shorter than van der Waals
junctions, and (ii) the inner electric field formed at
the two ends of the hydrogen bond (ZnO and rubbers). Among them, ZnO/SBR shows a significant
reduction of MB concentration closer to the percentage of ZnO. The obtained results were correlated
with the quantitative analysis of FTIR which revealed that SBR has more of the conjugated carboncarbon bond available compared to ENR, NR, and
EPDM. According to Alkhatib et al. [36] conjugated
carbon-carbon bond acts as photosensitive sites that
can effectively enhance absorption and electron
donor. The narrowed band gap of ZnO/rubbers could
also be a factor that leads to the effective degradation

3.5. Kinetics of the photocatalytic activity
Photocatalytic kinetic degradation of MB fits to the
pseudo first order equation of Langmuir-Hinshelwood model for semiconductor/rubber [5–9]. However, for confirmation, pseudo second order equation
was also used to evaluate the rate of degradation of
MB. A linear regression plots of pseudo first and second order for virgin rubbers, ZnO and ZnO/rubbers
are given in Figures 10 and 11, respectively. The rate
of degradation and correlation coefficients (R2) in
Table 3 were obtained from Figures 10 and 11. Fine

Figure 10. The plot of ln(C0/Ct) versus irradiation time for
ZnO composites with different rubbers.

Figure 9. Relationship between equilibrium of degradation
of MB after 300 min for ZnO composites.

Figure 11. The plot of (1/Ct) versus irradiation time for ZnO
composites with different rubbers.
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Table 3. The pseudo-first and -second-order rate constants
and correlation coefficients for photocatalytic
degradation of MB for all samples.
Pseudo-first order
Samples
SBR
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